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Abstract 

Electrically reconfiguring communicational devices suffer from a number of 

drawbacks: incorporating electrical elements such as varactors in unit cell level to 

manipulate the inductance/capacitance of the circuits and maintaining RF/DC 

interference isolation in power supply is very challenging. In this thesis, a mechanical 

tuning approach for communicational devices is proposed with stretching or curving 

these devices. Devices are fabricated based on the gecko-fluidic reversible bonding 

technique with EGaIn liquid metal (LM) as their conductor and a new thermoplastic 

substrate (SEBS) with a versatile and cost effective manufacturing method. Selective 

filling of complex micro-fluidic features is realized with the use of hydrophobic valves 

which are optimized based on the measured critical pressure of oxidized EGaIn for filling 

SEBS channels. Laplace barriers are used to achieve “auto-filling” of extremely low 

aspect ratio channels of LM in SEBS substrate. Furthermore, a technique for making 

multiple discrete units of LM features from a monolithic injected LM pattern. As a proof 

of concept, mechanically reconfigurable antennas such as a half-wavelength folded 

dipole, a multilayer dipole with a soft via, and a micro-strip patch are fabricated and 

measured for tuning in their center frequency. A super stretchable beam reconfigurable 

FSS is also manufactured which shifts its beam direction by stretching or curving.  
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CHAPTER 1:  INTRODUCTION 

Microfluidics is the science of manipulation of fluids in micro-channels. Due to 

its interesting features such as miniaturized sizes, laminar flow regime, lower costs, and 

higher sensitivities, microfluidics has turned into an inseparable research tool in various 

fields: molecular analysis, biology, optics, and microelectronics to name a few [1-3]. The 

hope of applying silicon microelectronics techniques (such as photolithography) to 

microfluidic electronics in order to drop fabrication costs and complexity has been one of 

the driving forces in advancement of microfluidic electronics [4].  

Flexible/soft electronics includes circuits and elements which can conform to a 

desired configuration, different from their original shape. This technology often utilizes 

soft and/or thin substrates instead of traditional rigid platforms to gain some degrees of 

flexibility for purposes such as enhanced user experience in wearable electronics [5-6]. 

Stretchable electronics is a division of flexible electronics in which the system can be 

elongated along one of the axes with a significant strain. Flexible/stretchable electronics 

started mainly with applications in flexible displays [9-11], medical devices [13], body 

worn electronics [14-16] [21], energy harvesting [17-18], and wireless power transfer 

[23]. In stretchable microfluidic wireless communication devices, by reconfiguring the 

physical shape of the elements (stretching, bending, twisting), their electromagnetic 

radiation characteristics can be tuned to meet network variations. For this purpose, the 

antenna structures are based on an elastic substrate with liquid conductor to provide 
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mechanical freedom that complies with surfaces such as human skin. In microfluidic 

electronics, elastomers which are polymers with viscoelastic behavior are good 

substitutes to traditional rigid substrates [5]. For the conductor, Eutectic Gallium Indium 

(EGaIn) is commonly used in stretchable microfluidic electronics due to its attractive 

properties such as decent conductivity and non-toxicity [7]. However, EGaIn is a non-

Newtonian fluid with complex behavior arising from a constantly forming oxide layer on 

its surface when it is in contact with low levels of oxygen [8]. This gel-like liquid has 

both the elastic (due to its skin) and viscous characteristics which makes it behave 

unpredictably in micro-channels. For instance, although EGaIn has non-wetting 

characteristics on most of the polymers due to its high surface tension, its skin sticks to 

most of the surfaces and makes it stable. EGaIn can start to fill the microfluidic channels 

when its pressure exceeds a minimum value where the oxide skin is broken. This pressure 

depends on the dimensions and materials used for micro-channels.  

Considering aforementioned discussions, the first objective of this thesis is to 

characterize the unique properties of oxidized EGaIn LM and use them to enhance the 

filling process of microfluidic channels. The goal is to achieve accurate control over the 

pressure and sequence of filling in complicated structures such as branched, low aspect 

ratio, multi-layered or discontinuous features. As a proof of concept, the second objective 

is to design functioning stretchable antennas from simple one layer dipole to antennas 

with multiple layers or complex geometrical configurations.  

In Chapter 3, a cost effective and potentially mass manufactural fabrication 

method based on SEBS thermoplastic elastomer is introduced for manufacturing 
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microfluidic platforms for stretchable communicational devices. This fabrication method 

involves manufacturing of the gecko-adhesive pillars which provides a strong reversible 

bonding around the micro-channels. In Chapter 4, functioning stretchable antennas are 

designed, analyzed with FEM, fabricated, and tested. Chapter 5 describes the 

manufacturing of a LM based shape reconfigurable frequency selective surface with 

conventional microfluidics methods.  

Overall, this thesis aims to provide a reliable, repeatable, and cost effective 

solution for fabrication of complex mechanically reconfigurable microfluidic electronic 

systems for soft-matter communicational devices.  
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CHAPTER 2:  LITERATURE REVIEW 

2.1 Flexible Electronics 

Integrated circuits (IC) and packaging industry is constantly looking for methods 

to shrink component sizes and investigate highly flexible and stretchable circuits that can 

easily comply to complex surfaces [5]. In traditional rigid silicon-based electronics, there 

is no opportunity for ergonomic design of biomedical electronic systems with excellent 

user experience. Elastic substrates and flexible conductors revolutionized electronics in 

the last decade. It is being predicted that electronics with flexible substrates will take 

33% of the electronics industry market by 2022 [9].  

There are three main elements for a flexible electronic device (also known as a 

flex circuit [10]). They include the base material, the conductor, and the bonding 

adhesive. The base filling material usually dictates the most primary mechanical and 

electrical properties. The conductor may be thin films of metal, melted or LM, or 

conductive non-metallic solutions. Bonding adhesive is required to assemble layers of 

substrate matrix and it is possible to provide adhesion from the modified substrate itself 

instead of a separate adhesive [11]. 

There are a number of unsolved challenges for commercializing flexible 

electronics. These include finding a cost-effective and large scale manufacturing method, 

exploring new design concepts for fabrication of large and multi-layered structures, 

reliable sealing method and bonding improvement, standard and repetitive sub-processes 
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to name a few. In this section, we discuss methods and materials for flexible electronics 

devices and applications of soft electronics. 

2.2 Selection of Conductor for Flexible Electronics 

2.2.1 Rigid Metals  

Since the bending strains are a function of thickness, any material which is 

sufficiently thin can be used in flexible electronics [12].  Such thin layers of metals can 

mostly be bent non-destructively in order to reshape the device but they are not 

significantly stretchable [13]. Embedding gold in silicone elastomers was one of the first 

efforts to fabricate electronics with resolutions as low as 15 micrometers [14]. However if 

the conductor needs to be thicker than a few microns, the high stresses would cause 

fractures and ultimately electrical disconnection [15]. Utilizing spring/helical shape wires 

in the elastomeric matrix instead of linear structures causes the metallic network to 

deflect out of the plane while deformed [16]. This will make the principal stresses smaller 

for a constant longitudinal strain. Pre-stretching the substrate prior to metal deposition 

has been another technique for fabricating wavy conductors that can handle larger 

amounts of strain before failure [17-18]. To achieve out-of-plane stresses for brittle 

conductors there are three “wavy” material structures as shown in  Fig. 1: out of the plane 

wavy ribbon fully bonded to the elastomeric support, buckled wavy ribbon bonded to 

elastomeric support only in specific locations, and in plane meshed ribbon [19]. 
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Fig. 1. Three wavy material structures to enhance stretching of brittle conductors: 

a: out of the plane wavy ribbon fully bonded to the elastomeric support, b: 

Buckled wavy ribbon bonded to elastomeric support only in specific locations, 

and c: in plane meshed ribbon [19]. [Reprinted by permission of John Wiley & 

Sons, Inc.] 

Apart from gold, reconfigurable wavy nanomembranes can be made from silicon, 

which is inherently a brittle material, in a PDMS substrate [20]. Silicon and thin films of 

transparent oxides such as ZnO are being used as semi-conductor in flexible electronic 

devices such as transistors as well [21-26]. A stretchable patch antenna with capability of 

sustaining 15% strain realized by screen printing silver nanowires in PDMS is another 

example of flexible electronics with solid conductors [27]. The maximum strain reached 

before failure for solid conductors is only up to 100% in the case of using multiple 

parallel narrow traces instead of one single trace as shown in  Fig. 2 [13][28]. Such 

tortuous traces limit the design of electrical elements to simple transmission lines with 

unnecessarily high inductances. Besides, fatigue failure is another disadvantage of these 
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types of conductors for long-term applications under repeated loading and unloading 

cycles [29].  

 

 

Fig. 2. Strain distribution in a multi-track conductor design. [Reprinted from [28] 

with permission from Elsevier] 

2.2.2 Conductive Polymers 

Conductive particles such as metals or carbon embedded in an elastomer as the 

filling material can form conductive polymers [30-31]. Several conducting particles such 

as carbon black, silver, and nickel nanoparticles have been used in elastomeric matrix 

among which single walled carbon nanotubes in a rubber matrix provides better 

stretchability and conductivity [10][32-34]. Overall, these conductors have been used 

mostly for fabrication of soft connectors, however, their electrical conductivity is very 

low compared to their counterparts and their electrical characteristics change 

considerably with strain [12][31]. Besides, they are not able to fully conform to the 
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surrounding environment due to the stretchability constraint of conductive polymers and 

rigid metals [35-36]. For these reasons, tortuous wires are usually preferred over 

conductive polymers for flexible electronics with considerable levels of deformation [13].  

2.2.3 Liquid Conductor 

Due to the aforementioned drawbacks of solid and particle conductors, fluidic 

conductors have become very popular over the last decade. Fluids have nearly zero shear 

modulus [37], therefore they can freely deform following the shape of substrate they are 

encapsulated in. This along with their generally higher conductivities and the fact that 

they have little hysteresis behavior, make them ideal substitutes for solid conductors. The 

most common liquid conductor in traditional microfluidics has been electrolyte solutions 

[5]. But their insufficient conductivity makes them inappropriate for radio frequency (RF) 

systems. Other fluidic conductors such as water have been used for simple monopole 

antennas, but they suffer from low conductivity [38] as well as the high evaporation rate 

issue [39]. LMs have higher conductivities and are more stable in standard conditions. 

Fabricating micro-scale structures with low temperature melting solders have been 

practiced to achieve flexible electronic systems. The first attempt for stretchable 

electronics originated from a strain sensor made of mercury in rubber tube [40]. Because 

of its toxicity, mercury has been replaced in electronic industry by indium, tin and 

gallium LM alloys [41-44]. In the following section, some of the most popular LMs and 

their unique properties are discussed: 
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2.2.3.1 Common Liquid Metals 

Mercury (Hg) is perhaps the most well-known room temperature LM. It was 

widely used in the conventional thermometers, barometers, switches, and gauges. Despite 

its  availability and ease of use, its health threatening toxicity and large surface tension 

has lead scientists to look for an alternative liquid conductor [45]. Gallium (Ga) and its 

alloys are considered to be a promising replacement for mercury in electronic 

applications. Ga is an non-toxic metal with a melting temperature of about 30º and a low 

vapor pressure which makes it safe to work with by reducing the risk of inhalation [46]. 

Also, this low vapor pressure increases the durability in long-term applications due to the 

small evaporation rate. This is especially important in micro/nano-scale manufacturing 

since the evaporation rate per volume is relatively high in these scales. To further bring 

down the melting point, eutectic gallium indium (EGaIn) is realized based on freezing 

point depression principle. EGaIn consists of 75% Ga and 25% In by weight and has a 

melting point of 15.5 [47]. Its interesting properties such as good electrical conductivity, 

low melting temperature, biocompatibility, and mobility makes it a compelling material 

for fabrication of flexible electronics. Galinstan is another alloy of gallium and is 

composed of gallium, indium and tin. Its melting temperature depends on the mixing 

ratio of its components. A typical composition is 68.5% Ga, 21.5% In, 10% Sn and has a 

melting temperature of -19° C [10]. By changing the composition to 62.5% Ga, 25% In, 

and 12.5% Sn, the melting temperature to shifts to 10° C [48]. Although conductors such 

as galinstan and EGaIn have a conductivity of 10 times lower than copper, since the 
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depth of microfluidic channels is higher than the typical thickness of copper sheet, the 

overall sheet resistance will be sufficient according to equation 1 [49]. 

 

                                                                                                                    Eq.1     

                                                                                                 

In which  is the sheet resistance,  is the conductivity, and t is the thickness. The 

properties of common LMs have been compared in Table 1. 

 

Table 1: Comparison of LM Conductors 

Liquid Metal Gallium EGaIn Galinstan Mercury 

Surface Tension (N/m) in 

Ambient Conditions 

0.680 [45] 0.624 [50] 0.718 [51] 0.428 [52] 

Viscosity (cSt) 0.34 [53] 0.32 [8] 0.37 [54] 0.11 [54] 

Melting Temperature (ºC) 29.77 [55] 16 [47] -19 [54] -39 [54] 

Electrical Conductivity 

(  S/m) 

0.37 [55] 0.34 [56] 0.38 [54] 0.10 [54] 

Boiling Temperature (ºC) 2205 [55] >1000  [49] >1300 [57] 357 [54] 

Vapor pressure (Torr) 
 

@ 30 ºC [45] 

<      

@ 300 ºC [58] 

<   

@500 ºC [57] 

0.27  

@100 ºC [45] 

Density ( ) 6.1 [53] 6.3 [49] 6.4 [54] 13.5 [54] 
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2.3 Ga-based Liquid Metal Characteristics 

2.3.1 Oxidization 

When gallium and its alloys are exposed to oxygen levels above 1 ppm [41], a 

very thin oxide layer forms on their surfaces. X-ray photoelectron spectroscopy shows 

that Ga2O3 is the most stable form of Ga on the skin, however the existence of other 

forms such as Ga2O  is also demonstrated [59-60]. The atomic ratio of In:Ga:O at the 

surface is 1:15:17 [8]. This dull looking oxide skin is composed of only a few monolayers 

(with a thickness of 1-5 Aº [60-61]) and its thickness does not change over time [62] 

since the previously formed oxide layer acts as a barrier to stop oxidization of the 

underneath layers [60][63]. However, when the humidity level rises, an increase in the 

metal’s viscosity has been observed. This increase in viscosity is correlated with the 

oxide skin growth and accumulative amount of oxygen in the metal [63]. Also in humid 

conditions unlike dry conditions, the oxide film thickness is dependent on the exposure 

time to oxygen[63]. 

When LM fills into channels made of permeable PDMS, the oxide skin is formed 

on the walls of channels as well as the front meniscus and the LM has a laminar flow 

within this thin oxide layer [64]. The presence of the oxide shell on the walls is justified 

by the fact that LM retracts at a slow pace after removing its meniscus’s oxide skin (with 

acid/base/electrical current) rather than an immediate retraction [65]. 

This oxide layer determines the behavior of Ga alloys and alter some of its 

characteristics. Although the LM has a very large surface energy and low viscosity, this 
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passivating skin [66] decreases the surface tension of LM [67] and stabilizes the LM 

microstructures [8]. Measurements show that the surface tension of EGaIn changes from 

624 (dynes/cm) in ambient environment to 435 (dynes/cm) when the oxide layer is 

removed with dilute hydrochloric acid (HCl) [8][56]. Since moldable structures in LM 

can be made only in micrometer to millimeter scale, the moldability of LM depends on 

the surface area to volume ratio, and is attributed to the oxide layer which has a much 

higher surface energy than the bulk LM [8]. This moldability makes the fabrication of 

mechanically stable structures using methods such as 3D printing or freeze casting 

possible [42][68].  

The oxide layer is electrically insulating [69] but due to its small thickness, it does 

not influence the conductivity significantly [61]. However, when electrical current goes 

through LM, the oxide thickness changes and this results in modification of the electrical 

resistance [70]. This phenomenon is used in fabrication of soft matter memristors and 

diodes [69]. 

The visco-elastic behavior of the oxide layer of EGaIn measured with parallel 

plates rheometer determines that it has both the viscous and elastic natures (but mainly 

elastic) for a wide range of strains. Since both the elastic and viscous moduli dramatically 

drop after applying about 0.5 N/m stress, this value is assumed to be the critical surface 

stress for yielding the oxide skin of EGaIn [53] and negligible resistance to flow [8]. 

Sometimes it is essential to get rid of the oxide layer, for instance to switch back 

to non-wetting nature of Ga based LMs. The amphoteric oxide layer of gallium can be 
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eliminated in acidic (pH<3) or basic (pH>10) environments [71]. The reaction of gallium 

and gallium oxide with NaOH has been shown in equation 2 and 3, respectively [9]: 

 

                                                         Eq.2 

 

                                                                       

Eq.3    

 

When galinstan comes close to HCl vapor,  Ga2O3 and  Ga2O change to GaCl3 

and lnCl3 and in this reaction water is released [72]. Another way to get rid of the oxide 

layer is by working in a sub-ppm oxygen conditions. However, achieving and 

maintaining this low oxygen environment is a complicated and costly process [73].  

2.3.2 Contact Angle and Wetting 

Contact angle is defined as the angle between solid-liquid, solid-gas, and liquid-

gas at the contact line when these immiscible phases meet and is a function of interfacial 

energies among these phases [74]. This thermodynamic property explains the wetting 

properties of a liquid on a solid surface. The static contact angle can be expressed with 

Young’s equation: 

                                                                                                 Eq.4 

 

Where LV, SL, and SV are the surface tension of liquid-vapor, solid-liquid, and solid-

vapor interfaces respectively, and  is the static contact angle. For the intended LMs, the 

surface tension is very high and this results in a contact angle of higher than 90 degrees. 
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This means that mercury and Ga alloys without the oxide skin, have little wetting 

characteristics which makes their actuation easier.  

 
(a)                                                                                (b) 

Fig. 3. Contact angle of a liquid droplet on solid surface (a) without and (b) with 

the external forces.  

In the presence of external forces such as electro-static force or gravity, droplet 

will move along a surface and dynamic contact angles are used instead. The dynamic 

contact angle includes advancing/receding contact angles and sliding contact angle [75]. 

The Young’s equation describes the contact angle only on flat surfaces. For a 

textured surface, the Wenzel model is used to describe the contact angle [76-77]. 

 

                                                                                                          Eq.5 

 

In which W  is the apparent contact angle, r is a roughness factor (the ratio of actual area 

of the surface to equivalent area of a flat surface). However, for a dual-scale surface 

(micro/nano) it is maybe possible for the liquid droplet not to penetrate the nanoscale 

structures and make the surface fully wet, therefore Wenzel model is not suitable 

anymore and it is stated by Cassie state [78]. Cassie-Baxter equation extends the Wenzel 

model for a composite surface [79].  

 

                                                                                   Eq.6 
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Where  F1 and 1 are the area fraction and contact angle of liquid on the component 1 of 

the surface, and  F2 and 2  are for the component 2 of the surface, and  is the Cassie-

Baxter contact angle. Since for a LM droplet on a dual-scale surface, it may 

not penetrate the nanocavities as shown in  Fig. 4, the second component of the surface in 

which the LM is in contact with is air therefore  and the equation 6 changes to [76]. 

 

                                                                                        Eq.7 

 

In this equation, Fs is the solid fraction which is in contact with the liquid, and c is the 

Cassie-Baxter contact angle. This equation implies by making surfaces with small Fs, it is 

practical to have super-lyophobic surfaces that LM does not wet them. This concept has 

been used in the following sections for designing anti-wetting surfaces [80-81]. 

 
(a)                                           (b)                                               (c) 

Fig. 4. LM droplet on (a) smooth surface (Young’s state), (b) on micro-textured 

surface where wets the surface completely (Wenzel state), and (c) Dual 

micro/nano-textured surface where it cannot penetrate into nanostructures 

(Cassie-Baxter state)  

Gallium, EGaIn and galinstan which have high non-wetting characteristics (high 

contact angles) before oxidation, stick and wet most of the surfaces once oxidized 

[67][82]. The very high adherence of Ga based alloys to most of the surfaces is attributed 

to the oxide layer on their surfaces [45]. There are two modes of adhesion between the 



16 

 

oxide layer and the substrate [83]: 1. if the oxide skin is not ruptured before contacting 

the surface a solid to solid contact happens which has a relatively low adhesion, and 2. if 

the oxide layer is ruptured and a composite interface of old oxide skin (rough), newly 

formed oxide skin (smooth) and bare LM is formed. This smooth new oxide layer 

contributes to the increase in the contact adhesion. This high adherence to most of the 

materials makes the actuation of LM within channels challenging and leaves residue on 

the substrates after retracting the metal [83]. On the other hand, LMs without this sticky 

skin such as mercury retract form channels immediately after removing the pressure and 

tend to bead up [10]. 

2.3.3 Laplace Pressure 

The pressure difference across the boundary of two immiscible matters or across 

the interface of a curved surface is determined with Young-Laplace equation: 

 

 (Nm^-2)                        Eq.8            

where n is the unit normal vector pointing out of the surface of interface, H is the mean 

curvature,  R1 and R2 are the principal radii of curvature, and  is the surface tension. For 

a rectangular channel we have: 

 

                                                               Eq.9 

 



17 

 

In which W is the width and H is the height of channel, and  is the contact angle 

of liquid on the channel walls. Since the selected LMs have great surface tension values, 

the Laplace pressure is high for them. The LM wets a microfluidic channel as soon as the 

applied pressure in the upstream surpasses the Laplace pressure imparted by the channel 

geometry on the liquid.  

2.4 Handling of Liquid Metal 

Handling of LM is very challenging due to the presence of its oxide layer which 

makes it tricky to manipulate within micro-channels without leaving residue.  However, 

without a reliable method of manipulation, fabrication of electronic devices with 

embedded LM is not feasible [78]. To overcome this problem, there have been a number 

of attempts to lower the wetting characteristics of LM by modifying either the 

LM/substrate or by preventing their direct contact. In this section, we discuss about 

different methods for handing Ga based LMs. 

2.4.1 Using a Carrying/Lubricating Solution 

To reduce the super-lyophilic nature of oxidized LM on substrates, it is 

sometimes manipulated within a lubricating solution. Teflon solution, deoxygenated 

silicon oil, polyethylene glycol (PEG), and polyvinyl alcohol (PVA) have been used to 

prevent the surface of channels from getting stained with LM residue [7][82-85]. 

Furthermore, channels prefilled with some liquids like glycerol or water lubricate the 

flow of LM by creating a slip layer between the oxide and the channel’s walls. Water 
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brings down the critical yield stress by weakening the oxide layer as well [86-87]. 

However, manipulating the LM within another solution can interfere with the movement 

of LM for some applications and it is not practical all the time. Such issues are discussed 

in detail in the following sections.  

 

Fig. 5. Water slip layer. [Reprinted from [86], Copyright 2016 American 

Chemical Society] 

2.4.2 Liquid Metal Oxide Layer Removal 

If the oxide layer of Ga alloys is removed, it behaves like a Newtonian liquid and 

therefore its accurate manipulation is feasible in micro-scale. Acids with pH lower than 3 

such as diluted hydrochloric acid have been widely used for enhancing LM manipulation 

in various applications [56][72][88]. This concept has been used in preparation of 

microfluidic channels made of papers that are previously impregnated with HCl for easy 

manipulation of oxidized galinstan [89]. PDMS is also extremely permeable to HCl 

vapor. This thickness dependent permeability is used for surface reduction of galinstan as 

shown in  Fig. 6. Two parallel channels, one filled with LM and the other one filled with 
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37% wt HCl, are separated with a 200 µm thick PDMS wall. The HCl vapor diffuses 

through the PDMS to react with the oxide layer on the galinstan surface [90]. The high 

volatility of HCl, however, can damage the electronic components [78] especially in 

highly permeable substrates such as PDMS [78]. Therefore, it may be beneficial to use 

less permeable substrates such as styrene-ethylene-butylene-styrene (SEBS) in 

applications where microfluidic channels need to be filled with HCl to reduct Ga oxide 

layer [91].  

 

Fig. 6. On chip HCl treatment of galinstan droplets. [Adapted from [90] with 

Permission from Royal Society of Chemistry] 
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2.4.3 Lyophobic Coating of LM Droplets  

Coating LM droplets with nanoparticles such as WO3, TiO2, MoO3, In2O3, teflon 

powder, silica, and carbon nanotubes enhances the non-wetting characteristics of LMs 

[92]. These LM marbles have very high contact angles on various substrates, however 

this method is limited only to LM droplets.  

2.4.4 Substrate Surface Modification  

Another method to overcome the high adherence of LMs, is to modify the 

substrate’s wetting properties. This can be done by physically texturing the substrate with 

the use of deposited particles or by using chemicals to micro-machine the surface.  

2.4.4.1 Physical Method 

Inspired by super-hydrophobic lotus leaves due to their dual scale texture, a 

PDMS surface can be modified to improve the non-wetting characteristics of oxidized 

LM as well. This is possible by transferring the micro-nano dual scale textures of another 

substrate (such as paper) to PDMS walls. By coating these textured channels with 

titanium oxide TiO2 nano-particles, the advancing and receding contact angles of 

galinstan on PDMS increases from 130° and 9° to 167° and 151°, respectively [78]. The 

reason for this high contact angle growth is the transfer of nanoparticles to LM droplets 

from the PDMS channel walls which produces LM marbles. Imprinting carbon nanotubes 

grown initially on Si on PDMS also generates an anti-wetting surface for oxidized 

gallium oxide due to the its mixed micro-nano scale morphology [93]. 
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In another study PDMS patterned with an array of micro-pillars is used for 

fabricating microfluidic channels as shown in  Fig. 7. By changing the pillars pitch 

distance, from very large values to small values, the wetting changes from Wenzel state 

(completely wetting the surface) to Cassie state (complex air, liquid and solid interface) 

[94-95].  

 

 

Fig. 7. (a) Cross section of super lyophobic micro-channel, (b) Galinstan flowing 

through the channel. [Reprinted from [94] © 2012 IEEE] 

2.4.4.2 Chemical Method 

Strong inorganic acids such as sulfuric acid H2SO4 are used for making dual-scale 

structures in PDMS channels by attacking the surface of channels. HF and HNO3 have 

also be used to texturize PDMS, H2SO4 however, seems more effective by increasing the 

advancing contact angle to 167° and a minimum contact angle hysteresis of 14° [78]. 

Chemically machining of surfaces is a superior solution for increasing contact angle both 

in terms of reliability and contact angle hysteresis [78].  
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Fig. 8. PDMS surface after being in contact for 1 min with (a) HF, (b) HNO3 and 

(c) H2SO4. [Adapted from [78] with permission from Royal Society of Chemistry] 

2.5 Methods for Patterning LM 

In order to make functional devices made of LM, it needs to be patterned in a fast, 

reliable, and accurate process. This step is equivalent to chemical etching process of 

copper in PCB manufacturing. In this section, different methods for patterning Ga based 

LMs, including additive and subtractive techniques, are discussed.  

2.5.1 Additive Manufacturing  

2.5.1.1 Masked Deposition or Stencil Printing 

In this process the LM is deposited on the substrate through a contact mask. Once 

the deposition is complete, the mask is removed either by etching or simply peeling off 

and the patterned LM is left on the substrate. Afterwards LM needs to be frozen prior to 

casting the next elastomer layer so the patterns do not distort in the casting and curing 

process. The final substrate is usually semi-cured prior to LM deposition so that it can 

bond to the sealing layer later on. The resolution of this method mostly depends on the 

stencil’s resolution and has been as low as 50 microns for a copper stencil patterned with 
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ultra violet (UV) lithography, however the surface roughness is still significant as shown 

in  Fig. 9 [96] 

 

 

 

Fig. 9. (a) Front and (b) back side of copper stencil, and (c) patterned galinstan on 

PDMS. [Reprinted from [96] with permission of Royal Society of Chemistry]  

The stencil can be made with laser machining or 3D printing if there is no need 

for accuracy [97]. To have higher resolution and smaller features the stencil is fabricated 

with photolithography process [98]. However even in these cases, the actual widths 

sometimes differ by 50% due to the aggressive etching of the stencil [99]. Moreover, 

there is no means of accurate height control in the existing literature. 

2.5.1.2 Micro-contact Printing or Stamp Lithography 

Micro-contact printing has been practiced for years as a parallel soft lithography 

method [100] but it was not until recently [101] that it was used for printing of LMs. In 

this method, a relief pattern on the stamp (made of different materials such as PDMS) is 

inked with LM (either by dipping into ink pool or brushing the stamp) and places the LM 

on the final substrate. When the pattern is printed entirely, another layer of elastomer is 
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cast and cured on the conductor surface which is in a fairly stable shape for small 

geometries due to the oxide layer. This method, however, has not been fully successful 

due to unevenness in Ga-In alloy surface and its random spreading on the surface as 

shown in  Fig. 10. 

 

Fig. 10. Unevenness in LM patterns made with stamp lithography with smooth and 

textured PDMS stamps. [Reprinted from [101] Copyright 2013 American 

Chemical Society]  

2.5.1.3 Micro-transfer Molding with Selective Surface Wetting 

Micro-transfer molding is advanced by engineering surfaces to be lyophobic or 

lyophilic to LMs therefore there are wetting and non-wetting regions on the substrate 

when the LM is spread on the surface [102]. Kim et al. has selectively chemically 
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modified the wetting properties of PDMS with toluene, therefore when the PDMS mold 

is pressed against a LM film, the metal on the chemically modified parts can be easily 

transferred to a sacrificial layer [103]. Li et al. has discovered that HCl treated galinstan 

selectively wets patterned Au layer deposited on PDMS [104]. This approach provides a 

good resolution but it needs deposition of Au and Cr layers and pattering them ( Fig. 11). 

If the surface is not selectively engineered to enhance or deduct wettability, the LM 

outside trenches needs to be cleaned afterwards by some methods such as acid treatment. 

This is the underlying principle for imprinting patterning technique [105] 

 

Fig. 11. Fabrication process of EGaIn structures in PDMS via Au selective 

wetting. [Reprinted from [104] with permission from Elsevier] 

2.5.1.4 Direct Writing (2D and 3D Printing) 

LM structures can be directly-written at room temperature with pressures lower 

than 5 kPa at micro-scale [106]. This method includes using advanced automatic 3-

dimensional (3D) printers with precise control of the position of nozzle [107] or simply 

painting the LM on the substrate with a brush or a pen [108-109].   
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Fig. 12. A roller ball pen filled with GaIn24.5 alloy for direct writing. [Reprinted 

from [109] with the permission of AIP Publishing] 

Printing 3D free-standing structures (which are not supported by an encapsulating 

layer) is more challenging and requires techniques such as piling droplets of LM or 

injection molding into an elastomer and etching it later on as explained in  Fig. 13 [106]. 

Otherwise if LM traces need to be encapsulated in an elastomer, they are frozen and 

sealed with a curing polymer like in previous methods [110]. 

Yan et al. have developed a coaxial printing technique that simultaneously prints 

the substrate (PDMS) and the LM core [111]. Although this method can be optimized 

further for printing multi-dimensional shapes, it opens a new window for facile 

fabrication of flexible electronics [111]. 
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Fig. 13. Fabrication of LM free standing structures with: (a) Extrusion of LM from 

a needle to write free standing wires, (b) Expelling metal rapidly with bursts of 

pressure, (c), (d), (e), and (f) Stacking of droplets to form tall structures, (g) 

Injection molding to PDMS micro channels and etching the channels later on with 

tetrabutylammonium fluoride. Reprinted from [106] with permission from John 

Wiley & Sons, Inc..  

 
Fig. 14. Coaxial nozzle schematic for simultaneous print of conductor and 

substrate. [Adapted from [111] with permission of AIP Publishing] 

Two opposing factors to quality and resolution of direct writing methods are low 

viscosity and large surface tension of LMs, however the oxide layer stabilizes the LM 
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structures to some extent if the size of the features are small enough [106]. On the other 

hand, there is not any means of robust and accurate control of the dimensions yet and the 

fabrication process is tricky [110]. The sizes of features that can be patterned in room 

temperature LMs also is in a small range where they are not too small or too large to be 

possible to print and to avoid yielding and collapsing [112]. Using additional steps along 

with 3D printing such as freezing the printed metals on the fly can facilitate achieving  

more stable 3D structures [113]. Furthermore, more research needs to be done on 

obtaining reliable nozzle and printing set-up that does not corrode when in contact with 

Ga alloys and can be cleaned. 

2.5.1.5 Injection Molding and Vacuum Assisted Filling 

Due to the very high surface tension of LM it is tricky to shape it in desired forms, 

therefore it can be inserted into already-formed arrangements [114]. To force LM into 

pre-sealed channels a positive pressure (injection molding) or negative pressure (vacuum 

filling) can be used. This pressure should be higher than the critical surface tension of Ga 

based alloys to break the oxide skin. For channels with larger widths this is a 

straightforward process and can be done with a simple needle. However, when there is a 

need for miniaturization of the system and to control the filling parameters (for instance 

in measuring filling pressure) a reliable and repeatable chip to world connection should 

be used. Despite its simplicity this method has limitations for complex 3 dimensional 

structures with multiple inlets and outlets [106]. 

Laplace pressure shaping is another filling technique that takes advantage of 

vacuum for patterning [6]. Cumby et al. fabricated devices by inserting a LM droplet 
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between two sheets of patterned polymer (poly-ethylene terephthalate or polyimide) and 

applying vacuum to evacuate the air and pulling the LM into holes [49]. For Ga based 

LMs an inert gas like nitrogen, or HCl vapor which reacts with metal oxide needs to be 

used to avoid formation of gallium oxide which makes this process less practical [49]. 

Another drawback is that as soon as the vacuum is released, LM retracts from the 

channels if not fixed in the traces by some approaches such as freeze-casting [6].  

 
(a)                                                                                   (b) 

Fig. 15. Patterning LM structures with Laplace pressure shaping method. (a) The 

LM droplet is placed between two elastomer layers. (b) When the vacuum is 

applied metal droplet is pushed into trenches. Inspired from [49]. 

2.5.1.6 Ink Jet Printing or Jetting 

Despite several proposals for inkjet printing of Ga based metals, this patterning 

method is not trouble-free for these alloys. Jetting with Ga alloys, if not performed in an 

oxygen free environment, leads to accumulation of oxidized LM at the nozzle [101] 

[115]. To avoid clogging and oxidizing, the orifice of the printing system (made of 

PDMS) can be fabricated from HCl impregnated paper [116] but this method is far from 

a long-term and reliable method of patterning.  

2.5.1.7 Tape Transfer Atomization Patterning 

In this method liquid alloy is atomized and sprayed on a half cured PDMS substrate 

through a tape transferred mask and then encapsulated as shown in [117]. Semi-cured 
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PDMS will improve LM wetting on the PDMS surface so that the patterned metal 

remains in place when the mask is removed [118]. This method is a potentially large 

scale manufacturing method but it lacks resolution and the line roughness is high.  

2.5.1.8 Freeze Casting: A Complementary Method in Additive Manufacturing  

It is often necessary to maintain LM structures’ shapes before sealing them within 

another layer of elastomer in additive manufacturing methods like direct writing, micro-

contact printing, masked deposition, and Laplace pressure shaping. Due to the large area 

to volume ratio for micro-scale LM structures, the melting happens faster than usual and 

the size discrepancy between the nominal and final sizes is observed [6][99]. The 

elastomers that are molded after LM pattering need to be cured at low temperatures to 

minimize the distortion of LM patterns. Since curing of most of the polymers such as 

PDMS is temperature dependent, these methods work only for structures with low aspect 

ratios where the oxide layer can preserve the melted LM’s shape to some extent [6]. For 

taller structures in freeze casting and when it is essential to precisely control the height, 

the frozen components should be placed manually in patterned molds as shown in  Fig. 16 

to avoid shape distortion [6]. However, if the structures are small, handling these small 

pieces is extremely tough and requires accurate means of alignment. Another solution is 

to use UV curable polymers to make the curing process faster while alloys remain solid.  

For these reasons the resolution for most of the manufacturing methods that are based on 

freeze-casting is as low as 200 micrometers [6].  
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Fig. 16. (a) General freeze casting process and (b) freeze casting for tall/complex 

structures using patterned substrate and manually aligning pieces. [Reprinted from 

[6] with permission form Royal Society of Chemistry] 

2.5.2 Subtractive Manufacturing 

2.5.2.1 Direct Laser Patterning  

In this method, LM (EGaIn) is encapsulated between two PDMS layers but it is 

not patterned until a  CO2 laser locally heats PDMS. The heat from the laser vaporizes 

PDMS in the bottom layer. This vaporized PDMS punctures the LM surface and 

displaces the LM as shown in  Fig. 17 [119]. This is a rapid prototyping method in soft 

lithography however the resolution is about 150 micrometers, the roughness is 

considerable and in cases where the conductor occupies a small ratio of area or where the 

size of the device is large it is not efficient.   
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Fig. 17. Laser patterning fabrication process. (a) LM is sandwiched between 

PDMS layers, (b) Bottom PDMS layer is locally heated and vaporized, (c) When 

the vapour pressure exceeds the surfaces tension of metal ruptures the oxide layer 

and (d) relocated the LM. [Reprinted from [119] with permission of John Wiley & 

Sons, Inc.] 

2.5.2.2 HCl Selective Erasure  

In this method LM filled PDMS micro-channels are treated by inserting an HCl 

droplet on top of the sealing layer. HCl vapor penetrates through top layer and dissolves 

the oxide layer which causes LM to bead up and retract [120]. In spite of 

reconfigurability arising from the fact that these structures can be filled again with LM, 
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precise control of the LM location is almost impossible and the method is inherently 

slow.  

 

Fig. 18. Array of closed ring resonators made of LM embedded in micro-fluidic 

channels. Two rings have been emptied by HCl selective erasure method. 

[Reprinted from [120] with the permission of AIP Publishing] 

2.6 Selection of Substrate in Soft Electronics 

A typically insulating substrate is required for encompassing soft conductors and 

avoid their contamination. Synthetic and natural rubbers are the most used substrates in 

flexible electronics due to their flexibility and low-cost. These flexible substrates serve as 

dielectrics in radiating elements or just a packaging material in other applications.    

2.6.1 Important Parameters in Selecting a Substrate for Soft Electronics 

The most important properties in choosing an appropriate substrate for electronic 

devices are mentioned in  Fig. 19.  
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Fig. 19. Important properties in choosing an appropriate substrate for flexible 

electronics. 

2.6.2 Common Polymers in Flexible/Stretchable Electronics 

2.6.2.1 PDMS 

PDMS is a silicon-based organic polymer developed during World War II in 

USA. The most predominant choice of PDMS for rapid prototyping is Sylgard 184 by 

Dow Chemicals [121]. Its interesting properties such as bio compatibility and optical 

transparency and easy handling makes it the most favorite substrate for rapid prototyping 

in microfluidics and later in flexible electronics [122]. Siloxane linkages in the PDMS 
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backbone gives it its great flexibility and stretchability. PDMS however, is a thermoset 

polymer which cross-links into a 3-dimensional structure while curing and cannot be 

heated to remold after being cured once. This makes it unsuitable for some industrial 

mass production manufacturing methods such as hot embossing [123]. Another issue with 

PDMS is its low surface energy which makes the bonding of PDMS layers challenging. 

In order to seal microfluidic systems made of PDMS, adhesion strength needs to be 

improved by some technologies such as oxidizing with oxygen plasma [124]. The 

extensibility of PDMS depends on its grade and preparation method [125]. Sylgard 184 

for instance has a Young’s modulus of 1.32-2.97 MPa, and an ultimate tensile strength of 

3.51-7.65 MPa [126], but most of the devices composed of it fail well below 100% strain 

values [127]. There are complex methods to increase this value to about 200% by 

fabricating 3D nanonetworks in PDMS proximity field nanopatterning [128]. PDMS has 

a dielectric constant in the range of 2.77-3.69 depending on its working frequency [5]. At 

100 kHz, its dielectric constant is 2.67 and it changes to 3 at 3.45 GHz [129]. Its loss 

tangent is 0.001 at 100 kHz [130] and shifts to 0.05 at 3.45 GHz  [129]. 

2.6.2.2 Ecoflex® 

Ecoflex® is a low viscosity bio compatible platinum catalyzed silicone and has 

been on market since 1998 [131]. Its elongation at break depends on its grade and is up to 

1000% for some classes of ecoflex®. This high level of stretchability and its water 

resistivity makes it a fascinating substrate in fabrication of extra soft substrates especially 

in epidermal electronics [132]. Ecoflex® comes in a two part formulation (precursors) 

that need to be mixed for curing [133]. In spite of its attractive mechanical properties, 
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tough handling, optical opacity, high viscosity after mixing, and difficulty in bonding to 

itself, keeps Ecoflex® away from being a commercial substrate in electronics industry 

[134]. Ecoflex® has been used in academic labs for fabrication of antennas [135], sensors 

[136-137], and circuit elements [101], however there is no record of its electrical 

properties.  

2.6.2.3 SEBS 

Styrene ethylene butylene styrene (SEBS) is a triblock copolymer with high 

tensile strength and low modulus [138]. SEBS consists of ethylene-butylene chains with 

styrene domains on each end [123]. SEBS is available commercially (at lower costs than 

PDMS) with the trade name of Kraton® with different polystyrene content which shifts 

its mechanical properties and manufacturing parameters. SEBS is classified in a group of 

polymers named thermoplastic elastomers (TPE). Thermoplastic elastomers have the 

characteristics of both elastomers and thermoplastics and can be reversibly bonded to 

surfaces. In thermoplastics, polymer chains associate with intermolecular forces. These 

forces weaken dramatically above their melting temperature resulting viscous 

characteristics of thermoplastic. That is why thermoplastics are compatible with mass 

production methods such as extrusion or thermo-compressive molding and can be 

recycled and reused unlike thermosets. Elastomers have both viscosity and elasticity 

characteristics and very weak intermolecular forces which leads generally to low elastic 

moduli and high strain before failure. Despite these interesting properties, with PDMS as 

the dominating material for soft electronics, SEBS elastomer has been overlooked in this 
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industry. The application of SEBS has been limited to few cases where it is used as the 

wire coating for liquid conductor wires [139-140]. 

2.7 Bonding Technique 

A microfluidic channel needs to be bonded to another blank or patterned substrate 

in order to keep the fluid/gas inside the chip. In spite of the advancements in 

microfluidics manufacturing methods, bonding of microfluidic chips has still remained a 

delicate and critical step [141]. Depending on the application, materials used, and desired 

mode of failure, various methods of sealing may be utilized. In general, bonding 

techniques can be categorized to reversible and irreversible bonding. A reversible 

bonding allows multiple assembly and disassembly of the chip without damaging it. This 

is beneficial for alignment purposes, temporary bonding applications, and recovering the 

valuable fluids. Irreversible bonding techniques on the other hand, usually provide higher 

adhesions and therefore can be used in high pressure applications [142]. This bonding 

includes indirect bonding techniques such as adhesive bonding [143], or direct bonding 

methods such as thermal fusion [144], localized welding [145], solvent bonding [146], 

and bonding with surface modification [141]. Surface energy modification methods such 

as plasma activated bonding are of the most common methods for bonding PDMS [147]. 

In plasma bonding, a plasma is created either with gases such as Ar, Ne, CO, He, N2, 

NH3, H2O, CO2, and O2 or with air, or vacuum [148-149]. Plasma bonding however, is a 

costly and time consuming process [147]. Another widely used bonding method 

commonly used in polymeric electronics, is using an uncured or partially cured sealing 
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layer to achieve strong irreversible adhesion between the two layers yet the bonding 

results are inconsistent with this method [147].  

Elastomers like PDMS or SEBS can be reversibly bonded to themselves or other 

materials by Van der Waals forces when they are in close contact. Van der Waals forces 

are relatively weak intermolecular forces which arise from interaction of transient or 

permanent dipoles. These forces can hold up to 5 psi fluid pressure and about 1 µl/min 

flow rate in PDMS microfluidic channels [150-151]. The energy required to separate two 

bodies which are in contact is called surface free energy and it depends on the effective 

contact perimeter rather than contact area [152]. This can also be seen in the equation for 

the pull off force for two elastic spheres in contact [153]. 

 

                                                                                                            Eq.10 

 

                                                                                                            Eq.11 

 

 

Where P is the pull-off force,  is the energy per unit contact area, and R1 and R2 are the 

radii of spheres 1 and 2. Since the pull-off force is correlated with the effective contact 

perimeter, by splitting the contact surface dispersive adhesion can be increased. This 

phenomenon is called the “gecko effect” and is used in designing patterned surfaces with 

enhanced adhesion forces [154]. Geckos can adhere strongly to most of the surfaces by 

attractive Van der Waals forces due to the spatula shaped setae on their toes [155]. These 

hierarchical structures have inspired scientists to design biomimetic dry adhesives by 

micro-structuring various thermoplastics and thermosets [156-158]. Campo et al. have 



39 

 

tested different shapes of pillars to optimize the adhesion strength including pillars with 

flat, spherical, concave, spatular, and mushroom tips shown in  Fig. 20 [159]. Their 

experiments showed that mushroom shaped and spatular tip pillars attain maximum 

levels of adhesion, which is about 30 times higher than the flat punch design [159]. 

 
(a)                   (b)                     (c)                  (d)                           (e) 

Fig. 20. Different pillar shapes in dry adhesive design including: (a) flat punch, (b) 

spherical tip, (c) concave tip, (d) spatular tip, and (e) mushroom shape tip. 

Inspired from [159]. 

Carbone et al. have suggested that this superior adhesive performance in case of 

mushroom shaped pillars is due to the elimination of stress singularity compared to flat 

punch design which changes the detachment mechanism. However, when the the pillar 

cap is too thin, a large stress concentration is observed, and when the cap thickness is too 

high, the stress singularity reappears [160].  The distribution of stress along the cap 

surface has been shown in  Fig. 21. Wasay et al. used gecko-inspired dry adhesives for 

microfluidics application for the first time [161]. A gasket which is a sweep of the 

mushroom shaped pillars makes the microfluidics channels walls. Individual mushroom 

shaped pillars are surrounding this gasket for enhanced reversible adhesion. For 

microfluidic chips made of SEBS with a polystyrene backing layer, this bonding 

technique can sustain up to almost 100 psi pressure which is 10 times higher than a 
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standard reversible bonding of PDMS [161]. Developing a reliable and reversible 

bonding technique which does not put limit on stretchability of the substrate material, and 

can handle great fluid pressures, is critical in reconfigurable microfluidic electronics and 

is often the bottleneck point in evolution of super soft microfluidics electronics [162].  

 
(a)                     (b)                        (c)                     (d) 

Fig. 21. Stress distribution for a (a) flat punch pillar, (b) mushroom shape pillar 

with thin cap, (c)mushroom shaped pillar with thick cap, and (d) mushroom 

shaped pillar with optimum thickness of cap. Inspired from [160]. 

Other methods for reversible bonding of polymers include using vacuum assisted 

bonding [163], bonding with magnetic clamping [164], and using external adhesives such 

as double sided tape to name a few, however, these methods limit the stretchability and 

versatility of the system.  

2.8 Liquid Metal Based Devices 

Ga-based liquid alloys can potentially be the next generation of conductors in soft 

electronics. They have been used in fabrication of reconfigurable communicational 

devices [39][130], interconnects [165], electrodes [166], RFID tags [167] and circuit 
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elements [101], to name a few. Soft electronic devices can be categorized to 

reconfigurable and non-reconfigurable devices. To attain reconfigurability, three main 

techniques are practiced: 

 Repositioning the liquid conductor with hydraulic or pneumatic manipulation 

[168] 

 Elongating the system axially or biaxially [169] 

 Flexing and arching the system [170] 

Actuating Ga-based liquid conductors in circuits is very challenging due to their 

stickiness arising from the oxide layer. Removing the oxide layer with other methods also 

causes unnecessary complications in the process. Arching/bending the device brings 

nonlinearity and unpredictable results and is not practical for all applications. Therefore, 

among the aforementioned reconfiguring methods, axial elongation is often preferred. In 

case of non-tunable soft electronics, the flexibility only serves for an enhanced conformal 

coating on curved or dynamically deforming surfaces especially in epidermal electronics 

[171].  

2.8.1 Antennas  

Antennas are arrangements of conductors or apertures that provide a platform for 

radiating or receiving electromagnetic waves by translating guided waves into free-space 

waves. Antennas are categorized to four major groups based on their sizes and their 

radiation mode: 
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 Electrically small antennas: Operating wavelength is much larger than physical 

size of the antenna. 

 Resonant antennas: Their physical size is in order of half wavelength. 

 Broadband antennas: Electrically large antennas which are continuously resonant. 

 Aperture antennas: The radiating wave flows through a physical aperture. 

For wireless communications, depending on the application, the antennas need to 

have certain properties in terms of distribution of power in space, polarization, impedance 

matching, bandwidth, and efficiency. By reconfiguring these properties, a single antenna 

can be used in different working points and this makes reconfigurable antennas extremely 

vital in compact wireless power transfer systems [172]. This tunability allows the 

designers to make multi-band antennas that have lower noise levels due to a better 

adaption to communication channel, have better matching, and potentially enable 

spectrum reuse [173].  

2.8.1.1 Dipole Antennas 

Dipole antennas are the simplest and the most widespread antennas in 

telecommunications. They consist of two identical conducting arms connected at their 

ends to an electromagnetic source. Dipoles are categorized based on the size and 

configuration of the conducting elements. Some of the most common types of dipoles 

are: Hertzian dipole (ideal dipole), short dipoles, electrically long dipoles, half-wave 

dipoles, and folded dipoles. Changing the dimensions of a dipole dramatically alters its 

radiation properties. Dickey et al. suggested using LMs for reconfigurable 
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communicational devices for the first time [39]. They fabricated two collinear EGaIn 

filled channels separated with PDMS in the middle and showed that by stretching it by 

20% strain before it fails, the resonance frequency shifts by 14%  Fig. 22. 

EGaIn

PDMS

EGaIn

 

Fig. 22. Soft planar dipole antenna made of EGaIn filled channels in PDMS 

elastomer.  

To enhance the degree of stretchablility, the integration of two polymers with 

different elastic moduli, can be used. Ecoflex which is a softer elastomer compared to 

PDMS is used for parts where large deformations are desirable and PDMS is used for in 

close proximity of rigid connections ( Fig. 23) [135]. With this method strains up to 120% 

are possible. However due to variable stiffness of the substrate, the final shape would be 

uneven. This causes discrepancies between simulation and measurement results 

especially in other antenna configurations. Another drawback of this method is that there 

is not a high resolution consistent manufacturing method with this hybrid structure.  
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Fig. 23. Hybrid PDMS-Ecoflex® dipole Antenna. [Reprinted from [135] with 

permission of John Wiley & Sons, Inc.] 

Apart from stretching, changing the electrical length of dipole by applying 

pressure to push LM through Laplace barriers (which were used to stop the LM flow 

previously) has been used as a reconfiguration method [174]. However, this method of 

tuning is irreversible and more optimization needs to be done for consistency and 

reliability of this method. 

2.8.1.2 Monopole Antennas 

Monopole antennas consist of a conductor rod which act as an open resonator 

over a large ground plane which is ideally a perfect electric conductor. These resonant 
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antennas were first invented in 1895 for radio communications by Guglielmo Marconi. 

Ideal monopole antennas like dipole antennas have omni-dimensional radiation patterns 

but this is not the case for planar antennas since the medium is not homogenous. An 

example of reconfigurable monopole is a continuously moved mercury column in a single 

microfluidic channel on top of a ground plane [175]. Since Ga alloys will stick to the 

surface, they cannot be used with this configuration. The continuous actuation of mercury 

is ensured with a number of micro-pumps which makes the antenna footprint large. To 

employ Ga alloys instead of hazardous mercury, theses metals can be actuated within an 

electrolyte solution with a DC voltage for the same monopole antenna [176]. However, 

this electro-chemically reconfigurable antenna, has very low efficiency due to the 

presence of lossy electrolyte. It also needs a separate DC circuit for actuation purpose, 

which makes the structure more sophisticated.  

 

 

Fig. 24. Electrochemically driven LM monopole antenna. [Reprinted from [176] 

with the permission of AIP Publishing]  
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Another method of reconfiguration for this monopole antenna is to treat LM with 

HCl and actuate it pneumatically instead of using DC bias [177]. On the other hand, 

having HCl in close contact of other elements causes problems such as corrosion, 

unreliability of device, and environmental hazards.  

2.8.1.3 Other Planar Antennas  

The plnar patch antenna is the most common microstrip antenna used in 

communication devices such as cellphones due to their low profile and simplicity [162]. 

A microstrip patch is a resonant antenna that can be modeled as a leaky cavity resonator. 

Despite their low cost, light weight, simple and low profile, and easy integration with 

integrated circuits (IC) and non-planar geometries, these antennas usually have high 

quality factors (narrow-band). If there is a method to physically change the patch 

dimensions, the antenna can possibly work in different frequencies, basically behaving 

like a broadband antenna but with discrete working frequency ranges. Furthermore, by 

changing the relative width and length of a patch, its radiating mode and electric field 

plane (E plane) and magnetizing field plane (H plane) directions can be shifted. 

Reconfigurable soft patch antennas are fabricated by patterning a rectangular LM patch 

on a soft substrate on top of a ground plane. This patterning technique involves one or 

more of the patterning methods introduced in section  2.5 such as microtransfer molding 

and freeze casting. Injecting LM into structures has been one of most accurate and 

straightforward fabrication method for one dimensional arrangements (when other 

dimensions are relatively negligible). However, when it comes to 2 or 3 dimensional 

figures, due to the random filling and trapped air, this filling method is very challenging. 
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For this reason, most of the 2D shapes (for instance patch antennas and ground planes) 

are realized by a meshed surface with discrete conductor traces connected at specific 

locations. The patch antenna shown in  Fig. 25 is made based on this concept. This 

antenna is used as a strain sensor with maximum elongation of 15% and has an efficiency 

of 3% to 37% in different elongations [178].  Fig. 25 (a) shows a stretchable (40% max. 

strain) planar inverted cone antenna [130] and  Fig. 25 (b) is a stretchable unbalanced loop 

antenna (40% max. strain) [179] with meshed ground planes for frequency tuning in 

PDMS. Hayes et al. used photolithography methods to fabricate a mold for a high 

resolution continuous microstrip patch antenna [129]. This multi-layer device is fully 

flexible with a monolithic conductor structure unlike previous patch antennas but due to 

the its high thickness and the substrate material it is not stretchable. Mazlouman et al. 

fabricated a super soft (up to 300% strain) microstrip patch antenna from TC5005 

silicone ( Fig. 27) [162]. The standard molding process for fabrication of this silicone 

does not provide an accurate and homogenous substrate. The deformation of these 

polymers is highly dependent on their thickness and therefore, when stretched, the 

antenna would be wrinkled ( Fig. 27). To prevent the conductor reservoir from sagging 

and blocking prior to LM injection, a plastic isolating layer has been used and LM is 

injected while the spacer still exists. For other configurations than a simple patch antenna 

using such isolators is not practical. For simplicity and better efficiency, they have also 

used a solid copper ground plane and the patch is mounted on that via a middle layer 

plastic spacer which compromises the overall flexibility. 
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Fig. 25. Stretchable patch antenna with meshed structure (a) schematic, (b) optical 

image of antenna and its transmitter (Reprinted from [178] with permission of 

John Wiley & Sons, Inc.), (c) planar inverted cone antenna [Reprinted from [130] 

© 2009 IEEE] and (d) unbalanced loop antenna [Reprinted from [179] with the 

permission of AIP Publishing] 
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Fig. 26. Multi-layer patch antenna. [Reprinted from [129] © 2012 IEEE] 

 

Fig. 27. (a) Unstretched and (b) stretched microstrip patch antenna. [Reprinted 

from [162] © 2011 IEEE] 
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Instead of a single antenna as the final device, antennas can be integrated with 

other soft or rigid circuit elements. Cheng et al. integrated rigid active elements 

fabricated in flexible substrate (flexfoil) with a stretchable passive RF antenna made of 

galinstan in PDMS to create a 900 MHz stretchable radiation sensor [180] which is an 

integration of a planar microfluidic antenna with active components.  

2.8.2 Sensors 

Elastomeric electronics have been widely used in skin sensors since these 

substrates are soft enough to conform to human bodies and track their movement. Strain 

gauges [87][110][136-137][181], direct curvature sensors [182], normal/shear force 

sensors [97][183-184], pressure gauges [97][136][185] are the most common soft sensors 

used in microfluidic electronics. These sensors are fabricated from liquid Ga alloys in 

PDMS or Ecoflex® substrates. The resistance (R), capacitance (C), and inductance (L) of 

a conductor changes when deformed upon application of strain or stress and this concept 

has been used in fabrication of such sensors. Based on the desired output signal (AC/DC), 

targeted sensitivity of device, and conductors shape (straight line, meandered, spiral) one 

or more of these parameters (L, R, C) may be considered for sensing. In simple DC 

sensors, measuring R is usually preferred for simplicity. According to resistivity 

equation, the resistance of a given material is proportional to its length, and inversely 

proportional to its cross-sectional area. 
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Fig. 28. (a) Meandered EGaIn lines used as a strain sensor. (b) Applying strain 

changes the resistance of the conductor.  (c) the sensor can be stretched up to 

100%. [Reprinted from [110] with permission from John Wiley & Sons, Inc.]  

2.8.3 Transmission Lines and Interconnects 

Transmission lines are interconnects capable of carrying RF AC signals for 

connection propose. Some of the most common transmission lines are coaxial cables, 

rectangular waveguides, microstrip line, and coplanar waveguides (CPW). In a soft 

electronic device, the wiring needs to be stretchable to match other parts’ deformations. 

Fabrication of stretchable wires started with rigid metals (like gold) with diamond shape 

structure to reduce stresses in soft substrates [165][186]. Using LM as the conductor for 

interconnections increases the stretchability of the system greatly. Zhu et al. used SEBS 
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(Kraton® G1643) to extrude ultra-stretchable (700%) hollow fibers later filled with 

EGaIn [139] and Mineart et al. fabricated a gel by dissolving SEBS and mineral oil in 

toluene to make 600% stretchable fibers with a LM core [127]. For coaxial transmission 

lines extruded SEBS (Kraton® G1643) wires filled with LM are woven together as 

shown in ( Fig. 25) [140]. If a self-healing polymer is used for interconnects, it can be cut 

and reassembled in desired configurations [187]. 

 
Fig. 29. (a) Ideal coaxial transmission line, (b) a simplified configuration of 

coaxial wire, (c) Real hand woven configuration of the fabricated coaxial line. 

[Reprinted from [140] with permission from John Wiley & Sons, Inc.] 

2.8.4 Electrodes 

LM can be used just as an electrode for the rest of the device instead of traditional 

solid electrodes [188-189]. Thanks to the monolithic fabrication process, these electrodes 

are “inherently aligned” in the circuit [166]. So et al. investigated their mechanical 

stability relationship with flow rate and pressure of nearby fluid, pH range, and bias DC 

and AC levels [166].  
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Laplace Barriers

 

Fig. 30. Hybrid microfluidic LM electrode system. This concept has been used in 

micro-coulter counter design [188]. Inspired from [166]. 

2.8.5 Arrays of Conductors 

Arrangement of periodic multiple unit cells of conductors can function as antenna 

arrays, frequency selective surfaces (FSS), or metamaterials. Frequency selective surfaces 

(FSS) are designed to block or pass electromagnetic fields depending on their bandwidth. 

Li et al. has designed an FSS with embedded galinstan filled Teflon tubes [168]. By 

moving the LM droplets in the channels, the equivalent capacitance of FSS changes, and 

this shifts the transmission coefficient for different frequencies [168]. Another example 

of tunable fluidic FSS, is Yang’s et al. design of a cloaking meta-skin which is made of 

LM filled split ring resonators in Ecoflex® substrate and can dynamically change its 

resonance frequency by stretching  [169]. Metamaterials are engineered structures with 

properties which are not normally found in nature such as negative refractive index [190]. 

Kim et al. has fabricated a wideband metamaterial absorber by injecting LM in PDMS 

channels which works in different frequencies with or without the presence of LM [191]. 
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2.8.6 Unusual Applications of Liquid Metal Alloys 

2.8.6.1 Speaker and Microphone 

A neodymium magnet attached to a spiral micro-channel of galinstan in PDMS 

has been used for a stretchable acoustic device working as a loudspeaker and microphone 

simultaneously [192]. This loudspeaker/microphone remains functional even after 

stretching to 30% biaxial strain which is very important in fabricating conformal and 

body attachable acoustic devices. 

2.8.6.2 Soft and Reconfigurable Photo-Mask  

Galinstan, unlike PDMS, is UV opaque. Therefore, PDMS channels filled with 

LM can act as a photo-mask for photolithography with a minimum feature size of 5 

micrometers [193]. This mask can be stretched to reconfigure the mask pattern however 

due to the imperfect contact in this mode, the patterns would be blurry to some extent.  

2.8.6.3 Heater 

Meandered traces of galinstan in acrylic VHB elastomer substrate has been used 

as a flexible Joule heater to heat a nearby embedded Field’s metal or shape memory 

polymer [98]. Due to high length of galinstan trace, by applying electrical current to it the 

temperature of fields metal or shape memory polymer goes up and this is used for rigidity 

tuning of the system. 
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2.9 Electrical Connection 

A key downside with gallium is that it attacks most metals aggressively even at 

low temperatures and dissolves them [10][45]. Therefore, realizing a reliable interconnect 

between the liquid alloy and conventional solid circuits and power sources is challenging 

but essential for the fabrication of integrated devices. Ga reacts more aggressively with 

some metals such as aluminum, copper, zinc, and platinum but it takes more time to 

damage brass, nickel, and gold [10][194-195]. Tungsten, titanium, and graphene are 

compatible with LMs [45]. Stainless steel has also tremendous corrosion resistance to Ga 

[194]. Galinstan is less chemically reactive compared to gallium to other metals (except 

to aluminum and copper) [196]. Ahlberg et al. has used deposited graphene as a diffusion 

barrier for aluminum electrodes to prevent direct Ga-Al contact [197]. 

2.10 Conclusion 

In this chapter, the present research in soft electronics and its components 

including the conductors, substrates, patterning methods, and bonding techniques have 

been reviewed. Although, LM based technology is a promising solution for the next 

generation of soft electronics, there are still significant uncertainties and challenges in 

designing complex and highly accurate structures, precise control over the LM filling of 

microfluidic channels, chip-to-world interconnection, efficient and temporary bonding 

techniques, and the scope of potential applications in electronics. These issues will be 

addressed in the following chapters. 
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CHAPTER 3:  TEST STRUCTURES (FABRICATION 

AND CHARACTERIZATION) 

3.1 Introduction 

Injection molding and vacuum assisted filling of LMs into microchannels is a 

crucial step in co-fabrication of high resolution miniaturized microfluidic or microsolidic 

electronics [43]. Such co-fabricated circuits have potentially lower fabrication costs and 

minimal required equipment [198]. Co-fabrication of a fluidic microelectronic system 

contains several steps including: 1) fabrication of the elastomeric channel templates with 

basic microfluidic or soft lithographic techniques, 2) sealing of microfluidic channels 

with different bonding methods, 3) injection of liquid conductor into the hollow 

arrangements, and 4) placing world-to-chip mechanical and electrical inter-connections. 

Driving LM into small microsystems with multiple divisions and complex shapes is a 

very challenging process [106] and there is a need for extensive research on flow control 

of LM in micro-channels due to the complex viscoelastic characteristics of Ga-based 

liquid alloys.  

The critical pressure for filling a channel is equal to the pressure drop across the 

liquid-solid interface and is calculated from Laplace law as shown in equation 8. This 

pressure is proportional to the surface tension, contact angle between the liquid and 

channel walls, and is inversely proportional to the hydraulic diameter of channels. In 

general, the filling of microchannels can occur with capillary action, or active 
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injection/suction. In case of LMs such as Ga alloys and mercury, due to extremely high 

interfacial forces, capillary action does not work in favor of filling, therefore an active 

positive or negative pressure source is required to surpass their relatively large critical 

Laplace pressure. For Ga based metals such as EGaIn specifically, an oxide layer with 

elastic characteristics, forms on their surfaces in presence of oxygen and the bulk LM 

needs to break through this oxide skin with a critical surface stress to flow. Dickey et al. 

tested rheological parameters of oxidized EGaIn with parallel plate rheometer, and 

measured its surface tension to be approximately 0.5 N/m [66], however Zrnic et al. 

reported this value to be close to 0.63 with the pendant drop method [56]. Dickey et al. 

simplified the critical pressure for EGaIn to be injected to PDMS channels [66]: 

  Eq.12                                                                                                          

 

Where Pc is the critical pressure in Pa and CD is the critical dimension or channel’s cross 

section in meters. In spite of this study, design of LM filled electronics have not reached 

its full potential due to the practical limitations in the filling process. Quantifying the 

filling parameters for different materials provides the opportunity to design microfluidic 

components such as phase-guides and valves to control the filling precisely and will be 

investigated in this chapter.  

Fabrication of large/wide planar structures, and structures with multiple branches 

and intersections have been very challenging and sometimes impossible in the past [101] 

and that is why most of the previous devices are made of very simple geometries with 

only two terminals [6]. One of the solutions practiced in order to entirely fill structures 

with multiple outlets and inlets and intersections is electro-recapillarity. In electro-
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recapillarity the interfacial tension is changed (deduction or deposition of the oxide layer) 

by applying a voltage in order to fill or empty a channel in a desired direction [65]. To 

guarantee the electrical connection in this method, the channels need to be filled with an 

electrolyte solution prior to metal filling or while emptying which is one of the 

complications of this method. Also, the location of the flow front and its directional 

advancement is not accurate as shown in  Fig. 31. Also, in this method and the system will 

not stay stable upon disconnecting the biased voltage [199].  

 

Fig. 31. Directing LM to: (A) and (B) one outlet, (C) and (D) two outlets, and (E) 

and (F) three outlets with electrorecapillarity. Precise control of LM flow is not 

possible. [Reproduced from [200] with permission from Royal Society of 

Chemistry]  

Another method to control the flow advancement is using hydrophobic valves to 

stop the flow progress below a certain level of pressure. These valves work by creating a 

pressure gradient as the result of the system geometry that makes the LM stop when it 

reaches them. Cylindrical or cubical Laplace barriers have been used for this purpose in 
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forming inherently aligned electrodes in microsystems [166][188], resonators and [201], 

and antennas [129][174]. While employing pressure barriers seem to be a promising 

method for flow control, more in-depth quantitative research is needed to be able to 

develop hydrophobic valves with optimized configurations and dimensions that result in 

minimal number of valves in the system, minimum trapped air, and a safe pressure 

margin that ensures an efficient and controllable filling.  

 

Fig. 32. (a) Fabrication process of LM electrodes with cylindrical posts, and (b) an 

optical image of the actual electrode. [Reproduced from [166] with permission of 

Royal Society of Chemistry] 

Wide planar arrangements of LM are needed in realization of microstrip antennas, 

ground planes, and other coplanar circuit elements. Fabricating large continuous 
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microfluidic structures with very low aspect ratios (height : width) has been extremely 

challenging [6][101][129]. The collapse of channels’ back layers which seals the traces is 

a common cause of failure. Using a thicker backing layer or a stiffer material would 

compromise the flexibility of the final structure. Another difficulty with wide 

microchannels is the inconsistent filling towards the outlet which leaves air gaps behind 

instead of fully filled LM structures and this affects the electromagnetic performance. 

Hayes et al. has used cylindrical PDMS posts for fabrication of a broad-area patch 

antenna. In this design, the LM fills a meandering track leaving air bubbles in between 

PDMS posts as shown in  Fig. 33 and when this process is finished the substrate is pressed 

with a finger to increase the pressure for filling the air gaps between the posts with LM 

[129]. This innovative filling method however, suffers from a number of uncertainties. 

The additional step of manually pressurizing the substrate, is a randomly uneven 

procedure that leads to non-uniform pressures in different locations. This can damage the 

posts or seal the channels in case of elevated pressures and causes air bubbles to remain 

where the pressure is lower than expected. Trapped air between the posts forces the 

electrical current to turn around in a spiral path instead of its intended distribution. Such 

challenges are critical especially in more delicate and complex designs and therefore, it is 

beneficial to avoid this step if possible. Another issue with this tactic is that by pushing 

the air bubbles out when the other sections are filled entirely, they most likely cannot get 

to the outlet but instead are relocated inside the patch structure. We investigate the 

optimization of the shape, size, and distances of Laplace barriers in order to fill the LM in 

meandering pathway that pushes away the air bubbles on the fly.  
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Fig. 33. LM filling of a microstrip patch antenna. Most of the spacing between 

PDMS posts are not filled with LM. [Reprinted from [129] © 2012 IEEE] 

 
(a)                                                      (b)  

Fig. 34. (a) LM flow stopped at valves’ entrances, and (b) passes through the 

valves. Although the pressure has reached its critical value for valves, most of the 

gaps between posts are not filled with LM. [Reproduced from [174] with 

permission of AIP publishing] 



62 

 

3.2 Materials and Methods 

3.2.1 Fabrication Method 

3.2.1.1 Fabrication of Gecko-adhesive Based Structures 

A versatile, reliable, and repeatable fabrication method is used for manufacturing 

micro-structures in SEBS (Kraton® G1657 and Kraton® G1645) which will later be 

filled with EGaIn. For biocompatibility purposes, it is crucial to have a reliable bonding 

so that the metals do not leak out of the system [202]. Mushroom shaped pillars and 

gaskets with undercuts which provide the system with the natural reversible bonding, are 

created by uncollimated exposure of 254 nm light to PMMA master mold. In traditional 

microfluidics, PDMS forms the final device, but here it is a mold for SEBS and it works 

perfectly even after 100s of working cycles [161].  The fabrication process is explained in 

the following [91]: 

1. A Thin (~2 µm) layer of SU-8 2002 MicroChem® photoresist is spin coated on a 

PMMA substrate with an elevated speed up to 3000 rpm.  

2. The substrate is soft-baked in a convection oven at 85°C for 2 minutes to evaporate the 

solvent in SU-8. 

3. The system is exposed to UV light through a chrome coated glass mask (with 450 

mJ/cm
2
 exposure dose and 365 nm wavelength). 

4. The system is post exposure baked in a convection oven at 85°C for 3 minutes. At this 

point a pale image of patterned SU-8 is visible.  
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5. Unexposed SU-8 is developed in SU-8 developer with mild agitations for one 1 

minute, rinsed with IPA, and dried with nitrogen. The substrate is observed under 

microscope to make sure every section with un-crosslinked SU-8 is removed. The 

process is repeated if necessary (total development time is about 80 seconds). 

6. PMMA is patterned with 254 nm wavelength uncollimated UV light for 12 hours with 

an intensity of approximately 4.4 mW/cm
2
 . In this step cross-linked SU-8 works as a 

mask for patterning PMMA and the under-cuts are created underneath the SU-8 layer. 

7. To release any residual stress the substrate will be baked in oven for 24 hours at 85°C. 

This step minimizes future cracks and substrate fracture.  

8. Remaining SU-8 and PMMA underneath are developed in SU-8 developer for 1 hour 

followed by development in IPA-SU-8 developer solution (1:1) for 4 minutes and 20 

seconds to slow down the development process. The height of the features in PMMA are 

now measured with an optical profilometer to make sure they are accurate (70 µm). At 

the end, the substrate is rinsed with IPA and water and dried with nitrogen.   

9. A PDMS master mold (TC-5030 from BJB Enterprises) is molded against PMMA and 

the patterns are replicated in this silicone rubber.  

10. SEBS is compressed with 150 lb force against the PDMS mold on a hot plate at 

220°C so that all the features are replicated in SEBS.  

11. The patterned SEBS is put in contact with another flat SEBS layer to bond and seal 

the channels.  
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It is important to note that steps 1 to 8 which require clean-room facilities are only done 

once for a single design and the rest of the steps for manufacturing multiple devices can 

be done in normal laboratories with an inexpensive and fairly straightforward procedure.  

 
                     (a)                                             (b)                                            (c) 

 

 
                     (d)                                             (e) 
 

Fig. 35. Fabrication procedure: (a) UV exposure of SU-8 with chrome mask, (b) 

UV exposure of PMMA with SU-8 as a mask, (c) replicating PMMA patterns in 

PDMS, (d) thermo-compressive molding of SEBS against PDMS, and (e) sealing 

SEBS channels. 

 

Fig. 36. Replicating PDMS patterns in SEBS with thermo-compressive molding 

process using an embosser on a hotplate.  
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3.2.1.2 Fabrication Procedure for Structures with Straight Side-walls 

When there is no need for reversible bonding, or the mushroom-shaped profile of 

the gecko-based gaskets may bring inaccuracy into calculations, a silicon based 

photolithographic method is used for making micro-channels. Two methods have been 

tried to make high aspect ratio micro-channels which are explained in this section. These 

two methods are different from section 3.2.1.1 only in the method of making the master 

mold however the steps 9 to 11 in the previous section are repeated once the master mold 

is prepared.  

In the first method, two layers of SU-8 are coated on silicon in order to get the 

desired height in SU-8 (100 µm). After Piranha cleaning of silicon wafer, it is spin coated 

with an increasing speed up to 2500 rpm for 30 seconds to create a thin (12 µm) layer of 

SU-8 2010. Afterwards, the wafer will be baked on a hot plat at 50ºC for 2 minutes and 

then at 80 ºC for 3 minutes. The first spin coated SU-8 acts as an adhesive for the next 

layer. Then, SU-8 2050 is spin coated followed by a pre-bake step on a hot plate for 2 

minutes at 65 ºC and then for 8 minutes at 95 ºC. The wafer is then exposed to 200 

mJ/cm
2
 dosage of UV light with 365 nm wavelength. The post exposure baking time is 9 

minutes at 85 ºC and it is followed by 7 minutes of development with SU-8 developer. 

The final height measured with a profilometer is about 101 µm. Releasing PDMS from 

the wafer is problematic due to their very high adhesion and can lead to breaking of 

silicon wafer. Therefore, the SU-8 covered silicon wafer is silanized in a vacuum 

chamber with trichlorosilane to air releasing the PDMS mold later on. Once the PDMS 
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mold is prepared, it is used to make structures in SEBS. For bonding of SEBS channels 

made with this method, they are thermally bonded on a hot plate at 85 ºC for 30 minutes.  

In the second fabrication method, the final structures are built in silicon wafer 

itself. A 3 µm thick SU-8 2002 layer is spin coated on silicon at 1000 rpm for 40 seconds, 

prebaked at 95 ºC for 2 minutes, exposed to 80 mJ/cm
2
 UV light (365 nm), baked again at 

95 ºC for 150 seconds, and developed in SU-8 developer for 1 minute. This patterned SU-

8 works as a mask for etching silicon with Inductively Coupled Plasma Reactive Ion 

Etching (ICPRIE) process. To get 40 µm depth, 160 cycles of high rate 1 stage modified 

Bosch cycles are performed. The SU-8 then is stripped with a plasma barrel etcher and 

the remaining silicon is silanized with the same procedure used before.   

3.2.2 Filling Characterization 

In order to obtain the critical filling pressure for microfluidic channels, a series of 

channels with various dimensions are fabricated and their filling pressure is measured. 

The channels are made of a class of SEBS polymer (Kraton® G1657) with thermo-

compressive molding and are filled with EGaIn LM. Kraton® G1657 has 750% 

elongation at break, 3400 psi tensile strength, a melt index of 22 grams/10min, and its 

300% modulus is 350 psi [138]. In order to ensure that the expansion of channels has 

minimal influence on the filling pressure, these tests are done with a temporary bonded 

rigid backing layer made of polypropylene and SEBS. The measurement set-up consists 

of a pressure regulator and a digital pressure sensor (Measurement Specialities-M5100) 

placed upstream of the channel’s inlet to measure the air pressure applied to the LM. The 
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pressure sensor is powered with a programmable DC power supply (NI PXI 4110) and 

the pressure data is read with a digital multimeter (NI PXI 4070) in volt.  

 

 

Fig. 37. The pressure measurement test set-up.  

Suction of LM into the microchannels with a negative pressure can lead to the 

collapsing of the low aspect ratio structures especially in softer SEBS classes such as 

Kraton® G1645 ( Fig. 38) which is harder to fill and has lower replication quality 

compared to Kraton® G1657 [123]. This is why using a positive pressure is preferred in 

most of the cases.  
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Fig. 38. Sealing of microfluidics channels upon applying the required negative 

pressure for filling.  

In order to standardize the filling process, a polymethyl methacrylate (PMMA) 

reservoir with an attached SEBS gecko-blister is used to create a strong temporary 

bonding to the channel’s inlet. This SEBS gecko-blister can endure pressures as high as 

40 psi (and up to 100 psi in presence of a rigid backing layer) [161] which is far beyond 

the required pressure for filling micro-scale channels. The use of this world to chip 

interface, prevents any air leakage which is also confirmed by reading the calibrated 

pressure sensor. After the injection is complete, the LM reservoir can be detached and 

reused for 100s of cycles.  
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(a)                                                          (b) 

Fig. 39. (a) Schematic view of the stick-n-play PMMA chip with attached gecko 

blister, and (b) filling of a power divider with this temporarily bonded filling chip. 

For realizing low aspect ratio structures in LM, meandered parallel channels are 

separated with posts which have trapezoidal, circular, or rectangular bases with various 

entrant angles, various spacing and different sizes. These posts represent the inner 

channel’s wall. It is expected when the LM is filling the main channel, it pins to the posts 

but does not pass through them. The LM adhered to the pillars, merges with the metal 

flow from the following parallel channel and pushes the air out at the same time ( Fig. 40). 

The constant creation of the oxide skin due to the existence of oxygen stabilizes the LM 

and does not allow it to flow readily through the posts.  
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Fig. 40.  Optical photograph of the microchannels while filling with LM. The flow 

merges the LM pinned between the posts in the nearby channel.  

Another challenge with injection molding is its limitation in fabricating isolated 

features. Discrete arrays of conductors are extensively used as antenna arrays, frequency 

selective surfaces, and metamaterials and are fabricated either with injecting every unit 

cell independently which is a time consuming and costly procedure [169] or by using 

other manufacturing techniques such as 3D printing [106] which suffers from drawbacks 

such as rough surfaces and encapsulating complications [118]. In this work, we use a 

combination of hydrophobic valves and diluted HCl in order to accurately split a 

continuous LM trace to smaller isolated features.  

3.3 Result and Discussion 

3.3.1 Pressure Measurement 

 Fig. 41 is a plot of air inlet pressure as a function of (D

=1/W+1/H) which is 

inversely proportional to the hydraulic diameter for a rectangular channel. A regression 

line can be fitted to the points in  Fig. 41 with a high coefficient of determination 
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(R
2
=0.998). The randomly distributed residual plot in Appendix B verifies this linear fit. 

The line relates pressure to channels dimensions with the following equation. 

 

                                                                                                     Eq.13 

 

Where, P is the critical pressure applied to LM at the entrance of channels in Psi, and W 

and H are the width and height of the channel’s cross section respectively in micrometers. 

Based on equation 9, the slope of this line indicates the product of the surface tension and 

contact angle of LM on the channels walls. The contact angle of EGaIn on SEBS surface 

can be estimated to be 150˚ as shown in  Fig. 42. This will result in a value of ~0.637 N/m 

for the surface tension of EGaIn which is very close to the reported value of 0.63 N/m in 

[56]. 

 

Fig. 41. The average critical pressure of EGaIn for filling microchannels made of 

SEBS (Kraton® G1657) as a function of channel dimensions.  
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Fig. 42. Top-down optical image of EGaIn with SEBS channel walls for 

determining the contact angle.  

3.3.2 Hydrophobic Valves 

Based on the relationship between the pressure and the dimensions of the 

channels, hydrophobic valves can be optimized to direct the flow in desired directions. 

To test the proficiency of these valves, a series of circular and triangular micro-valves are 

utilized for directional distributing of LM in complex structures.  Fig. 43 shows a SEBS 

made microstructure consisting of a straight channel and a delay channel filled entirely 

with LM thanks to two sets of Laplace barriers placed near the outlet of the channel.   
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(a)                                            (b)                                            (c) 

 
                                                                       (d) 

Fig. 43. LM filled microstructure consisting of a straight channel and a delay 

channel. (a) LM fills the straight channel and stops at the micro-valves, (b) and (c) 

delay channel fills, and (d) fully filled structure and magnified view of micro-

valves. 
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Fig. 44. Channels with different widths filled from a single central inlet due to the 

hydrophobic valves and magnified image of these valves.   

A more complicated design of branched structures can be seen in  Fig. 45 where LM from 

a single inlet distributes into eight outlets simultaneously. This is possible with three sets 

of valves located throughout the channels. The first, second, and third sets of valves 

impose a critical pressure gradient of 5.9 Psi, 15.5 Psi, and 26.2 Psi, respectively, 

compared to the critical pressure at the main channel. This means in order to force the 

metal out through the exits, the applied pressure needs to increase up to about 10 times of 

its initial value required for getting the metal inside the main channel. The configuration 

of this design has been explicitly displayed in  Fig. 45.  
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(a)                              (b)                             (c)                                 (d) 

 
                                 (e)                                                                   (f) 

Fig. 45. (a) Empty channels, (b) first round of barriers block the flow of LM after 

being divided between two arms, (c) LM stops at the second arrangement of 

triangular posts, (d) all the eight outlets are filled with EGaIn, (e) magnified photo 

of the triangular pillars preventing LM flow, and (f) locating the valves within the 

system. 

3.3.3 Low Aspect Ratio Structures 

As mentioned before, sheet-like low aspect ratio structures of LM are challenging 

to manufacture due to sagging of micro-structures, uneven filling process, and trapped 

air. The objective of this section is to design an arrangement where extremely low aspect 

ratio structures are split into smaller structures with smaller widths separated by micro-

posts. Such posts direct the LM to go through a meandered path as shown in  Fig. 46 as 

well as supporting the channels’ sealing layer. The goal is to optimize the distance of the 
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posts so that the LM can easily enter the gap and pin to the posts, but it does not exit until 

it joins the flow in the next channel. Ideally, minimizing the number of posts is desirable, 

however, if these posts are too far away from each other the sealing layer may sag, or LM 

may flow perpendicular to the desired direction. Once LM breaks through its oxide layer 

and starts to flow, it is possibly easier to flow in the normal direction as well although the 

inlet pressure is kept below the critical pressure for passing through posts at all times. 

Therefore, it is beneficial to design a system that will not allow for perpendicular flow 

within a safe pressure margin. Trapezoidal posts have shown the most promising results 

compared to rectangular and circular based posts since they provide a tapered cross 

section where the critical pressure changes along the gap. In  Fig. 47 the effect of this 

tapered cross section on the LM profile can be observed.   

 

 

Fig. 46. Filling strategy for low aspect ratio structure divided to narrower traces. 

W1 is the width between two parallel channels and W2 is the spacing between the 

pillars. 
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(a)                                                                  (b) 

Fig. 47. Same channel filled in the designed and reverse direction: (a) LM enters 

the gap between posts when it is filled in the designed direction, (b) air pockets 

are trapped when system is filled in the reverse direction (The channel next to the 

narrow part of the gaps is filled first).    

Three scenarios have been observed while filling these low AR structures: (a) The 

gap fills perfectly, (b) there is an air pocket trapped in the gap but it is covered with a 

layer of LM, and (c) the gap has not been filled with LM as shown in  Fig. 48. For 

electrical connection, case (b) can be considered “success” since the skin depth at GHz 

frequency range is only a few microns. However, this case looks more like a random 

incident rather than an intended auto-filling therefore it is considered as a failure. The 

filling percentage is defined as the ratio of the gaps between posts filled with LM 

perfectly (scenario a) to the overall number of gaps between posts.   

 
                       (a)                                              (b)                                             (c) 

Fig. 48.  (a) An entirely filled gap, (b) the gap is filled but the air pocket exists 

underneath the metal, (c) the gap has not been filled with LM. 
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 Fig. 49 shows the results for two sets of channels made of pillars with different 

entrant angles (30° and 45°). The gap’s spacing is tested at 7 levels which and is identical 

for both channel sets. This spacing imposes a higher critical filling pressure in the normal 

direction rather than the main channel’s direction. The difference between these two 

values is called the pressure gradient and calculated from equation 13. Although pressure 

gradients under 3.5 Psi have shown very promising results (filling percentages over 

99%), the structures failed 70% of the times due to a normal flow towards outlet which 

resulted in incomplete filling of the device. The pressure gradient of 6.4 Psi has shown 

the best results in terms of repeatability (no failure) and reliability (low deviation) with an 

average filling percentage of 95%.  

 

Fig. 49. Percentage of the gaps filled with lm versus the pressure difference for 

filling the gaps’ space compared to the main channel.  
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3.3.4 Isolated Features 

The difficulty in fabricating isolated features has been one of the drawbacks of 

injection molding for LM based circuits, and that is why researchers have proposed more 

complex fabrication methods for manufacturing discrete components [99]. Here, we 

propose a method for realizing discrete elements from a continuous injection molded 

pattern. In this technique, micro nozzles inject diluted hydrochloric acid (20% wt) into 

the interconnections which are separated from the main elements with micro-valves. 

These valves prevent further withdrawal of LM when the deoxidizing acid is injected. In 

this method, however, the inlets and outlets should be completely closed and the HCl 

flow should be limited and controlled otherwise the LM beads up driving out of the 

channels. 

 
(a)                               (b)                            (c)                                      (d) 

Fig. 50. Creating isolated features from a monolithic LM trace with diluted HCl 

injected from micro nozzles. (a) the trace before injecting HCl, (b) magnified 

view of metal retracting due to the presence of HCl, (c) LM is pinned to the 

circular post where further withdrawal of LM is avoided, and (d) final 

arrangement after 24 hours.  

As a proof of concept, a wideband antenna named a bow-tie antenna is fabricated which 

consists of two metal portions shaped like butterfly wings. These wings are fabricated 
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with a single step injection and are later separated using the procedure explained in this 

section.  

 
                      (a)                                           (b)                                              (c) 

Fig. 51. (a) Bow-tie antenna structure before HCl injection, (b) using HCl and 

micro posts, the device has been cut in half to create a bow-tie antenna, and (c) 

the final device placed on human’s skin.  

One major difficulty in fabricating LM structures with injection molding is filling 

very sharp corners and turns due to the high surface tension of EGaIn [102]. In order to 

enhance the sharp angles’ filling, the guiding posts are curved to make the angles larger 

and air escape openings are located at the corners. The critical pressure for LM to exit 

through air escape is approximately 10 times larger than the induced pressure, therefore, 

only air can pass through these exits.  
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(a)                                                                      (b) 

Fig. 52. Half bow-tie: (a) with straight guiding posts, and (b) with curved posts to 

reduce sharp angles and air escapes. 

3.4 Conclusion 

In this chapter, a cost-effective reliable fabrication method is introduced for 

manufacturing gecko-adhesive based microstructures or microchannels with straight 

sidewalls. The filling characteristics of these channels with EGaIn LM is studied and 

optimized. In the first section, it is shown that the critical filling pressure depends on the 

dimensions of the channel’s cross section with a linear function. The slope of this line 

which depend on the contact angle between the metal and channel’s walls and its surface 

tension are calculated from the fitted regression line. By estimating the contact angle, 

EGaIn surface tension is calculated and verified with literature. Utilizing the results in the 

first section, hydrophobic valves are designed to make the control of flow direction and 

sequence possible. Channels with multiple outlets are then fabricated and tested as a 

proof of concept. Designing optimized Laplace barriers has made the fabrication of wide 

planar structures possible due to the stabilizing nature of oxidized EGaIn. Realization of 

such low aspect ratio structures has remained a limiting factor in using microfluidics for 
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electronics. These results will be used in the next chapter for making different antennas 

and ground planes. As the next part of our project, we sought to solve one of the main 

issues with injection molding in fabricating numerous isolated features. We have used a 

combination of HCl flow and micro-posts to control the splitting process of a monolithic 

LM structure into smaller sub devices.  
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CHAPTER 4:  ANTENNAS AND DEVICES 

4.1.1 Introduction 

In wireless communication technology, the demand for reconfigurable antennas 

and other communicational devices which can alter their characteristics dynamically is 

emerging [173]. Some electronic phase shifting methods such as using solid-state or 

micro-electro-mechanical system (MEMS) switches have been used in the past for 

reconfigurability [203], but due to reliability issues, lower efficiencies, complexity, and 

higher costs, mechanically tunable electronics can be an alternative substitute [204]. Here 

we present compact, lightweight, and mechanically flexible reconfigurable antennas 

made of EGaIn encapsulated in different classes of SEBS based on the fabrication 

method and characterizations done in the previous chapter.  All the designs are first 

simulated and optimized in FEM electromagnetic software (ANSYS HFSS) and then 

fabricated.  

In radio frequencies (30-3000 MHz), the electrical current flows through the 

surface of a conductor rather than its volume. The depth of the conductor in which the 

electrical currents have penetrated is called the skin depth and can be calculated from the 

following equation: 

 

                                                                                                                   Eq.14 
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Where,  is the skin depth,  is the electrical resistivity [56],  is the magnetic 

permeability, and  is the working frequency, all in SI unit systems. The magnetic 

permeability of EGaIn can be calculated from the magnetic susceptibility: 

                                                                                                         Eq.15 

 

Where, 0 is the vacuum permeability (0 = 4  10
-7

 (H/m)) and XV is the volumetric 

magnetic susceptibility (dimensionless). The value of the mass magnetic susceptibility 

for the alloy of 24% In and 76% Ga at room temperature is CGS unit system has been 

reported to be -0.22  10
-7 

CGSM/g [205].  

 

                                                                                                               Eq.16 

 

                                                                                                           Eq.17 

 

Where Xmass is the mass magnetic susceptibility and  = 6.25  10
3
 (kg/m

3
)  is the density 

of EGaIn. From the aforementioned equations, the skin depth of EGaIn at 2.5 GHz is 

equal to 5.46 micrometers and it changes to 8.64 microns at 1 GHz. The height of these 

features is about 70 micrometers which is more than 5 times of the skin depth of EGaIn 

in 2.5 GHz. 

In this chapter after measuring the electrical properties of the substrate, antenna 

configurations are shown and their properties are measured and compared to theory.  
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4.1.2 Devices and Measurement method 

4.1.2.1 Electrical Properties 

Two of the most significant propagative properties of a substrate includes its 

relative permittivity (dielectric constant or r) and its loss tangent (tan). The dielectric 

constant is the ratio of permittivity of the substrate to the permittivity of free space which 

is 8.85  10
-12

 m
-3

kg
-1

s
4
A

2
 and the loss tangent represents dielectric losses 

(electromagnetic energy dissipation). These two properties are frequency dependent so 

they need to be measured around the working frequency to be valid. In order to do these 

measurements, a 2 cm thick sample of Kraton® G1657 is fabricated and measured with 

KEYCOM dielectric measurement kit (model number DPS16). The values for r and tan 

at 3.5 GHz are 2.3 and 0.07, respectively. Although the loss tangent of SEBS is a little 

higher than the values reported for PDMS (≈0.04) [204], thanks to the gecko-based 

adhesive architecture, a considerable volume of the dielectric is made out of air (unlike 

solid PDMS microfluidics systems) which reduces the effective loss of the system.  

 
       (a)                                                       (b) 

Fig. 53. (a) Kraton® G1657 pellets and (b) molded SEBS sample for measuring 

electrical properties. 
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4.1.2.2 Devices 

As the first proof of concept, a stretchable folded dipole antenna is fabricated 

which can tune its working frequency by changing its electrical length. Folded dipole is a 

half-wavelength resonant antenna in which the dipole arms are folded back to connect to 

each other and form a closed loop. Its radiation pattern should ideally be like a half-wave 

dipole which has the maximum direction at a right angle to the main radiator. Since 

folded dipoles are resonant dipoles (with narrow bandwidth), it is very beneficial to have 

the ability to tune their frequencies which depend on their electrical length. In free space 

for an infinitely thin conductor, the electrical and mechanical lengths are equal. In reality, 

however, the electrical length is slightly larger with a modification factor [206]. Here, for 

the dipole antennas, by increasing the physical length (stretching the antenna), the 

electrical length increases as well and the working frequency shifts down. The 

dimensions and a scanning electron microscopic (SEM) photo of the fabricated dipole 

antenna are shown in  Fig. 54 and  Fig. 55. 
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Fig. 54. Top view and side view of the folded dipole antenna. All the dimensions 

are in millimetre. [Reprinted from [91] © 2016 IEEE] 

 

Fig. 55. SEM image of the folded antenna micro-channels along with the 

magnified view of the adhesive micro-pillars surrounding the channels’ gasket. 

[Reprinted from [91] © 2016 IEEE] 
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In multilayer printed circuit board (PCB) and integrated circuit (IC) designs, 

different levels are electrically connected with vias (vertical interconnect access). These 

electrically conductive traces are critical in antenna design for signal connectivity across 

layers. Fabricating vias in rigid substrates require methods such as mechanical or laser 

drilling which can be a costly and complex procedure especially in miniaturized or high 

density devices. One of the drawbacks of microfluidic electronics often mentioned is 

being limited to only one layer [106]. Also, using a rigid conductor integrated into the 

system (such as a connector [135], or a via), is often a source of failure due to the 

disparities between the rigid and soft materials.  

We have designed a multilayer flexible dipole antenna with an embedded soft 

micro-via. The upper and lower layers containing micro-channels and the middle 

dielectric layer are fabricated and then aligned under microscope. Afterwards, the LM 

enters from the inlet in the upper layer, fills a half arm of the dipole, passes through the 

via to the lower layer and exits from the outlet. The reversible gecko-bonding is strong 

enough so that metal will not leak out while transferring between the layers. With this 

method, the micro-via has the same stiffness of the rest of the structure and can reform 

itself to adjust to the changing shape of the antenna. The reversible nature of the gecko-

adhesive bonding makes the alignment process much simpler. 
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(a)                                                                     (b) 

Fig. 56. (a) Exploded view of the flexible multilayer dipole fabricated with a single 

injection step and (b) its dimensions.  

 

Fig. 57. Optical image of the multi-layer folded dipole and magnified images of its 

alignment marks, inlet and outlet, and via before LM injection.  

A microstrip patch antenna is one of the most highly used antennas in industry, 

however due to its sheet-like configuration it is challenging to fabricated a flexible patch 

antenna with the existing tools. Here, a thin stretchable patch antenna and its ground 

plane are fabricated using gecko-adhesive bonding in SEBS (Kraton® G1657 or Kraton® 

G1645) based on the results in section  3.3.3 on using Laplace barriers to make low aspect 

ratio structures.  Fig. 58 displays the top and side views of a patch antenna with all the 
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dimensions. It consists of a rectangular radiator with the length LP and width WP fed by a 

transmission line with length Lf and width Wf located on the top layer and a ground 

placed on the bottom layer. The feed points in the patch and the ground plane are aligned 

in order to feed the antenna as shown in the side view of  Fig. 58. From feed points, a 

coaxial cable with the impedance of 50 Ohm may feed the antenna.  

 

 
 

Fig. 58. Configuration of the patch antenna, (TS= 0.4mm, TT= 0.1 mm, TM= 0.07 

mm, WP= 12 mm, LP= 20 mm, Wf= 0.9 mm, Lf= 10 mm). 
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(a)                                                                 (b) 

Fig. 59. (a) The patch antenna (the place where the antenna is fed electrically is 

magnified), and (b) its ground plane. 

 

(a)                                      (b)                                            (c) 

Fig. 60. Assembled patch antenna on the ground plane made of (a) Kraton® 

G1657, and (b) Kraton® G1645. (c) The Kraton® G1657 patch antenna is 

conformed to human’s arm. 
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In fabrication of the patch and ground plane, a temporary glass back layer has 

been used in order to prevent collapsing of the channels. Due to the high adhesion 

between this support layer and SEBS, while detachment the metal is pushed out of the 

channels ( Fig. 61). In order to prevent this, acetone is used as to provide a slip layer 

between glass and SEBS.   

 

Fig. 61. Releasing LM filled SEBS from glass without using acetone  

4.1.2.3 Measurement Method 

In order to evaluate these antennas, their reflection coefficient, radiation pattern, 

and maximum gain are measured. The radiation pattern is the angular distribution of 

power density or field intensity at a distance from the antenna and is usually normalized 

to the antenna boresight amplitude and is stated in dB. The reflection coefficient 

represents the reflected back rather than radiated due to mismatching. The reflection 

coefficients are measured with an R&S® ZVL Network Analyzer and the radiation 

pattern is measured using RFxpert by measuring the near-field propagation and 

projecting the results in the far-field region [207]. 
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(a)                                   (b)                                                   (c) 

Fig. 62. (a) Measuring the reflection coefficient on network analyzer, (b) zoomed 

in image of the patch response on the screen, and (c) measuring the near field of 

radiation pattern. 

4.1.3 Results and Discussion 

4.1.3.1 Folded Dipole 

By stretching this antenna along its dipole axis, its working frequency is tuned. 

Simulation results of the reflection response is shown in  Fig. 63 and the measurement 

results compared to simulations can be seen in  Fig. 64.  

 
(a)                                                                         (b) 

Fig. 63. Simulated reflection response of the antenna for (a) variable length of 

dipole axis when the matching axis has a constant length, and (b) variable 

matching axis when the dipole axis is stretched to 160% of its original size. 

[Reprinted from [91] © 2016 IEEE] 
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Fig. 64. Simulated and measured reflection response for different antenna sizes. 

[Reprinted from [91] © 2016 IEEE] 

As seen in  Fig. 63 (a) elongating the dipole along its axis shifts the frequency to 

lower values, however this results in larger reflection coefficients which confirms bad 

matching to the feeding system. In order to improve the matching, elongating the 

matching axis at the same time is essential. For a fixed elongation of dipole (60% strain), 

the best matching occurs when the matching axis is stretched to the same strain ( Fig. 63, 

b). The antenna works at 5.5 GHz at its original size with 18% bandwidth. Biaxial 

stretching of this dipole up to 120% strain has been tested and measured. At this length, 

the antenna has 40% bandwidth from almost 2 to 3 GHz. This antenna has an 

approximately omni-directional radiation pattern in the H-plane and a donut-shape 

radiation pattern in its E-plane with a maximum gain (at center frequency) of 0.7 dB ( Fig. 

65). The E-plane is the plane containing the electric field vector and direction of 

maximum radiation intensity, and H-plane is the plane that contains the magnetic field 

vector and the maximum radiation intensity.  
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Fig. 65. Measured radiation pattern of the folded dipole at its center frequency 

(5.5GHz). [Reprinted from [91] © 2016 IEEE] 

4.1.3.2 Multi-layer Folded Dipole 

This antenna has two transmission lines along its matching axis one on top of the 

other, and its dipole arms are symmetrical about the matching axis. Its measured and 

simulated reflection coefficients when strained, and its measured radiation pattern at 

center frequency is shown in  Fig. 66 and  Fig. 67, respectively.  

 

Fig. 66. Reflection coefficient of dipole for different biaxial strains along the 

matching and the dipole axes.  
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Fig. 67. The measured radiation pattern at the center frequency of 4.875 GHz 

According to simulation results, the reflection coefficient is at its optimum value 

when the stretching is homogeneous at both sides. As shown, at zero strain, based on the 

measurement, the antenna works over 30% bandwidth from 4.15 to 5.6 GHz with the 

center frequency of 4.875 GHz. The operating bandwidth shifts to the lower frequencies 

when the antenna is stretched. The maximum stretching is around 80% strain which 

corresponds to the measured center frequency of 2.8 GHz. It is seen that as the antenna 

gets stretched more, the operating bandwidth decreases further. The radiation pattern has 

a fairly omni-directional pattern in H-plane and donut shaped pattern in E-plane as 

expected.  

4.1.3.3 Microstrip Patch Antenna 

In this antenna, the length (LP) in  Fig. 58 determines the operating frequency of 

the antenna and the width WP affects the antenna radiation characteristics. When the 

antenna gets stretched longitudinally, the resonant frequency shifts toward lower 

frequencies due to larger electrical length of LP. The width of the feed line (Wf) is 
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designed to provide the same characteristic impedance of the coaxial line which is a 50 Ω 

line. This way, the feed line length (Lf) does not affect the operating bandwidth of the 

antenna. Therefore, when the antenna gets stretched, the increase in the feed line length 

will not affect the total impedance significantly.  Fig. 68 depicts the measured reflection 

coefficient of the fabricated antenna for different stretching values. The bandwidth is 

defined as the frequency range for which the antenna’s reflection coefficient is under 10 

dB in terms of percentage of the center frequency of this range. The resonant frequency at 

the original size is 4.8 GHz with a bandwidth of 19% (frequency range of 4.35 to 5.25 

GHz), however, when the antenna gets stretched around 110%, the resonant frequency 

goes to 2.3 GHz and the bandwidth increases to 36% from 1.8 to 2.6 GHz.   Fig. 68 shows 

how stretching the antenna can shift the operating frequency to lower frequencies. 
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Fig. 68. Measured reflection coefficients of the stretchable antenna for different 

strains.  
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For a stretch of 110%, we have measured the effect of bend radius on the operating 

frequency of the antenna. As shown in  Fig. 69, for different bending radii, the reflection 

coefficient response does not change greatly. This result verifies that the antenna is 

bendable and stretchable and its functionality in terms of radiation characteristics such as 

reflection coefficient and radiation pattern would not change upon bending. Therefore, 

the antenna can be used in many applications where a flexible feature is needed and can 

be mounted on curved features.  
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Fig. 69. Measured reflection coefficients of the stretchable patch antenna for 110% 

stretch and different bending radii (BR). 

 Fig. 70 shows the simulated and measured E-plane and H-plane of the antenna at 4.8 

GHz. The antenna propagation is at broadside and there is a good agreement between 

simulation and measurement results of the antenna.  
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Fig. 70. Simulated and measured co-polarization of E- and H-planes of the patch 

antenna at its center frequency (4.8 GHz) 

4.1.4 Conclusion 

The feasibility of fabricating functioning radio frequency antennas with the 

techniques explained in previous chapters are demonstrated by designing various 

antennas and measuring their propagation properties. These antennas are bendable, 

flexible, and stretchable which make them very beneficial in many applications such as 

pressure sensing, reconfigurable antennas, and wireless communications. 

Overall, the simulation and measurement results are in good agreement. There are 

small discrepancies between the measurement and simulation results however these 

discrepancies seem logical since the reflection coefficient is always below 10 dB at 

working frequencies and the radiation patterns are very close to the ideal patterns. 

Uneven thickness of substrate, inhomogeneous or inaccurate biaxial stretching, substrate 

thickness reduction during stretching due its high Poisson’s ratio, and poor or 
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inconsistent connection to the feed are some of the factors that can possibly cause 

divergence from the predicted results.  
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CHAPTER 5:  RECONFIGURABLE FREQUENCY 

SELECTIVE SURFACES 

5.1.1 Introduction 

Beam-reconfigurable high-gain aperture antennas such as reflect arrays, transmit 

arrays, and partially reflective surfaces are in high demand due to their applications in 

microwave to millimeter-wave bands [208-214]. These periodic apertures are usually 

tuned electronically by integration with switches or varactors. However, electronic tuning 

suffers several drawbacks which result in a high cost and confine them to military 

applications, especially in large scale [215]. These drawbacks are as follows; first, a huge 

number of similar switch/varactors have to be fabricated and integrated into the surface. 

This is a complicated task especially in case of hybrid integration using wire-bonds 

[208]; second, it needs an extensive DC bias line network for the dynamic control of 

switch/varactors which should be routed over the surface and requires special design so 

the lines are transparent to RF signals and avoid interference of RF/DC signals [210]; 

third, the nonlinearity of semiconductors limits the power handling capacity of tunable 

surfaces [214]. 

As an alternative to electronic tuning technique, recently, mechanical tuning has 

been offered [91][135][216-217]. The mechanical tuning incorporates the physical 

movement, deformation, inflation, stretching, or periodic folding of a surface. With its 

simplicity and reduced cost, mechanical tuning presents acceptable performance 

especially in large scale, without the need for bias network. Nevertheless, the actuation 
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speed of mechanical tuning is lower than electronic tuning which is acceptable for many 

applications. Despite the high potential of mechanical tuning, it has not been fully 

explored on aperture antennas and the literature on mechanical tuning is confined to 

controlling the passband of frequency selective surfaces [217] or tuning the operating 

frequency or broadside directivity of single element antennas [91].  

This section presents a three-state beam-reconfigurable aperture antenna 

composed of a mechanically-tuned flexible periodic surface. The flexible surface is an 

array of dipoles realized by liquid-metal filled micro-channels inside a polymer and it is 

excited by an Open Ended Waveguide (OEW). Two beam-reconfiguration techniques are 

used here: 1. stretching: pattern shape is controlled by the elongation percentage, 2. 

reshaping: pattern shape is controlled by changing the shape of the surface to 

concave/convex using a special setup. 

5.1.2 Surface Structure and Fabrication Method 

The fabricated periodic surface is shown in  Fig. 71 (a) and (b) at relaxed and 

stretched states. The surface is a 9×5 array of metal dipoles of size 0.5×10 mm with a 

periodicity of 5×11 mm, realized by liquid-metal-filled microfluidic channels inside 

platinum-cured thermoset silicone (TC-5101 from BJB Enterprises) with dielectric 

constant and loss tangent of 2.2 and 0.08, respectively. The room-temperature-LM alloy 

(Eutectic Gallium Indium) is injected into the channels to form the dipole array. The 

fabrication process is simple and low cost as follows ( Fig. 72); (a) to fabricate a mold, the 

microfluidic patterns are engraved in PMMA using a VLS 3.50 laser; (b) Then, the 
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silicone is cast, degassed, and cured for 2 hours at room temperature against this mold 

and baked overnight at 85º C. (c) In order to seal the channels, after demolding the 

channels from PMMA, they are bonded to a semi-cured layer of silicone that has been 

baked for 2 min at 85º C. The entire system has then been baked for 2 hours to fully cure 

in an oven heated to 85º C. (d) Finally, the LM is injected into the channels and the 

entrances are sealed with more silicone. The features are large enough so there is no need 

for photolithography patterning and clean-room facilities. The flexible surface makes a 

superstrate antenna which is fed by an OEW ( Fig. 73 (a)). In order to control the surface, 

a special setup is used ( Fig. 73 (b)); Poly-Methyl-Methacrylate (PMMA) frames with 8 

plastic screws hold the surface firmly on two sides. Another PMMA sheet with an array 

of holes hosts the screws, enabling variations in the surface along the x-axis. The 

fabricated antenna setup is shown in  Fig. 73 (c). The next two sections elaborate the 

realization of a beam-reconfigurable antenna utilizing the flexibility of the superstrate by 

stretching and also reshaping. 

 

     
(a)                                  (b) 

Fig. 71. Flexible surface: (a) relaxed, and (b) stretched from two corners. 
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Fig. 72. Fabrication Process: (a) Fabricating PMMA mold, (b) Casting silicone 

against PMMA, curing, and baking, (c) Punching the entrances and bonding the 

channels to a semi-cured back layer, (d) filling the structures with LM and sealing 

the channels. 

The periodicity of a surface is an important factor in its frequency response. The 

periodicity of dipoles in this surface can be controlled along the x-axis by elongation. To 

study this, an array of dipoles is simulated in ANSYS Designer. The Ku-band reflection 

response of the surface is shown in  Fig. 74. The elongation of the surface is an effective 

means of tuning its reflection. To design the antenna at the target frequency of 15.5 GHz 

based on partially reflective surface antenna principles, the distance between OEW and 

surface (h) is calculated using ray tracing method [208] as:  

                                                                         Eq. 18 

 

where c is the light speed in vacuum, f is the frequency,  is the reflection phase from 

flexible surface,  is the reflection phase from the back metal sheet, and N is an 
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arbitrary integer. At no elongation, in order to have a broadside beam ( = 0), h should be 

17.8 mm. As the surface is stretched, its reflection changes and the broadside beam is 

split to two beams off-broadside (0). 
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                          (b)                                                                     (c) 

Fig. 73. (a) Antenna structure. (b) Setup for surface profile control. (c) Complete 

antenna with feed and connectors. 
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Using this technique, a three-state beam-reconfigurable antenna is implemented 

where the pattern is controlled by elongation percentage.  Fig. 75 (a) depicts the antenna 

inside NSI anechoic chamber. The patterns are measured ( Fig. 75 (b)) and summarized in 

Table 2. The antenna S-parameter is shown in  Fig. 76 for all different surface states. 

 
Fig. 74. Tuning the reflection of surface by elongation along x-axis. (a) Reflection 

amplitude. (b) Reflection phase. 

5.1.3 Beam Reconfiguration by Reshaping       

Reshaping the flexible surface can also allow the reconfiguration of the radiation 

pattern. The 2D cross section of the surface controlled with the setup is shown in  Fig. 73.  

Table 2. Beam reconfiguration by stretching the surface. 

Elongation (%)  0 

0 0 

14 ±27° 

53 ±55° 
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Fig. 75. (a) Antenna inside NSI anechoic chamber. (b) Reconfiguration of 

radiation pattern by stretching the surface. 

 

Fig. 76. |S11| of the antenna at different states mentioned above. 

Here, two convex/concave surface states are tested ( Fig. 77) which are described 

by this mathematical rational function 
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                                                                                                          Eq.19 

where both x and z are in meter and the  sign indicates the two states of 

concave/convex. To design the antenna at the target frequency of 12.5 GHz based on 

partially reflective surface antenna principle, the distance between OEW and surface is 

calculated using ray tracing method. Without reshaping, in order to have a broadside 

beam ( = 0), the height should be 23 mm. The simulation model of the convex state 

surface is shown in  Fig. 77 (b) and (c) from the side and top view, respectively.  Fig. 78 

depicts the side view of the surface in concave (a) and convex (b) states and also the top 

view of the surface in concave (c) and convex (d) states.  

Using this technique, a three-state beam-reconfigurable antenna is implemented 

where the shape of the flexible superstrate can control the pattern. The radiation pattern is 

shown in Fig. 79 and summarized in Table 3. For all of the above-mentioned states, the 

OEW port is well matched, as shown in  Fig. 76. 
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Fig. 77. (a) Reshaping the surface. (b) Convex state simulation model from side 

view. (c) Convex state simulation model from top view. 

 
 

Fig. 78. Flexible surface in different reshaped states (a) concave side view; (b) 

convex side view; (c) concave top view; (d) convex top view.  



110 

 

Table 3. Beam reconfiguration by reshaping the surface. 

Reshape   

No 0° 

Convex ±37° 

Concave ±58° 

 

 

Fig. 79. Reconfiguration of radiation pattern by reshaping the surface at 12.5 GHz. 

5.1.4 Conclusion 

This chapter demonstrated the potentials of flexible periodic electromagnetic 

surfaces in reconfiguration of radiation pattern of the aperture antennas, as a simple and 

low cost alternative to electronic tuning by switches and varactors. The surface was 

composed of a 2D periodic array of dipoles implemented by liquid-metal filled 

microchannels inside a flexible polymer which could be stretched or reshaped to 
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convex/concave. The control of radiation pattern was demonstrated by both methods of 

elongation percentage or concave/convex shaping. 
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CHAPTER 6:  CONCLUSION  

6.1 Conclusion 

In this work, we propose a tuning approach based on mechanical manipulation of 

soft-matter electronics by distorting their geometry to change their radiational properties. 

In the proposed method, the tuning of working frequency of electromagnetic systems 

such as antennas is possible while maintaining their original radiation pattern. This can 

potentially eliminate the need for wide-band antennas and have numerous applications in 

intelligent wearable sensing systems.  

In this thesis, EGaIn LM structures in micro-scale are fabricated and efficiently 

manipulated. Two classes of SEBS elastomers (Kraton® G1657 and Kraton® G1645) are 

introduced as a soft dielectric material due to their interesting manufacturing, mechanical, 

and electrical properties. In Chapter 3, the dielectric constant and loss tangent of SEBS 

are measured (2.3 and 0.07 at 3.5 GHz, respectively) to be used as an electrical insulator 

for wireless devices. For fabrication of these soft antennas, the gecko-fluidics concept 

developed in our group is employed. The temporary gecko-adhesive bonding provides us 

with the opportunity for easier assembly/disassembly and recovery of liquid conductor 

and substrate without damaging the entire system. Although the loss tangent value for 

SEBS is slightly greater than PDMS, the gecko-adhesive architecture consists of large 

volumes of air unlike solid PDMS microfluidics, which brings down the energy 

dissipation of the system. This fabrication process reduces the manufacturing costs. The 
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reason is that unlike the conventional microfluidic methods, in which PDMS is mostly 

the final device, here PDMS is used for replica molding of SEBS for many cycles without 

failure. The features in PDMS can be easily transferred to SEBS thermoplastic with 

thermo-compressive molding in an ordinary laboratory. In some experiments, where 

exact dimensions of channel’s cross section are needed (like filling pressure 

measurements), the micro-channels are fabricated with a traditional silicon based 

photolithography to obtain straight sidewalls.  

Chapter 3 continues with measuring the critical pressure to fill micro-channels 

made of SEBS with specific dimensions, and then the critical surface tension of EGaIn is 

verified after estimating its contact angle on SEBS (≈150º). In order to gain control over 

the filling of complex structures, hydrophobic valves are employed to enforce a critical 

pressure for filling the channels. Thanks to stabilizing nature of EGaIn’s oxide layer, 

fabrication of low aspect ratio structures with implanted Laplace barriers is realized. 

These planar structures are split into meandered channels separated by Laplace barriers. 

The shape, size, angle, and distance of these barriers are optimized to prevent collapsing 

of the channel’s top layer as well as ensuring a reliable LM “auto-filling” with minimum 

trapped air within a safe inlet pressure margin. Furthermore, a method for fabrication of 

discrete array of unit cells is proposed to create isolated features from a monolithic 

structure made in a one-step LM injection process. In this process, a combination of an 

oxide reducing solution (20% diluted HCl) and hydrophobic valves (to prevent further 

retraction of LM) are employed. As a proof of principle, a bow-tie antenna is fabricated 

using this technique.  
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In Chapter 4, various antennas are designed with FEM simulator and fabricated, 

and their working proficiencies are tested. These designs include a single layer folded 

dipole antenna, a multilayer dipole with an inherently aligned soft via made of a vertical 

short microfluidic channel, and a micro-strip patch antenna. The patch antenna and 

ground plane structures are based on the optimized trapezoidal based Laplace barriers in 

Chapter 3. By elongating antennas axially or bi-axially and changing their mechanical 

and therefore electrical sizes, their working frequencies shift. Bi-axial stretching results 

in better impedance matching for dipole antennas. The folded dipole showed 55% 

frequency tuning with 20% to 40% bandwidth in different frequencies. The multilayer 

dipole shifts its center frequency from around 5 GHz to 2.8 GHz with a strain of 80%. 

Near-field measurements of both dipoles depicted an ideal radiation pattern. The three-

layer patch antenna and its ground plane are measured up to a maximum 110% strain 

which shifts its frequency from 4.8 GHz (with a 19% bandwidth) to 2.3 GHz (with an 

increased 36% bandwidth). Moreover, the measurement results show a stable radiation 

pattern when the antenna is bent to various curves. This offers a potential application to 

be mounted on curved or complex surfaces.  It should be emphasized that the gecko-

adhesive bonding guaranteed no LM leakage even with high levels of strain (220%). 

In Chapter 5, an extremely soft beam reconfigurable FSS is made from an array of 

periodic LM filled dipoles in a platinum-cured silicone (TC-5101). This electromagnetic 

surface shifts its broadside beam to two off-broadside beams up to ±55° when it is 

stretched and ±58° when it is curved to a concave shape.  
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Overall, this work demonstrates the potentials and advantages of mechanically 

reconfigurable electromagnetic devices made of EGaIn conductor in soft elastomeric 

substrates over electrical tuning techniques.  

6.2 Future Works 

 The thermo-compressive molding process can be standardized to make an SEBS 

layer with controllable and uniform thickness and achieving thinner than 100 

micrometers substrates with small thickness variations.  

 Research can be done on replacing the first fabrication phase in making the 

PMMA master mold (which needs costly cleanroom facilities) with some simpler 

alternative (such as lamination technique).  

 The strong gecko-adhesive bonding technique can be used to fabricate molds in 

SEBS for LM, similar to freeze casting method [6]. Since the gecko-adhesion is a 

reversible bonding, after injecting the LM and freezing it, the layers can be 

detached to remove the frozen LM structure.  

 More research can be done on splitting a single LM structure to isolated features 

to fabricate larger arrays with numerous elements.   

 An on-chip pump for LM actuation can be designed and integrated with the 

system.  

 Other reconfigurable and soft electromagnetic or circuit elements can be 

manufactured for different applications.  
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APPENDICES 

Appendix A: Mask Designs 

 

Fig. 80. L-edit design of the first mask for photolithography process.  
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Fig. 81. L-edit design of the second mask for photolithography process.  
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Appendix B: Filling Pressure Measurements 

 

 

Fig. 82. The voltage-pressure relationship in calibration of the pressure gauge.  
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Fig. 83. Randomly distributed residual Plot of the linear fit for ciritial pressure 

versus (1/W+1/H). 

 

 

 

 


