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Abstract 

Reactive inkjet printing (RIJP) holds great prospects as a multi-material fabrication method 

due to its unprecedented advantages involving simultaneous synthesis and patterning of 

functional materials on the substrates. However, the fabrication of patterned functional 

materials through reactive inkjet printing presents a number of challenges:1) Marangoni flow 

of two different reacting droplets on solid substrates, 2) rapid evaporation of the first material 

on the substrate before deposition of any subsequent material and 3) increased positioning 

inaccuracies due to surface wetting instabilities. These result in limited performance, which is 

exacerbated when structures are desired on clean non-porous substrates due to the relative ease 

of contact line motion. 

This thesis focuses on circumventing these limitations with a new technique, namely, micro-

reactive inkjet printing (MRIJP) technique where two complementary reactive microdroplets 

collide in-air to produce a microdroplet of the desired chemistry before deposition on the 

substrate. Using this technique, different 2D and 3D structures of alginate hydrogel, polyaniline 

(PANI) and poly(3,4-ethylenedioxythiophene):polystyrene sulfonate/ionic liquid 

(PEDOT:PSS/IL) were fabricated on glass substrates that would otherwise be challenging or 

impossible to create using conventional printing techniques. Notably, these MRIJP-based 

printed functional materials has potential for freeform patterning while maintaining identical 

performance to those fabricated by conventional methods, potentially leading to substantial 

progress in next-generation bioelectronics devices and other applications.
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Chapter 1 

Introduction 

Inkjet printing has emerged as a powerful tool due to its capability to perform deposition and 

localisation of droplets.[1] Unlike conventional technologies, inkjet printing does not require a 

prefabricated mask, and does not contact the substrate during fabrication. In addition, solution 

processability, low material consumption and high-throughput make it very attractive 

especially in functional materials printing.[2] Increasing demand for miniature, high quality and 

low cost electronic devices such as thin film transistors,[3] flexible sensors,[4] and capacitors,[5] 

may require fabrication techniques that are both customisable and have a high throughput. 

Digital printing technologies, such as inkjet printing, seem ideally poised to facilitate such 

application. However, inkjet printing is still in the progress of development and problems such 

as the reproducibility and the performance of inkjet printing for functional materials remain 

challenging. 

Reactive inkjet printing (RIJP), a technique where two or more reactants are deposited from 

respective ink reservoirs via separate printheads sequentially to meet on the substrate, enable 

simultaneous printing and patterning of unprintable materials has been introduced.[6–8] Yet, 

RIJP requires multi-step printing, appropriate environmental control and experiences 

Marangoni flow when two reacting droplets meet on solid substrates.[1,9,10] Notably, the 

complexity of the printing process is further increased, which makes it suitable for porous 

substrates (e.g. paper and textile) only when the contact line is inherently pinned, or highly 

simplified structures (e.g. single dots or pillars) on non-porous substrates.[1,6] As many factors 

come into play during RIJP, the main challenge resides in depositing uniform reactive droplets 

at the right site on solid substrates for the purposes of patterning. An ideal reactive inkjet 

printing system would allow one to simultaneously print multiple reactive droplets and pattern 

the design on solid substrates.  
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Binary droplet collision is a phenomenon where two droplets of equal or unequal size collide 

in raindrop formation and combustion engines.[11–13] It was first studied by Woods and Mason 

in 1964 to study how the impact parameters and size of water droplets affect the coalescence 

between droplets.[14] Following that, most of the experiment studies conducted on droplet 

collisions have mostly focussed on water,[15] hydrocarbon,[11] ethanol,[16] oil,[17] and only a few 

with two different liquids.[18,19] Recently, it has been proposed by Hinterbicher et al. that 

coalescence of binary or ternary droplets has great potential in the formation of transient micro-

reaction vessels for chemical synthesis.[20] Thus, combining inkjet printing and coalescence of 

two different reactive materials in mid-air may offer new functionality and open up new 

applications for functional material synthesis. 

This research focuses on developing a new printing technique, called micro-reactive inkjet 

printing (MRIJP). The main concept is to employ binary droplet collision and RIJP, allowing 

in-air coalescence of two reactive inks, enabling a single printing pass and eliminating any 

influence of Marangoni flow, to achieve the desired structures of functional materials on non-

porous substrates. A custom-made micro-reactive inkjet printer is proposed and constructed, 

and the successful fabrication of different functional materials such as alginate hydrogel, 

polyaniline (PANI) and poly(3,4-ethylenedioxythiophene): polystyrene sulfonate/ionic liquid 

(PEDOT:PSS/IL) on glass substrates is demonstrated.  

1.1 Objectives 

The main objective of this research arises from the need to address current limitations inherent 

in reactive inkjet printing and inkjet printing more generally, starting from implementing the 

idea of binary droplet collision into inkjet printing technique. Two reactive droplets interact in-

air and form a single reactive droplet before reaching the substrate to potentially solve the 

Marangoni flow issues of RIJP on non-porous substrates. To pursue this goal, a micro-reactive 



3 

 

inkjet printer is developed for functional material synthesis. Water mixed with food dyes was 

used as the model system during the development and optimisation of the micro-reactive inkjet 

printer. To verify that this MRIJP presents advantages over conventional RIJP, comparison 

between these two techniques are presented within the thesis. The framework of this thesis is 

not solely to introduce the concept or the development of the micro-reactive inkjet printer, but 

also to investigate its potential and reliability in the fabrication of different functional materials 

for a variety of different applications. Three different functional materials, namely alginate 

hydrogel, polyaniline, and PEDOT:PSS/IL (poly(3,4-ethylenedioxythiophene:poly(styrene 

sulfonate)/Ionic liquid) are used as the proof-of-concept to show the effectiveness and the 

potential applications of this printer for 2D and 3D printing.   

Objective 1. Develop MRIJP system. 

• Task 1.1 Develop micro-reactive inkjet printer setup with motorised 2D stage 

(Hardware).  

• Task 1.2 Develop suitable interface for motorised stage (User Interface). 

• Task 1.3 Study the droplet coalescence and deposition on solid substrates. 

Objective 2. Fabricate 1D/2D/3D structures of alginate hydrogel via MRIJP. 

• Task 2.1 Fabricate different structures of alginate hydrogel based on MRIJP. 

• Task 2.2 Develop a mathematical model to understand the evaporation of alginate 

hydrogel pillar on glass substrates.  

• Task 2.3 Characterise the water content, physical, chemical and mechanical properties 

of printed alginate hydrogel.  
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Objective 3. Fabricate 2D PANI via MRIJP. 

• Task 3.1 Study and compare the performance of RIJP- and MRIJP-PANI on glass 

substrates. 

• Task 3.2 Characterise the electrical properties, surface morphology and chemical 

composition of printed PANI films. 

• Task 3.3 Fabricate different structures of PANI on glass substrates. 

Objective 4. Fabricate 2D/3D PEDOT:PSS/IL via MRIJP. 

• Task 4.1 Compare the micro-reactive inkjet print PEDOT:PSS with pre-mixed, and 

sequential inkjet print PEDOT:PSS and ionic liquid. 

• Task 4.2 Characterise the electrical and optical properties, surface morphology, 

chemical composition of printed PEDOT:PSS/IL. 

• Task 4.3 Develop a low-cost and patternable alternating current-electroluminescent 

(ACEL) device using PEDOT:PSS/IL as electrode.  

All of these objectives are trends in current research. The functional materials that are being 

studied for this MRIJP technique are useful for different applications such as tissue engineering, 

printed electronic devices and can potentially be used for bioelectronics applications in the 

future. Alginate hydrogel has been widely studied and used as the model system to study 3D 

printing and cell encapsulation for tissue engineering purposes. Polyaniline, on the other hand, 

is one of the most studied conducting polymers that has a lot of potential applications in printed 

electronic devices. Last but not least, the most commercially used conducting polymer, 

PEDOT:PSS, has gained huge attention from researchers in exploring its potential applications 

in bioelectronics devices, especially in the form of a conducting hydrogel made from 

PEDOT:PSS.  
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1.2 Outline of the thesis 

This thesis is organised as follows: 

Chapter 2 provides the background and literature of binary droplet collision, inkjet printing and 

reactive inkjet printing of functional materials related to this work. Literature review on binary 

droplet collision is used to assess the application of the micro-reactive inkjet printing concept, 

followed by the overview of the inkjet printing technology and reactive inkjet printing of 

alginate hydrogel, conducting polymer PANI and PEDOT:PSS.  

Chapter 3 introduces and presents the development of a new experimental setup called micro-

reactive inkjet printer which is used in this work for functional materials fabrication. The 

hardware and user interface development are demonstrated. 

Chapter 4, Chapter 5 and Chapter 6 demonstrate the practical applications of MRIJP on 

fabricating non-conducting alginate hydrogel, conducting polymer PANI and conducting 

hydrogel PEDOT:PSS/IL. The MRIJP technique is effectively applied for different patterns on 

glass substrates. Chapter 4 presents the 3D printing of different structures of alginate hydrogels. 

Chapter 5 shows the synthesis and patterning of PANI on glass substrates. Chapter 6 

demonstrates the direct patterning of conductive hydrogel PEDOT:PSS/IL via MRIJP. These 

studies show that different functional materials could be used to form patterns on glass 

substrate by MRIJP in more simple and efficient way compared to the existing printing 

technique.  

Chapter 7 summarises all the main findings of this thesis and suggests the potential future work 

for this research.  
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Chapter 2  

Literature Review 

2.1 Motivation 

The ability to synthesise functional materials using reactive inkjet printing technique has 

emerged as a powerful tool for fabrication of localised and patterned functional materials on 

solid substrates, which will ultimately lead to wider applications in the future.[21] This chapter 

reviews prior research in this field with the goal of describing key aspects of fabricating 

functional materials via inkjet printing. It begins with the introduction of droplet formation via 

inkjet printing, with an emphasis on reactive inkjet printing. Next, it describes binary droplet 

collision, especially the use of droplets as micro-reactors for functional materials synthesis.  

Finally, it presents three functional materials desired via reactive inkjet printing, namely from 

alginate hydrogel, polyaniline and PEDOT:PSS/IL hydrogel. 

2.2 Drop Formation in Reactive Inkjet Printing 

2.2.1 Types of Inkjet Printer 

Inkjet printing is a non-contact, digital printing technology that, while primarily used for 

conventional graphical applications, has been widely researched for applications in electronic 

displays[22], plastic electronics[23] and tissue engineering.[24] It is known for its accurate and 

reproducible film deposition capability, which relies on the formation of individual picolitre 

droplets that are ejected from a nozzle onto a substrate. Unlike conventional lithography 

techniques, inkjet printing is a maskless method that can be potentially used for both patterning 

and etching.[25] Moreover, it has potential to replace some of the manufacturing processes such 

as spin coating, dip coating and screen printing to achieve micrometer resolution patterning 

with low material consumption. In addition, inkjet printing can be used for large area printing 
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and higher throughout by increasing the number of printheads. Typically, movable printheads 

in two directional axes are used for research purposes and single pass linear arrays of printheads 

are used for industrial purposes.[26] By depositing ink in a layer-by-layer fashion, it is possible 

to build complex three dimensional structures by printing the required materials in a pre-

programmed sequence. Generally, inkjet printing involves five processes: droplet ejection, 

drops in flight, impact on the substrate, ink spreading, and phase change of the ink (typically 

drying of the solvent).[27]  

There are two main types of inkjet printing technologies: continuous inkjet (CIJ) printing and 

drop on demand (DoD) printing. CIJ printing was popular before being superseded by DoD 

printing, due to the contamination of recycling inks.[28] Both of these techniques were 

commonly used in graphical printing. For a CIJ system, typical droplet diameters of 80-100 

μm are produced, with drop velocities of more than 10 m s-1 and frequencies beyond 20 kHz.[28] 

On the other hand, DoD inkjet printing techniques produce droplets’ diameter size of 20-60 

μm, with drop velocities of 3-15 m s-1 and ranging from 1 to 20 kHz.[28] The common actuation 

methods for both the CIJ and DoD are thermal and piezoelectric. 

In a CIJ system, a continuous stream of drops are formed under pressure as described by the 

Rayleigh instability of a liquid thread.[28] In order to define the final printed pattern, the nozzle 

is held at a potential relative to ground and a small charge is imparted onto the droplets for the 

purpose of directing and positioning of the droplets. There are two methods used to position 

droplets, either by steering the drops in flight using the aforementioned charge or by positioning 

the substrate to the desired position. A schematic diagram of a CIJ printer is shown in Figure 

2.1. Drop diameters are generally slightly larger than the nozzle diameter. CIJ printing 

generates a continuous stream of drops even when no printing is required. All those unwanted 

drops are deflected by the electric field to a gutter and recirculated.[28] However, this recycling 
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process exposes the inks to the environment and increases the risk of contamination. This 

contamination will then influence the printed pattern formed and cause waste to the whole 

process. To overcome these issues the DoD printing process was more actively pursued.  

 

Figure 2.1 Schematic diagram of continuous inkjet printer.[28] Figure taken from reference with 

permission.  

 

Figure 2.2 Photographic images of drop formation and subsequent oscillation of 1.1 wt% 

PEDOT:PSS with Dynol 607 (Time in micro seconds).[29] Figure taken from reference with 

permission.  
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A  DoD system produces individual drops when required and thus can avoid the contamination 

problem occurred in CIJ systems, therefore it is more cost-effective if expensive inks are used. 

Drop positioning is controlled by manually locating the nozzle above the desired location on 

the substrate or by moving the substrate.[28] The ink is held in place by surface tension at the 

nozzle and droplets are formed when the pressure pulse exceeds the threshold force imparted 

by the surface tension at the nozzle. Figure 2.2 demonstrates a typical evolution of jetted 

material by DoD system. Unlike the CIJ system, drop size produced by DoD system is 

invariably similar to the nozzle size with the possibility to control both drop size and ejection 

velocity by controlling the pressure pulse.  

There are two common methods to generate pressure pulse in DoD system: thermal and 

piezoelectric as shown in Figure 2.3.[28] In thermal DoD system, a tiny thin-film heater is 

placed in the fluid reservoir. The fluid in contact is heated to above its boiling point and form 

bubbles when current is passed through the heater. Heat transfer cause rapid bubble collapse 

after the current is removed. This rapid expansion and collapse of bubbles generate the required 

acoustic pressure pulse to drive a drop of ink from the nozzle. In contrast, the piezoelectric 

DoD system generates a pressure pulse by direct mechanical actuation using a piezoelectric 

transducer. An applied voltage pulse causes a glass tube or a bending plate to eject the droplet 

from the nozzle. The droplet is pushed out from the nozzle by the positive pressure wave, when 

the amount of kinetic energy is larger than the surface energy of the ink meniscus at the 

nozzle.[30] A negative pressure wave is often applied to damp out any residual pressure wave 

and subsequent oscillation that may influence further droplet ejection. An example of a bipolar 

waveform is shown in Figure 2.4. The voltage ramp times are usually kept as short as possible 

because longer ramp times tend to result in larger droplets.[31] Thermal DoD systems are widely 

used in most desktop printers and piezoelectric DoD systems are more favourable in high-end 

industrial printers. The reasons are thermal DoD system is not suitable for high vapour pressure 
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liquids under room condition and it is easy to control the drop size and velocity of drops with 

pressure pulse in piezoelectric DoD system.[28] 

Satellite drops are the small droplets located at the back of the leading droplets (Figure 2.5). 

They are typically formed if the ejection velocity is too high, meaning that the ejected ligament 

breaks up into a series of droplets, rather than one single droplet. If these satellite drops catch 

up and merge with leading drop in flight, they create a bigger droplet, in which case their 

presence introduces minimal issues besides a slight decrease in attainable resolution. However, 

if they are still present at the impact on substrate, they can have a detrimental effect on the 

deposit resolution, accuracy and precision. To avoid this, a stand-off distance between nozzle 

and substrate is typically set at ~1 mm.[28] Moreover, this stand-off distance will influence drop 

positioning due to the effect of air currents in the environment that can deviate drops from the 

desired position.   

 

Figure 2.3 Schematic diagram of drop-on-demand inkjet printer. (a) Thermal DoD system. (b) 

Piezoelectric DoD system.[28] Figure taken from reference with permission. 
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Figure 2.4 Diagram of a typical bipolar pulse waveform. 

 

Figure 2.5 Schematic illustration of a leading droplet and satellite droplets. 

2.2.2 Reactive Inkjet Printing 

Unlike conventional inkjet printing, reactive inkjet printing is a combination of chemical 

reactions and material deposition in a single step.[21] It involves combination of one droplet of 

reactant with a second reactant to generate or remove materials on substrates selectively. There 

are two types of reactive inkjet printing: single reactive inkjet printing or full reactive inkjet 

printing. Single reactive inkjet printing involves inkjet printing of reactant on the top of another 

reactant that has been placed by other form of deposition technique, such as dip-coating or 

spin-coating.[21] Whereas, full reactive inkjet printing involves multiple inkjet print of reactants 

to form a final products as illustrated in Figure 2.6.  
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Figure 2.6 Schematic illustration of reactive inkjet printing. 

The earliest demonstration of single reactive inkjet printing was presented by Reddington et al. 

in 1998 where combinations of metal salts were printed on electrodes and tested as 

electrocatalysts.[32] Also, Yushioka et al showed the resistivity of PEDOT:PSS can be increased 

by inkjet printed oxidising agent sodium hypochlorite solution on top of it.[33] Besides that, a 

3D objects was manufactured by reactive inkjet printing of transparent epoxy resin containing 

UV-photoinitiator on thermoplastic polymer powder bed (Figure 2.7a).[34]  

Full reactive inkjet printing was first achieved by Yushioka et al in 2005 where sodium 

hypochlorite solution and water were sequentially printed and mixed on the substrate.[33] Later, 

a few groups used full reactive inkjet printing to fabricate metal layers.[35–39] Bidoki et al. 

reported sequential printing of metal salts on top of reducing agents. The metal layers were 

observed as a result of redox reaction between reducing agent and metal salt solutions.11 They 

further demonstrated the reduction of silver nitrate with reducing agent onto different 

substrates.[36] Next, Li et al. showed inkjet printing of conductive copper and nickel lines by a 

similar approach.[37] In addition, a reduced graphene oxide electrode in LED operation was 

demonstrated by Kim et al as shown in Figure 2.7b.[38]  Moreover, Abulikemu et al. 

synthesised a gold nanoparticles with oleylamine ink on glass and silicon substrates through 

the reactive inkjet printing method as demonstrated in Figure 2.7c.[39] 
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Inspired by the metal reduction using full reactive inkjet printing, Zhang et al. described an in-

situ polymerisation of hydrogel fabricated by inkjet printing of initiator ammonium persulfate 

(APS) and reductant N,N,N’,N’-tetramethylethylenediamine (TEMED) monomers (Figure 

2.7d).[40] Next, Delaney et al generated alginate hydrogel microdroplets by dispensing sodium 

alginate solution into hardening bath of calcium chloride.[41] Furthermore, Krӧber et al. tried to 

fabricate micron-size polyurethane by inkjet printing of the monomers isophorone diisocyanate 

(IPDI) and poly(propylene glycol) (PPG).[42] The in situ polymerisation process took about 

three minutes to form a solid polyurethane structure on substrate. Also, Gregory et al. employed 

reactive inkjet printing to convert water-soluble Silk I into water-insoluble Silk II by depositing 

methanol droplets.[7] 

A few studies of phosphor materials synthesised by reactive inkjet printing were reported. 

ZnS:Mn nano-phosphor was synthesised by mixing Zn:Mn ink and sulphur containing ink on 

a silicon substrate as described by Cha and co-workers, presented in Figure 2.7e.[43] Besides, 

Jeon et al. prepared luminescent organic materials, a cyanostilbene derivative (2Z,2’Z)-2,2’-

(1,4-phenylene)bis(3-(4-butoxyphenyl)acrylonitrile) (DBDCS) by printing an aldehyde, a 

phenylenediacetonitrile and potassium t-butoxide (Figure 2.7f).[44] More recently, the same 

group fabricated another luminescent material, poly(phenylenevinylene) (PPPV) with 

hydrophilic terephthaldehyde, bis(triphenylphosphonium salt) and potassium t-butoxide by 

employing a reactive inkjet printing method.[1] Additionally, Bao et al. demonstrated 

transformation of inkjet printed transparent cadmium source-loaded poly acrylic acid (PAA) 

and poly(St-MMA-AA) to a yellowish colour after treatment with hydrogen sulphide gas, 

indicating the production of CdS quantum dots embedded in the polymer.[45] Representative 

examples of full inkjet printed materials are shown in Figure 2.7. 
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In summary, reactive inkjet printing is a direct synthesis of insoluble and non-processable 

materials on substrates, which would not be possible to accomplish under single print head 

inkjet printing. Besides that, it is a safer approach for the in situ fabrication of corrosive 

materials such as strong acids or bases where it will be generated at the designated location 

when required.[21] Additional advantages are low material consumption, easy processing and 

reduction of nozzle clogging.[21] Also, the fabrication cost is largely reduced by utilising 

precursor materials instead of target materials, which are usually expensive. Hence, this 

reactive inkjet printing method has a great potential to serve as a synthesis method for different 

functional materials.  

 

Figure 2.7 (a) Reactive inkjet printed 3D object.[34] (b) Reduced graphene oxide.[38] (c) Self-

assembled gold nanoparticles.[46] (d) Hydrogel microarray.[40] (e) ZnS:Mn nano-phosphor on 

silicon substrate.[43] (f) DBDCS on PDMS substrate.[44] Figure taken from reference with 

permission. 
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2.2.3 Properties of Inks 

The most crucial properties for inkjet inks are viscosity and surface tension.[47] These properties 

decide the jettability of the inks, influence the size and shape of the deposited droplets, wetting 

on the substrate and the presence of satellite drops. Generally, the viscosity should be relatively 

low, typically in the range of 2-20 mPa s to enable the expulsion of a drop out the nozzle by a 

transient pressure pulse and allow the refilling of liquid in the chamber in about 100 μs.[47] At 

viscosity < 2 cP, unstable jetting is possible, whereas at viscosity > 20 cP, the pressure wave is 

dissipated before a droplet can be ejected from the nozzle. Even though, some printheads allow 

the jetting of ink of viscosity up to 40 cP. On the other hand, the surface tension must be higher 

than 20 mN m-1 to prevent unwanted dripping or satellite drop formation from the nozzle but 

low enough to allow jetting.[47] In other words, the surface tension must be high enough and 

the back pressure must be low enough, to hold the ink in the nozzle before deposition. Also, 

for inks that consist of particles, the maximum particle size is approximately 1/100th of nozzle 

diameter.[27] Particles size larger than this may cause clogging of nozzle. Besides, zeta-potential 

(ζ) is a measure of effective electric charge on particles surface and higher absolute value 

indicates better dispersion stability. A dispersion of |𝜁| < 40 mV may cause precipitation of 

solids, thus ζ is a good indicator of the stability of an inkjet ink containing dispersed particles.[48]  

These fluid properties and other factors such as nozzle diameter can be characterised by 

dimensionless physical constants Reynolds (Re), Weber (We) and Ohnesorge (Oh) numbers. 

The Reynolds number is the ratio of inertial forces to viscous forces and is defined by:[28] 

Re
d


=            (2.1) 

The Weber number is the ratio of inertia forces to surface tension forces and is shown as:[28] 
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=            (2.2) 

The Ohnesorge number illustrates droplet formation and is the ratio of viscous forces to the 

surface tension and inertial forces such that:[28] 

1/2Re ( )

We
Oh

d




= =           (2.3) 

where ρ, η, γ, d and ʋ are the density, viscosity, surface tension, nozzle diameter and droplet 

velocity, respectively. Fromm was the first to gain understanding of drop formation by using 

dimensionless numbers.[49] He suggested that the reciprocal of the Ohnesorge number, Z>2 

resulted in stable drop formation. Derby further demonstrated stable drop generations in the 

range of 1 < Z < 10 using numerical simulations.[50] At low values of Z, viscous dissipation 

prevents drop ejection, whereas high values of Z resulted in a large amount of satellite droplets. 

Also, both of them observed that droplet volumes increase as the value of Z increase. However, 

in practice, stable inkjet printing without satellite droplets is possible even for Z > 10.[51,52] The 

printability of fluids can defined by Weber and Reynolds numbers as shown in Figure 2.8. 

 

Figure 2.8 Printability of fluids based on Weber and Reynolds numbers.[28] Figure taken from 

reference with permission.  
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2.2.4 Deposition on substrate 

The coalescence of droplets on substrate is influenced by the nozzle diameter, velocity of 

stage/substrate, surface tension of fluids and droplets separation. The first attempt to study the 

behaviour of evaporating inkjet printed droplets on substrates was reported by Schiaffino and 

Sonin.[53] It was found that contact line pinning was necessary to form a stable liquid bead, 

with the bead separating into a series of circular deposits if this was not present. Duineveld 

developed this further and found in addition that there was a further instability observed, 

referred to as bulging.[54] He found that the bulging instability of droplets was affected by the 

substrate velocity and droplet separation on substrate. Soltman et al further studied the line 

behaviour by varying droplet frequency, temperature and spacing (Figure 2.9).[55] No overlap 

of droplet at large drop spacing, droplets start to coalesce at drop spacing smaller than the 

diameter of the droplet and bulging occurs when the drop spacing is too small, which is 

consistent to those observed by Duineveld.[54] The work of Duineveld was combined with a 

geometric model of line width produced from the droplets by Stringer and Derby to produce a 

stability map based upon geometric and printing parameters.[56,57] Sarojini KG et al. examined 

the coalescence dynamics of droplets on a solid substrate both experimentally and 

mathematically.[58] They found a strong dependence of equilibrium spreading length with 

concentration and spacing of the droplets, which in turn depend on both the viscosity and 

surface tension of fluid for stable pattern formation. In addition, studies on the oscillation of 

droplets showed an alternative method in determining surface tension and viscosity of complex 

fluids. Hoath et al. investigated the oscillations of droplets under the conditions of drop-on-

demand inkjet printing.[59] He found that both the frequency and decay of the drop oscillation 

can be used to derive surface tension and viscosity, respectively. Also, this study demonstrated 

reduced viscosity of drops in flight was a result of strong oscillation induced by ligament 

retraction. The same group presented jetting observation of droplet where it could rapidly 
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change to lower viscosity upon high shear force at the nozzle and recover to higher original 

viscosity after jet formation in less than 100 µs.[60] This shear-thinning behaviour of droplet 

produces satellite-free droplets and led to improved quality of line deposition on the substrate.  

 

Figure 2.9 Inkjet printed droplets on substrate. (a) Individual droplets. (b) Scalloped. (c) 

Uniform. (d) Bulging. (e) Stacked coins.[61] Figure taken from reference with permission. 

The interaction between the ink and substrate affects the formation of droplets on the particular 

substrate. For example, Chiolerio et al. printed poly(3,4-ethylene dioxythiophene):poly(styrene 

sulfonate) PEDOT:PSS electrodes on atmospheric pressure plasma treated copper-

polydimethysiloxane composite substrate as shown in Figure 2.10a.[62] It even showed lower 

contact angle than water on untreated polymeric surface due to the presence of organic 

components that make it more compatible with the hydrophobic composite substrate. In 

addition, Perinka et al. successfully demonstrated fine conductive lines printed on substrates 

such as polyethyenterephtalate (PET), polyenthylenenaphtalene (PEN), indium tin oxide (ITO) 

coated PET foil and glass substrates after treated with UV ozone (Figure 2.10b).[63] Also, Ren 

et al. presented the use of inkjet printed PEDOT:PSS electrode on oxygen plasma treated 

silicon nitride substrate in OLED device.[64] Futera and co-workers tried to inkjet print 

PEDOT:PSS on both flexible and hard substrates.[65] They successfully printed smooth and 
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straight line on glass substrates however, they realised that it is relatively difficult to form 

straight line on Felix Schoeller paper due to influence on droplet trajectory of the electric 

charge at the surface. Ely et al. demonstrated smooth and uniform PEDOT:PSS using SU8 

wells on ITO glass substrate after oxygen plasma treatment.[66] Furthermore, Srichan et al. 

reported inkjet printed PEDOT:PSS dots on PDMS substrate for the first time (Figure 2.10c).[67] 

 

Figure 2.10 Inkjet printed PEDOT:PSS on different substrates. (a) plasma-modified PDMS 

nanocomposite.[62] (b) (i) ITO/PET, (ii) PEN, (iii) PET and (iv) glass substrate.[63] (c) PDMS[67]. 

Figure taken from reference with permission. 

In  addition, the phenomenon of coffee ring effect on substrate was first explained by Deegan 

et al. in 2000.[68] This is due to the inconsistent evaporation flow distribution from inner drop 

to outward drop’s edge to replenish fluid lost to evaporation. Precipitation at the contact line 

then forms a ring shape when the solute gets segregated from the solution during the drying 

process.  

Efforts have been made to reduce the coffee ring effect during the drying process. Soltman et 

al studied the coffee ring effect of inkjet printed PEDOT:PSS and found that a cooled substrate 

suppressed edge evaporation and produced uniform deposition while a heated substrate resulted 

in more evaporation at the drops’ edge.[55] Later, Zhou et al. observed similar behaviour and 

further characterised them into three different shapes with different substrate temperature: 

Gaussian shape (<40 ᴼC), transition shape (40 ᴼC – 50 ᴼC) and ring-like shape (>50ᴼC) as 

shown in Figure 2.11.[69] However, they referred the formation of ring-like shape to the 
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splashing effect of liquid where droplets dried immediately upon impact impeded the spreading 

of droplets on high temperature substrate. Alternative method such as adding solvents of 

different vapour pressures to try and impede the flow of fluid to the drop edge, may reduce the 

coffee ring effect.[28]  

 

Figure 2.11 Summary of PEDOT:PSS droplet shape with substrate temperature.[69] Figure 

taken from reference with permission. 

2.3 Binary Droplet Collision: Droplets as Micro-reactors 

2.3.1 Collision and Coalescence 

Binary droplet collisions, a pair of droplets colliding and coalescing in mid-air, have been of 

scientific interest due to the importance in the understanding of rain formation and spray 

combustion.[11–13] Some of the earliest binary droplet collision research was carried out by 

Woods and Mason in 1964.[14] Later on, comprehensive experimental studies carried out by 

Smith et al. revealed the importance of droplet kinetic, surface energy and geometric impact 

parameters to the outcomes of binary collisions.[12,15] In other words, the Weber number, We, 

measuring the relative importance of droplet inertia compared with its surface tension and the 

impact parameter, B, characterising the droplet trajectories deviation and can be expressed by 

Equation (2.4) and (2.5):[15,70] 
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where ρs is the droplet density of small drop, ds is the diameter of small drop, db is the diameter 

of big drop, 𝜐𝑟𝑒𝑙  is the relative velocity, γ is the surface tension of small drop and X is the 

distance from the centre of one droplet to the relative velocity vector placed on the centre of 

the other droplet. The relative velocity of the interacting droplets is expressed by: 

1 2 1 2 1 22 cos( )rel      = + − +         (2.6) 

where the θ1 and θ2 are the trajectory angles of the large and small drop, respectively. The 

impact parameter is in the range of 0 ≤ B < 1; B = 0 for head-on collision (Figure 2.12). 

The velocity of the coalesced droplet can be approximated using conservation of momentum 

for inelastic collision as below: 

1 1 2 2 1 2( ) fm v m v m m v+ = +          (2.7) 
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Figure 2.12 Schematic of binary droplet collision. 

Ashgriz and Poo categorised water droplet collisions outcome into bouncing, coalescence and 

separation.[15] Bouncing collision occurs when the contact of two droplets is prevented by an 

intervening gas film, leading to both droplets bouncing apart. In a coalescence collision, two 

droplets permanently combine and become a single drop. Separation collision refers to collision 

in which two drops combine temporarily and later separate into two or more drops. Qian and 

Law further refined binary droplet collisions of hydrocarbon and water into five distinct 

regimes, namely (I) coalescence after minor deformation, (II) bouncing, (III) coalescence after 

major deformation, (IV) coalescence followed by separation for near head-on collisions or 

reflexive separation and (V) coalescence followed by separation for off-centre collisions or 

stretching separation as shown in Figure 2.13.[11] The collision map can be described as follows: 

As two droplets approach each other, the gas between them become trapped, resulted in higher 

pressure in the gap which lead to droplets deformation. The minimum gap size becomes smaller 

as the Weber number and velocity of droplets increase. At high Weber number, droplets have 

excess kinetic energy to overcome surface tension and viscous dissipation, leading to droplet 

separation after temporary coalescence.[11,71,72] The binary collision of two droplets in different 

regime are described in greater details as below: 
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Figure 2.13 Collision map of five distinct collision regimes and photographic images showing 

representative collision sequences of hydrocarbon droplets in 1 atm (air).[11] Figure taken from 

reference with permission. 

Regime I: The droplets move slow enough that the gas has sufficient time to flow out and the 

interfaces have sufficient time to merge by diffusion with little deformation.  

Regime II: As the velocity of the droplets is further increased, the trapped gas has insufficient 

time to escape and cause high pressure which promote bouncing and separation upon collision 

without any coalescence.  

Regime III: The minimum gap size decreases to the order of molecular interaction, merging 

after substantial deformation occurs. The gas film will be absorbed as a small bubble into the 

coalesced droplet.  

Regime IV: The droplets impact at approximately head-on angles and coalesce temporary, 

however, high inertias and dynamics will then lead to separation yielding two primary drops 

with a smaller drop as the connecting filament breaks.  
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Regime V: In contrast, the droplets impact at approximately grazing condition and coalesce 

temporary. They will then separate, yielding two primary droplets with satellite droplets.  

The size ratio is defined by the ratio of diameter of the smaller droplet to that of bigger droplet. 

Generally, it is more difficult for two unequal size drops to separate after the collision and it is 

demonstrated by numerous studies where droplet coalescence is promoted and droplet 

separation is restrained by reducing droplet size ratio.[15,16,73,74] Droplet separation usually 

occurs at relatively high Weber numbers when the temporarily coalesced droplet cannot hold 

the excess kinetic energy of the collision. Reducing the size ratio tends to increase the viscous 

dissipation within the coalesced droplet, allowing the dissipation of excess energy which 

stabilises the droplet. The results obtained by Rabe et al. is in agreement with Ashgriz and Poo, 

except for the bouncing region which was not reported.[73] Next, Eastrade et al. developed a 

theoretical boundary curve to predict bouncing from different size ratio of ethanol droplets.[16]  

Qian and Law investigated the influence of ambient pressure and type of ambient gas for water 

and tetradecane droplets.[11] They discovered the increase of nitrogen pressure could largely 

promote bouncing where Regime 1 cannot be experimentally detected at 8 atm for water and 

2.4 atm for tetradecane droplets in nitrogen environment. In other words, decreasing pressure 

should encourage coalescence, however, it was experimentally difficult to generate stable 

droplet at pressure less than 0.6 atm.[11] 

Recently, Hinterbichler et al. demonstrated a ternary droplet collision of the same and equal-

sized droplets using glycerol and silicone oil.[20] Four instead of five distinct regimes were 

identified, namely coalescence, bouncing, stretching separation and reflexive separation. 

Besides that, two significant differences were observed. The transition to bouncing is shifted 

to lower impact parameter and transition between coalescence and reflexive separation is 

shifted to higher Weber numbers for ternary drop collisions. 
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Great progress has been achieved by studying droplet collision with water[15], hydrocarbon[11,75], 

ethanol[16] , oil[76], diesel[19] and a few with two different droplets such as ethanol-water[18], 

diesel-ethanol[19] and glycerol-oil[77]. It is important to note that most of these droplet collision 

studies focused on the understanding of fluid dynamics behaviour. Nevertheless, Hinterbichler 

et al. suggested that droplet collisions may have a great potential to be used as a micro-reactors 

to synthesise materials in the near future.[20]  

2.3.2 Encapsulation and Diffusion 

When two droplets with different surface tensions approach each other, the droplet with lower 

surface tension spreads over the other, which is known as Marangoni spreading. Recently, this 

phenomenon is attracting an increasing research attention due to applications in microfluidic 

devices for biochemical reactions and 3D printing applications.[78–81]  

There are two forces affecting the coalescence process of binary droplets. One is inertial force 

which drives the coalescence and another one is viscous force which slows it down.[82] Reynold 

number has been used to determine the type of forces that govern the coalescence dynamics. 

By assuming the inherent velocity of viscous retraction is γ/η (i.e. a balance of retraction 

driving force due to surface tension impeded by viscous dissipation), the Reynolds number can 

be expressed as: 

2
Re mr


=            (2.8) 

where ρ is the droplet density, γ is the surface tension, rm is the radius of the bridge and η is the 

viscosity of droplet, respectively. For Re < 1, it is the viscous force and Re > 1, it is the inertial 

force that dominates in the coalescence. The dominance of viscous force only arise when using 

high viscosity fluids.[83] Therefore, it is of less relevance to inkjet printing where low viscosity 
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fluids are inherently involved. Hence, for binary collision using low viscosity fluid, the inertial 

time of droplets is: [78,82]  

3
1/21 1
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( )col

d



=           (2.9) 

Next, the spreading distance of a low surface tension droplet over a droplet with a higher 

surface tension can be expressed by: 

( )L t a t=                      (2.10) 

where a, α, and β are constant, spreading exponent and prefactor, respectively.[84] The prefactor 

can be described as: 

1/2 1/4( )   −=                    (2.11) 

For miscible solutions, the spreading exponent is approximately α≈0.75.[84] Assuming constant 

a=1:  
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=                               (2.12) 

By assuming the surface tension of droplet 2 is lower than droplet 1 and coalescence of droplet 

1 and droplet 2 when 1( )L t d= , the coalesced time of droplet is (Figure 2.14): 

4
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                            (2.13) 

The visualisation of surface tension driven encapsulation of two droplets has been 

demonstrated by Anahara et al. recently using a pulsed laser with colour charge-coupled device 

(CCD) camera.[85] Upon collision, the droplet with lower surface tension spreads on the other, 
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supporting the analytical and numerical assumption done by previous literature.[78,84] 

Additionally, Takano et al. and Jacobs et al. found that the interface of two droplets achieved 

a homogenous state at an elapsed time of ≈400 µs and ≈800 µs after mixing, respectively.[86,87] 

The ability to observe the Marangoni-driven encapsulation and homogeneous chemical 

reactions of two droplets, provides a foundation for any further research based on chemical 

reactions of two miscible droplets.  

Also, the diffusion time droplets can be expressed by:[86] 

2

( )s
diff

d

D
 =                            (2.14) 

where ds and D are thickness of solidifying film and diffusion constant, respectively.  

 

Figure 2.14 Schematic illustration of in-air collision, coalescence and diffusion mechanism of 

binary droplets. 
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2.4 Reactive Inkjet Printing of Functional Materials 

2.4.1 Alginate Hydrogel 

Alginate hydrogel is a hydrophilic polymer with high water content (>98%). It is capable of 

absorbing 200 to 300 times of its original weight in water. Recently, it has been extensively 

used in tissue engineering applications due to their ability to mimic the physical properties of 

soft tissue.[88] Alginate is a linear polysaccharide extracted from brown algae which consists of 

alternating blocks of 1-4’-linked α-L-guluronic and β-D-mannuronic acid residues.[89] The 

molecular weight of sodium alginates ranges from 32,000 to 400,000 g/mol.[90] The viscosity 

of alginate solutions mainly depends on the molecular weight of alginate. Increasing the 

molecular weight of alginate can improve the physical properties of alginate hydrogel, however, 

it often becomes too viscous to be processed.  

Calcium chloride (CaCl2) solution is one of the most frequently used crosslinking solution for 

alginate to generate alginate hydrogel. The gelation is achieved by exchanging sodium ions 

from the guluronic acids with divalent calcium ions and the stacking of these guluronic groups 

form characteristic egg-box structure shown in Figure 2.15.[91] In addition, sodium chloride 

(NaCl) is added to CaCl2 solution to slow down the gelation by allowing further diffusion of 

calcium ions into the centre of the gel for better uniformity and strength.[91] 

Ca2+ ions are smaller than the alginate molecules, therefore it is mainly the metallic ion that 

diffuses between the alginate chains to bind the vacant binding sites on the polymer.[53] A 

capsular membrane forms almost instantaneously around the droplet once the crosslinking 

solution is added dropwise into the alginate solution. Next, the gelation process is considered 

finished when all the Ca2+ ions have been used up in binding the alginate polymer within the 

beads. For a fixed amount of Ca2+ ions, increasing the concentration of sodium alginate results 

in a decrease of membrane thickness at a given gelation time.[53] This is due to the increasing 
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number of binding sites for Ca2+ ions. As a consequence, a more closely-packed and cross-

linked alginate structure of smaller thickness is formed. In contrast, increasing the 

concentration of CaCl2 in a fixed amount of sodium alginate solution, resulted in an increase 

of membrane’s thickness at a given gelation time.[53] It was proposed that the increases of Ca2+ 

ions cause a large concentration gradient between the core and outer layer which will favour 

the diffusion of Ca2+ ions from the core. Heterogeneous structural resistance constant, n is the 

indicator of resistance of diffusion of Ca2+ ions in gelation. The resistance is negligible when 

n =1. Blandino et al. reported that n~1 for 0.2 to 0.8% w/v of sodium alginate solution and 1.3 

to 4% w/v of calcium chloride solution.[53] 

 

Figure 2.15 Egg-box structure of alginate crosslinked by calcium ions.[90] Figure taken from 

reference with permission. 

Recently, the combined study of hydrogels and inkjet printing has attracted considerable 

attention due to the increasing demand of high-resolution hydrogel scaffolds as shown in 

Figure 2.16. The research and developments of inkjet printed alginate hydrogel started from 

the ejection of 0.25M calcium chloride solution into 2% alginic acid solution by Boland and 

co-workers.[92] They successfully demonstrated 3D hydrogels with endothelial cells attached 

on the pores. Henmi et al. further developed cell-containing, inkjet printed 3D tubular and sheet 

structure hydrogels. They preloaded cells into alginate precursor solution and ejected into 

calcium chloride solution to form hydrogel. Rapid gelation resulted in the cells being embedded 

into the hydrogel, which protected the cells from drying.[93] Later, Nishiyama fabricated HeLa 

cell-based hydrogel in different 3D structures including lines, planes, laminated structures and 

tubes.[94]  
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Generally, alginate hydrogels are readily soluble in sodium ethylenediaminetetraacetic acid 

(EDTA) solution. Therefore, it can act as a sacrificial material to generate hollow structures. 

Delaney et al. employed hydrogel beads to create macro-porous matrices by dispensing sodium 

alginate into a calcium chloride bath to generate hydrogel spheres, which were then removed, 

washed and put into a different cross-linking solution. After the second solution is crosslinked, 

it is treated with trisodium EDTA solution to eliminate the hydrogel beads and produced a 

macro-porous hydrogel network.[41] In addition, Dohnal et al. found that the shape of alginate 

hydrogel microcapsules varied from elongated to spherical to flattened as the viscosity of 

calcium chloride increased.[95] Chung et al. further demonstrated alginate microsphere as 

additional drug carriers by ejecting sodium alginate into a bath of calcium chloride, drugs and 

Lutrol F127 blend.[96]  

Arai et al. reported 3D pyramid structure built by layer-by-layer inkjet printing of 0.8 wt% 

sodium alginate solution with HeLa cells into 2 wt% calcium chloride solution.[97] Green 

fluorescent dye was mixed with sodium alginate solution to aid in visualisation. Next, Xu et al. 

introduced a fibroblast (3T3) cell-based zigzag tubes hydrogel printed by a platform-assisted 

3D inkjet printing system. Pataky et al. showed 3D printed branched alginate microvasculature 

with resolutions of tens of micrometers on gelatine hydrogel substrates loaded with calcium 

chloride.[2] They suggested that by optimising the reaction at the single-droplet level enables 

droplets to be gelled rapidly and not to coalesce with new droplets printed adjacent to or upon 

them. 

Although inkjet printing can be used to fabricate high resolution 3D structures, sodium alginate 

tends to form a viscous solution depending on the concentration and molecular weight of 

polymer.[98] Therefore, the low upper limit of viscosity for the ink (1-20 cP) in inkjet 

technology becomes the major restriction to the deposition of high concentration of alginate 
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precursor. Besides that, the sodium alginate droplet surface gels almost instantaneously upon 

the additional of calcium chloride, a longer time is needed for the cations to diffuse into the 

interior of the droplet depending on the droplet size.[99] 

 

Figure 2.16 (a) Printed alginate structure.[92] (b) 3D tubular hydrogel structure.[94] (c) Alginate 

microcapsules.[95] (d) Alginate sheet.[94] (e) Layer-by-layer printing 3D pyramid structure.[97] 

(f) 3D printed microvasculature.[2] Figure taken from reference with permission. 

2.4.2 Polyaniline 

Polyaniline (PANI) has emerged as a popular choice among the range of conducting polymers 

due to its ease of synthesis, tunable conductivity, environmental stability and low cytotoxicity. 

PANI finds applications in the microelectronics industry including dye-sensitised solar 

cells,[100] light emitting diodes,[101] electrochromic displays and biosensors.[102,103] It has a π-

conjugated chain with alternating single and double bonds, where the delocalisation of π-

electrons along the chain make them conductive. PANI is a class of conducting polymer which 

exist in three different oxidation states, from reduced leucoemeraldine base, oxidised 

pernigraniline base to a mixture of reduced and oxidised emeraldine base (Figure 2.17). 

Leucoemeraldine base and pernigraniline base are both insulating. However, the emeraldine 

base can be doped and transformed to a conductive form of emeraldine base, emeraldine 
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salt.[104] The conductivity of PANI can be increased from undoped insulating base (~10-10 S 

cm-1) to the fully doped conducting salt (>1 S cm-1).[26] Emeraldine base is highly stable at 

room temperature and emeraldine salt is electrically conducting. 

 

Figure 2.17 Oxidation states of PANI, (a) reduced leucoemeraldine base, (b) oxidised 

pernigraniline base, (c) emeraldine base, and (d) emeraldine salt.[104] Figure taken from 

reference with permission. 

Generally, PANI is synthesised by electrochemical or chemical methods.[104] Examples of 

techniques used in electrochemical synthesis are potentiostatic, galvanostatic polarisation and 

cyclic voltammetry.[104] Electrochemical method produces better quality films than chemical 

method, however, they are significantly more time consuming.[26] Therefore, in most cases, 

PANI is synthesised using chemical methods by oxidative polymerisation of aniline in the 

presence of an oxidising agent. Additionally, PANI can undergo reversible doping and 

dedoping process. The blue insulating emeraldine base and green conductive emeraldine salt 

states can be switched between through doping and dedoping with common acids such as 

hydrochloric acid and bases such as ammonium hydroxide.[105]  

The deposition of PANI via inkjet printing was mainly based on nanodispersion and organic 

solvent-based inks. The very first attempt to inkjet print PANI as an electrode for capacitor 
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applications was demonstrated by Chen et al. in 2003.[106] Ngamna et al. further improved the 

ink properties and demonstrated better PANI performance.[107] By adding the dopant 

dodecylbenzenesulfonic acid and oxidant ammonium persulphate with aniline, PANI 

nanoparticles of approximately 82 nm in diameter were synthesised and successfully inkjet 

printed on paper. Also, this PANI nanoparticles dispersion was found to be highly stable for 

several months. Printed PANI film on PET exhibited a conductivity of 0.004 S cm-1 after 40 

layers of printing.[108] Using a similar approach, Crowley et al. fabricated an ammonia sensor 

based on the inkjet printed PANI electrode.[109–111] This PANI sensor responded rapidly (in 15 

s) with ammonia gas at room temperature. The same group demonstrated an application as a 

gas sensor using the printed PANI to detect hydrogen sulphide.[112] Similar printed PANI 

ammonia sensors prepared by Clark et al. were used to monitor the conductance change using 

a non-contact radio frequency detector.[113] This low-cost, non-contact ammonia sensor within 

sealed packages could potentially be used in smart packaging applications in the future. In 

addition, printed PANI on carbon electrode was used as an electrochemical sensor for ascorbic 

acid detection.[114] Next, Jang et al. reported fabrication of water dispersible PANI-PSS 

nanoparticles with an average diameter of 30 nm and used them to inkjet print chemical 

sensors.[115] Gomes et al. and Kulkarni et al. demonstrated printed PANI as humidity sensors 

on paper and flexible substrates, respectively.[116,117] Song et al. presented inkjet printing of 

PANI nanowires on flexible substrates and its applications as pH sensor, hydrogen peroxide 

sensor and glucose sensor.[118,119] 

Inkjet printing has been combined with vapour deposition to pattern PANI on paper and PET 

substrates.[120] The ammonium persulfate (oxidant) was first deposited using inkjet printing and 

PANI was formed via chemical oxidation with vaporised aniline monomer. Later, Pan et al. 

introduced a two-step inkjet printing of PANI.[6] They sequentially inkjet printed oxidant 

ammonium persulphate, dopant phytic acid and monomer aniline to form polyaniline pattern 
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on photopaper. Next, they demonstrated its application in microbial fuel cell and 

biosensors.[121,122] With similar approach, Stempien et al. demonstrated reactive inkjet printed 

PANI on textile and demonstrated an application as an ammonia sensors.[123,124] 

2.4.3 Poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) 

Poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) is among the most 

successful conducting polymer to be used commercially since it was synthesised by the German 

company Bayer AG in the late 1980s.[125] Poly(3,4-ethylenedioxythiophene) (PEDOT) is a 

derivative of polythiophene with high charge mobility, high stability but is insoluble in water. 

By doping with the counteranion poly(styrene sulfonate acid) PSSH, PEDOT chains are 

attached to the PSS chains through the Coulombic interaction and able to disperse in water with 

good film forming properties.[125] Moreover, PEDOT:PSS has high mechanical flexibility and 

high transparency in the visible range, enable it to be used as antistatic coatings or buffer layer 

for electrodes in organic electronic devices. However, pristine PEDOT:PSS suffers low 

conductivity of  less than 1 S cm-1. 

It is well known that the conductivity of PEDOT:PSS films could be improved by 2-3 orders 

of magnitude with the addition of dimethyl sulfoxide (DMSO), ethylene glycol (EG) and ionic 

liquids (ILs).[126–128] As a result, different mechanisms of conductivity enhancement between 

the interaction of PEDOT:PSS and solvents have been proposed. Inganas and co-workers 

considered the polyalcohol as a plasticiser, which aided the reorientation of the PEDOT:PSS 

chains at high temperature to form a better connection between the conducting PEDOT 

chain.[129] In addition, Kim et al. attributed the increase of conductivity to a reduction of the 

Coulombic interaction between the charge carriers transported on the PEDOT chains and the 

negative PSS counterions by a screening effect of the polar solvents.[126] Furthermore, Jonsson 

et al. argued that the conductivity enhancement was due to the fact that PSS chains are washed 
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away from the surface region of the PEDOT:PSS film during the film forming process.[125] 

Moreover, Ouyang et al. found that the addition of solvents induced the conformation change 

of PEDOT from coil-like to linear-like chains, which resulted in higher charge-carrier mobility 

in both intrachain and interchain.[127]  

A number of studies have been done on adding additives to the PEDOT:PSS solution to 

improves its conductivity, including organic solvents, ionic liquids, sugars, polyols and 

surfactants. Among them, there are relatively few studies that have been done on the effects of 

these additives with PEDOT:PSS under inkjet printing method. Table 2.1 summarises the 

performance of inkjet printed PEDOT:PSS with different additives. Garnett et al. (2005) was 

one of the earliest work to study the conductivity of inkjet printed PEDOT:PSS with 

additives.[130] They incorporated 5 wt% of DMSO after diluting PEDOT:PSS with water by 1:1 

ratio and added surfynol to improve the surface tension. This PEDOT:PSS of 300 nm thickness 

exhibited conductivity of 51 S cm-1 and roughness of 31 nm. In the same year, Natori et al 

demonstrated different sheet resistance of inkjet printed PEDOT:PSS that diluted with water 

by 2:9 ratio and added ~2 wt% of glycerol as additive on PET substrate.[131] They explained 

the difference was due to the more effective evaporation of glycerol and the removal of PSS 

after the additional of solvents before coating on PET substrate. 
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Table 2.1 The performance of inkjet printed PEDOT:PSS as an electrode with different additive or post treatment. 

Author PEDOT:PSS (Dilution) Additives Substrates Electrical performance 

Garnett et al. [130] 1:1 ratio with water 5 wt% DMSO Glass 51 S cm-1 

Natori et al. [131] 2:9 ratio with water ~ 2 wt% glycerol PET 0.0134 MΩ m-1 

Chou et al. [132] 5:10:2 ratio with water and 

isopropanol 

- Glass 290 x 104 Ω m2 

Sankir [133] - Butanol and EG post treatment Polyimide 50 S cm-1 

Eom et al. [134] - 6 wt% glycerol and 0.2 wt% ethylene glycol 

butyl ether 

ITO 164 S cm-1 

Lee et al. [135] - 10 wt% glycerol PVP Dielectric 450 S cm-1 

Mire et al. [136] - - Biopolymer 0.21 S cm-1 

Wilson et al. [137] - 5 wt% DMSO and 1wt% Surfynol Glass 

 

103 Ω □-1 

Mauro et al. [138] - 5 wt% DMSO Glass 1000 S cm-1 

Ryu et al. [139] 0.95:1 ratio with water 2.5 wt% DMSO Glass 50 S cm-1 

Borghetti et al. [140] - 5 wt% ethanol and 10 wt% of diethylene glycol  Polyimide 115 S cm-1 

Nitta et al. [141] 7:2:1 ratio with ethanol and 

ethylene 

Polar solvent spray  PEN 

 

 

390.4 Ω 

Yoon et al. [142] - 5 wt% DMSO Glass 1059 S cm-1 
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Chou et al. compared the performance of spin coated and inkjet printed PEDOT:PSS anode in 

OLED devices.[132] Inkjet printed PEDOT:PSS exhibited conductivity by factor 10 higher than 

spin coated PEDOT:PSS. It was attributed to the longer PEDOT:PSS chains as showed by 

micro-Raman spectroscopy, resulted in comparable OLED performance. The post treatment of 

EG was introduced by Sankir for the first time to improve the conductivity of inkjet printed 

PEDOT:PSS.[133] Eom et al. further improved the conductivity from pristine 0.7 S cm-1 to 164 

S cm-1 after the addition of glycerol (6 wt%) and surfactant (0.2 wt%).[134] This inkjet printed 

film demonstrated smoother and more uniform morphology as compared to pristine film. 

Besides that, the conductivity can be promoted by using a highly conductive grade of 

PEDOT:PSS and by further increasing the concentration of glycerol in solution. Lee et al 

demonstrated the use of PEDOT:PSS PH500 and the conductivity reached 450 S cm-1 after the 

addition of 10 wt% of glycerol.[135] Mire et al. compared the inkjet and extrusion printing of 

PEDOT:PSS on biopolymer substrate and found that inkjet printing provides finer resolution 

and better deposition control where the inkjet printed line exhibits 0.21 S cm-1 with 50 μm 

width.[136]  

Wilson et al. found that the inkjet printed films have better conductivity than spin coated films 

as larger PEDOT grain structure was detected under AFM observation.[137] Similar observation 

was reported by Mauro et al. where PEDOT:PSS exhibited 1000 S cm-1 under inkjet printing 

and 700 S cm-1 under spin coating after the addition of 5 wt% of DMSO and both of them 

retained the transmittance of around 85% in visible range.[138] Instead of UV/O3 or oxygen 

plasma to improve the wettability of PEDOT:PSS on substrate, Ryu et al. printed a precursor 

layer of 1 wt% Zonyl (in DI water) prior to that and this inkjet printed PEDOT:PSS exhibited 

conductivity about 50 S cm-1.[139] Inspired by the fact that diethylene glycol enables the 

segregation of excess PSS chain from PEDOT:PSS, Borghetti et al. fabricated PEDOT:PSS 

strip that exhibited conductivity of 115 S cm-1 after 8 printing steps.[140] At the same time, Nitta 
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et al. demonstrated PEDOT:PSS thin films of resistance 390.4 Ω and transmittance 86.6% at 

550 nm by spraying ethylene glycol on each printed layer.[141] The highest conductivity to date 

is 1059 S cm-1 achieved by double shot inkjet printing of PEDOT:PSS first, followed by 

printing 5 wt% of DMSO on top of it.[142] This method of produced high conductivity is 

essentially a RIJP approach, indicating the potential of RIJP in generating high performance 

functional materials. 

Inkjet printed PEDOT:PSS has been widely used in electronic applications such as sensor, solar 

cells, transistors and OLEDs.[23,143–146] High conductivity after doping, easy fabrication via 

solution processes and high transparency in visible range, enable PEDOT:PSS to be considered 

as a potential candidate for electrodes in organic electronics devices. Yoshioka et al. 

demonstrated OLEDs based on inkjet printed PEDOT:PSS electrode of active polymer material 

N’,N’-bis(3-methylphenyl)-N’,N’-diphenyl benzidine (TPD), polycarbonate (PC) as hole 

transporting polymer and tris(8-hydroxyquinoline)aluminium (Alq3) as electron transporting 

polymer (Figure 2.18a).[143] The authors achieved a peak luminance of more than 1000 cd m-2 

and external quantum efficiency of ηext=1.3% which were close to those devices with an ITO 

anode. Another interesting observation is the ηext of inkjet printed PEDOT:PSS anode’s OLED 

remained constant when higher voltage was applied, whereas the ηext of  ITO anode’s OLED 

dropped rapidly after achieving the peak value. This was postulated to be due to Joule heating 

effects of the ITO anode. 

Moreover, Chou et al. applied inkjet printed PEDOT:PSS film on OLED that was based on 

polyfluorene (PF) active material.[132] The OLED exhibited luminance of 5000 cd m-2 and an 

efficiency of 1.2 cd A-1, which is similar to spin-coated PEDOT:PSS film. They attributed this 

to the lower contact barrier between inkjet printed PEDOT:PSS and PF. In addition, Lopez et 

al. fabricated OLED with inkjet printed PEDOT:PSS as anode and poly{[2-[2’,5’-bis(2’’-
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ethylhexyloxy)phenyl]-1.4-phenylenevinylene]-co-[2-methoxy-5-(2’-ethylhexyloxy)-1,4-

phenylenevinylene]} (BEHP-PPV)-co-(MEH-PPV) as active layer (Figure 2.18b).[146] Also, 

Ren et al. developed a white OLED using an inkjet printed PEDOT:PSS electrode and white 

polymer active material. However, leakage current was higher than spin coated samples in the 

low voltage regime and they attributed this to the inhomogeneity of the active layer.[64]  

Even though PEDOT:PSS has been considered as a replacement for ITO anode, it is also 

commonly used as a hole transport layer in organic electronics. Gorter et al. inkjet printed both 

the PEDOT:PSS and N,N’-Di-[(1-naphthyl)-N,N’-diphenyl]-1,1’-biphenyl)-4,4’-diamine) (α-

NPD) as hole transport layer in small molecule OLED with maximum efficiency of 

approximate 2.6 lm/W.[147] Yoon et al. fabricated the highest conductivity of inkjet printed 

PEDOT:PSS recorded in literature and applied it to an OLED with relatively low turn on 

voltage = 2.6 V and achieved peak luminance 1863 cd m-2 at 8.5 V (Figure 2.18c).[142]  

In contrast to OLED, alternating current electroluminescent (ACEL) devices are made up of 

inorganic active materials and operate under alternating current. Hu et al. successfully 

fabricated electroluminescent devices based on inkjet printed PEDOT:PSS on PET mesh 

fabrics with 44.0 cd m-2 at 400V, 400 Hz.[148] Inkjet printed PEDOT:PSS was employed as 

transparent top anode in organic light-emitting electrochemical cells for microfluidic sensing 

as presented by Shu et al.[149] 

 

Figure 2.18 Inkjet printed PEDOT:PSS in OLED devices (a) Yellow OLED.[143] (b)Yellow 

OLED.[146] (c) Blue OLED.[142] Figure taken from reference with permission. 



40 

 

Solar energy is one of the most promising renewable energy sources that has attracted much 

attention and has developed progressively in recent years. Steirer et al. compared the different 

deposition methods of hole transport layer (HTL) PEDOT:PSS on power conversion efficiency 

(PCE).[144] The efficiency obtained for spin, spray and inkjet method were 3.6%, 3.5% and 

3.3%, respectively, which indicates that inkjet printed PEDOT:PSS has comparable 

performance to other deposition methods. Also, Eom et al. employed inkjet printed 

PEDOT:PSS as HTL in OPV and obtained a similar efficiency, 3.16%.[134] Using inkjet printed 

PEDOT:PSS as electrode for organic solar cells application, Mauro et al. managed to achieve 

PCE 1.47% on UV ozone treated glass.[138] 

In addition, Sirringhaus et al.  demonstrated high resolution channel length of 5 μm with the 

use of inkjet printed PEDOT:PSS as source-drain electrodes in organic thin film transistor 

(OTFT).[23]  The same research group further reduced the channel length to 500 nm by surface-

energy-assisted inkjet printing method.[150] Besides that, they demonstrated inkjet printed 

PEDOT:PSS on trenches created by nanoimprint lithography in polymethyl methacrylate 

(PMMA) and resulted to 250-300 nm channel length devices.[151] Xue et al. found that TFT 

utilised PEDOT:PSS treated with DMSO as source-drain has better performance than pristine 

PEDOT:PSS electrode due to lower electrode series resistance.[152] Also, Lim et al. 

demonstrated average field-effect mobility values of 6 x 10-3 cm2 V-1 s-1 with inkjet printed 

DMSO-treated PEDOT:PSS, which is six times better than the pristine PEDOT:PSS 

electrode.[153] To further reduce the contact resistance, PEDOT:PSS treated with glycerol  of 

higher conductivity 450 S cm-1 was employed on a hydrophobic polyvinylphenol (PVP) gate 

dielectric and resulted in 0.13 cm2 V-1 s-1.[135] Due to great attention paid to flexible electronics, 

Basirico et al. successfully developed inkjet printed transparent and flexible organic transistors 

with PEDOT:PSS as source, drain and gate electrode on PET substrate.[3] 
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Calvert et al. demonstrated inkjet printed PEDOT:PSS as strain sensors on textiles. The strain 

sensor showed decreasing resistance when strained and increasing again when relaxed.[154] 

Borghetti et al. studied the mechanical behaviour of inkjet printed PEDOT:PSS strain sensor 

on polyimide substrate.[155] Next, Lavery et al. successfully deposited modified PEDOT:PSS 

on  polyfluorene derivatives active layer for all inkjet printed photosensor. This photosensor 

presents a linear response within the illuminance range of 100 to 400 klux.[156] Inspired by the 

fact that PEDOT:PSS could absorb water vapour in the air, Sappat et al. employed inkjet 

printed PEDOT:PSS layer on piezoresistive microcantilever as humidity sensor.[157] 

Furthermore, Bali et al. used PEDOT:PSS mixed with DMSO as negative thermal coefficient 

materials in a fully inkjet printed flexible Wheatstone bridge.[4] This temperature sensor shows 

good linearity at the range of 20 ᴼC to 70 ᴼC and exhibits a sensitivity about 4 mV/ᴼC at 1 mA. 

Sborikas et al. further deposited PEDOT:PSS on  piezo and ferroelectric polymer films by 

inkjet printing.[158] Also, Ma et al. developed a novel transparent touch sensor on PET substrate 

with PEDOT:PSS as electrode and polymethylsiloxane as dielectric.[159] Mannerbro et al. 

demonstrated inkjet printed electrochemical organic transistors made up of PEDOT:PSS and 

electrolyte on flexible substrate.[160] Basirico et al. fabricated all PEDOT:PSS organic 

electrochemical transistors which utilised saline solution as the electrolyte.[161] Recently, 

Sjöberg et al. reported inkjet printed PEDOT:PSS layer on gold electrode for paper based 

potentiometric ion sensors.[162] 

To summarise, inkjet printed PEDOT:PSS demonstrates comparable performance compared to 

spin-coated PEDOT:PSS with advantages such as patternability, low waste and material 

consumption. Moreover, its straightforward processing and unique opto-electronic properties 

with inkjet printing technique show potential to be used in a wide range of technological 

applications ranging from organic electronics to sensing devices. Therefore, it is believed that 
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reactive inkjet printing of PEDOT:PSS is of important practical value and significance for 

future development of printed electronics.  

2.5 Summary 

This chapter provides an overview of the reactive inkjet printing, binary droplet collision and 

example of materials for reactive inkjet printing. The first goal is to introduce the type of inkjet 

printer and reactive inkjet printing technique for droplet formation. Next, it shows how both 

ink rheology and its interaction on substrate affect the deposition patterns. Binary collision, a 

study to understand the raindrop formation, is briefly introduced as it is possible to be used as 

a micro-reactor for material synthesis. Lastly, it describes the functional materials that have 

been used in reactive inkjet printing.  

When reactive inkjet printing is used to synthesise functional materials on the non-porous 

substrates, only single dots structures can be patterned, due to the Marangoni flow of the 

reactive inks on solid surface. No solution has been introduced to eliminate this Marangoni 

flow so far. As a result, reactive inkjet printing has been applied mostly on porous substrates 

(e.g. paper or textile), where the droplets can be pinned into the desired position to form 

patterns. This Marangoni effect resulted from the surface tension difference between two 

reactive inks and continues to be a significant problem for the deposition of functional materials 

on non-porous substrates.  

If the binary collision setup can be replicated and used in reactive inkjet printing to resolve the 

surface tension gradient of reactive inks and evaporation issue, it might lead to a huge increase 

of functional materials printed using reactive inkjet printing technique with new potentials and 

possibilities beyond the current methods. To do this, continued advances and exploration of 

this technique are required, including the development of printer and utilisation of this printer 

for functional materials synthesis, to achieve this goal.  
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Chapter 3  

Micro-reactive Inkjet Printer 

3.1 Introduction 

The recent boom in printed electronics has greatly stimulated the design of advanced, 

customised and miniaturised portable and wearable electronics devices.[163,164] Among the 

established printing techniques, inkjet printing has preferable characteristics such as solution 

processability and deposition of discrete microdroplets of multiple materials with high accuracy 

and resolution.[165] However, inkjet printers utilise small nozzles (10 -100 μm) to realise high 

resolution printing, with the potential drawback of nozzle clogging. To overcome the “nozzle 

clogging” issue, it requires careful design of ink formulations as it prints only low viscosity ink. 

Recently, sequential inkjet printing, also known as ‘reactive inkjet printing’, has emerged as a 

powerful technique with the ability to synthesise and pattern otherwise unprintable materials 

simultaneously.[1,37] Despite that, reactive inkjet printing has only been applicable in highly 

humidity-control environments due to rapid evaporation of first deposited droplets, and porous-

substrate due to the Marangoni flow resultant from surface tension gradient of two reactive 

droplets.[1] Therefore, most of the functional materials were printed on porous substrates (papers 

or textiles) or single dot patterns on non-porous substrates.[1,8,42,123] Such limitations have greatly 

restricted the versatility and applications of existing reactive inkjet printing approaches. 

Binary droplet collision is a phenomenon observed in raindrop formation or combustion engines 

where two droplets of equal or unequal size collide and/or combine.[11–13] Previous studies 

mainly focused on the relation of collision outcomes to Weber number and a geometrical impact 

parameter.[11,12,15] Five different regimes of binary droplet interactions have been established, 

namely, (I) coalescence after minor deformation, (II) bouncing, (III) coalescence after major 

deformation, (IV) reflexive separation and (V) stretching separation.[11] Furthermore, most 
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experimental work uses the same liquid for droplet collisions. For example, water,[15] 

hydrocarbons,[11] ethanol,[16] oil,[17] and only a few with two different liquids such as water and 

ethanol.[18,19] Hinterbicher, on the other hand, proposed that the coalescence of binary or ternary 

droplets of dissimilar materials has great potential in the formation of transient micro-reaction 

vessels for chemical synthesis[20]. Thus, inkjet printing and in-air coalescence of two or more 

reactive materials may offer new functionality and open up new applications for 3D printing. 

This chapter reports a new strategy to overcome the limits of inkjet printing by simultaneous 

coalescence, deposition and patterning of functional materials using the proposed micro-

reactive inkjet printing technique (MRIJP). Figure 3.1 schematically illustrates the concept of 

in-air coalescence and patterning of multi-component material system in a single printing step. 

The materials can be synthesised by collision and coalescence of two initial droplets in mid-air 

before reaching the substrate. As a result, this technique enables the reduction of evaporation, 

positioning and Marangoni problems associated with conventional reactive inkjet printing. 

Next, it describes this custom-made micro-reactive inkjet printer, which is able to eject two 

different droplets and coalesce in mid-air to form the desired product. To monitor the droplet 

collision and coalescence, a microscope camera was installed for observation. Finally, it 

demonstrates some micro-reactive inkjet printed colour droplets. 

 

Figure 3.1 Concept design of micro-reactive inkjet printing. 
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3.2 Results and Discussion 

3.2.1 Hardware Design 

In order to demonstrate this MRIJP concept, a micro-reactive inkjet printer setup is developed 

as shown in Figure 3.2.The inkjet dispensing setup consists of drive electronics (JetDrive III 

CT-MC3-4, Microfab Technologies, Plano, TX, USA), pressure controller (CT-PT-4, 

Microfab Technologies), rotary vane pump RZ 6 (Vacuubrand, Germany), two piezoelectric 

printheads (MJ-ATP-01, 60 μm diameter, Microfab Technologies), LED, Supereyes B008 

USB portable digital microscope and Basler ace acA640-120gm camera. 

Also, stainless steel stands, laser cut acrylic parts and 3D printed PLA parts were used to mount 

various components (camera, LED and printheads) and align them with respect to each other. 

A high resolution 2D motorised stage (Suruga Seiki PG650-L05AG-E1) with a microcontroller 

(Arduino Mega 2560) powered via a USB connection and external power supply is positioned 

underneath the dispensing setup for patterning. The graphical user interface (GUI) was 

developed in LabVIEW software (National Instruments Corp., Austin, Texas, USA) that allows 

user to input G code for controlling the linear stages’ movements to form different patterns on 

the substrates. The detailed of the operation is shown in Figure 3.3. 
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Figure 3.2 Micro-reactive inkjet printer setup. (a) Complete system of micro-reactive inkjet 

printer, including waveform and fluidic control system. (b) Co-planar piezoelectric nozzles 

with observation and motion system. 

 

Figure 3.3 Schematic diagram of micro-reactive inkjet printer setup.   

Waveform control system: Jetserver software and drive electronics are used to generate the 

electrical pulses required for drop generation. 
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Fluidic system: Pressure regulator is used to control and hold the liquid to be printed in the 

reservoirs. A very small negative pressure (~8-10 mbar) is applied to prevent unwanted wetting 

of the printhead nozzle by the liquid to be printed. 

Observation system: USB camera enables image and video capture of drop generation, the LED 

is momentarily illuminated at the same point in the droplet generation process, thus capturing 

the droplet position at the same point in the droplet generation cycle.  

Printing system: Print heads of diameter 60 μm are placed in plane to each other with adjustable 

angle holder and micrometer. The electrical pulses generated by the drive electronics are used 

to actuate a cylindrical piezoactuator bonded to the glass capillary. The subsequent change in 

dimensions of the actuator causes a pressure wave to propagate within the liquid inside the glass 

capillary, leading to droplet ejection. 

Motion system: A high-resolution motorised stage with a microcontroller (Arduino Mega 2560) 

powered via a USB connection and external power supply were programmed with LabVIEW 

software (National Instruments Corp., Austin, Texas, USA) is installed to control the deposition 

of droplets on substrates.  

3.2.2 User Interface 

LabVIEW software was used to control the patterning and capturing of droplets for micro-

reactive inkjet printer. It is comprised of a graphical user interface (GUI) with modules for data 

inputs, control buttons, motion control settings for 2D high-solution stage, adjusting settings 

for droplets capture and saving data.  

Users are able to input the speed, control the direction and create patterns using G-code with 

the LabVIEW created for 2D stage motion control (Figure 3.4). Also, users are able to input 
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the ink type, monitor and capture the droplets with the LabVIEW created for droplets capture 

(Figure 3.5).  

 

Figure 3.4 Front panel of LabVIEW software for motion control. 

 

Figure 3.5 Front panel of LabVIEW software for droplet observation. 
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3.2.3 MRIJP process 

Ink A and Ink B were loaded into separate reservoirs connected to the piezoelectric printheads. 

Drive electronics assisted by Jetserver software is used to generate the electrical pulses required 

for the jetting of droplets A and droplets B. Meanwhile, a pressure controller and a rotary vane 

pump RZ 6 is used to control the pressure during jetting of both Ink A and Ink B from the 

reservoirs while printing. A very small negative pressure (~8-10 mbar) is applied to prevent 

unwanted wetting of the printhead nozzle. Both printhead A and B were tilted toward each 

other with the angle ranging from 30° to 60° (Figure 3.6).  

 

Figure 3.6 Schematic diagram of alignment of in-air droplets in y axis for Ink A and Ink B. 

Printhead attached to the micrometer was adjusted in the y direction so that the ejected droplets 

can coalesce in-air to initialise the reaction before reaching the glass substrate. The 2D 

motorised stage was placed under the printheads for patterning of functional materials. An 

initial experiment of MRIJP technique was carried out using two coloured droplets, where red 

and blue were printed and formed purple coloured on the paper (Figure 3.7). Generally, the 

droplet size is approximately equal to the nozzle size and in this study (±10% of nozzle’s 

diameter), two 60 μm diameter piezoelectric printheads are used to generate droplets.[28] 

However, it is possible to control the droplet size (±10% of diameter of nozzle) by adjusting 
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the electrical driving pulse used to form the droplets. The coalescence and interaction process 

between Ink A droplets and Ink B droplets were captured and imaged using a USB microscope. 

All the images are subsequently analysed using ImageJ.[166] 

 

Figure 3.7 Coloured droplets printed on paper via MRIJP. 

3.2.4 Droplet Coalescence 

To ensure a successful collision outcome, it was crucial to optimise the position of the two 

microscale droplet streams. The timing of the waveform applied to the printheads was adjusted, 

so that both droplets reached the intersection of their trajectories simultaneously. Alignment of 

droplets in the y-axis was facilitated by using a micrometer screw attached to one of the 

printheads. The allowable ‘off-axis’ distance was found to be 60 µm (≈diameter of a single 

droplet) to maintain droplet coalescence. In addition, any droplet bouncing, stretching, 

separation or splashing must be avoided to ensure droplet coalescence of both droplets.[11] 

Finally, example of two 60 μm reactive droplets, A (PEDOT:PSS) and B (EMIM:ES) travelled 

at a velocity of 3.1 m s-1 and 3.4 m s-1, respectively, coalesced and formed a single droplet of 

approximately 80 μm diameter and travelled at a velocity of 2.8 m s-1 (Figure 3.8). 
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Figure 3.8 Stroboscopic images of droplets A and B taken using a microscope camera.   

Calculation of collision + coalesced time of A and B droplets  

It has been observed that the droplet-collision dynamics of different reactive droplets achieved 

a homogenous state within the ranges between ≈400 µs and ≈800 µs after mixing.[87,86] Based 

on these observations, the distance required for achieving a homogeneous state with the speed 

of coalesced droplets of ~ 3 m s-1 is approximately 2.5 mm from the coalesced point to the 

substrate. Therefore, the nozzle and the coalesced point must be mounted at around 2.5 mm to 

ensure good deposition of reactive droplets on the substrates. 

To gain further insight, both the collision and coalescence time needed for A and B droplets 

were calculated. Upon collision, the droplets B with γ=71.0 mN m-1 spread on and envelop the 

droplets A with γ=79.5 mN m-1 as a result of Marangoni flow,[78,85] to form a single droplet AB. 

For Reynolds number: 

2
Re

d


=  > 1                    (3.1) 

the inertial-capillary time of droplets is:[78,82] 
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Next, the spreading distance of droplet B over droplet A can be described as: [84]  
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By assuming the coalescence of droplet A and droplet B when 
1( )L t d= , the coalesced time 

of droplet can be expressed: 
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From the calculation above, the total collision and coalescence time is ≈239 μs, about 40% of 

the travel time from collision point to the substrate (Figure 3.9).  

In addition, the diffusion time droplets is :[86] 
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D
 =                              (3.5) 

 

Figure 3.9 Schematic illustration of in-air collision, coalescence and gelation mechanism. 
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Based on this, it infers that the diffusion process of droplet A and droplet B was largely 

complete before reaching the substrate. The droplet pair is considered sufficiently 

homogeneous if the summation of τcol, τcoa and τdif is less than the travelled time after coalesced. 

While complete mixing of the two inks is achieved, the timescale of gelation will mean the 

gelation reaction is liable to be incomplete. Therefore, a limited amount of subsequent flow of 

the coalesced droplets on the substrate may occur, allowing homogenous patterning on the 

substrates. 

3.2.5 Droplet Deposition 

Marangoni flow 

Sequential or reactive inkjet printing (RIJP) tends to produce non-uniform films on glass 

substrates (Figure 3.10). This is probably due to the Marangoni flow of reactive droplet A and 

droplet B after lateral drop-drop contact, with a small amount of liquid flow from the lower 

surface tension region to the higher surface tension region, especially when the surface tension 

difference of two reacting droplets exceeds 4 mN m-1.[9] In this case, the surface tension 

difference of A and B was 8.5 mN m-1. Conversely, MRIJP technique deposits coalesced 

droplets AB, eliminates the surface tension gradients of individual separate droplet, forming a 

homogeneous and morphologically smooth pattern on the glass substrate (Figure 3.11). The 

ejection of droplets was controlled by the Jetserver software and the 2D stage was controlled 

by the LabVIEW where the 2D stage tends to decelerate before changing its printing direction. 

Therefore, the thick edges on the film were not due to coffee stain effect but the continuous 

jetting of droplets. MRIJP provides an alternative approach to pattern films in a much simpler, 

efficient and cost-effective way when compared to conventionally employed approaches. 
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Figure 3.10 Schematic illustration of RIJP of Ink A and Ink B and its photographic images on 

glass substrates. a) Ink A was first printed followed by Ink B and b) Ink B was first printed 

followed by Ink A on glass substrates. 

 

Figure 3.11 Schematic illustration of MRIJP of Ink A and Ink B and its photographic images 

on glass substrates. 

A B 

B A 

A B 
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Homogenous mixing of inks 

Spin coating is one of the most commonly used techniques to deposit materials on solid 

substrates such as glass and flexible substrates. To prepare the materials for spin coating, a pre-

mixed solution from different inks was prepared and stirred with magnetic bars in a vial. 

However, the uniformity of materials coated on solid substrates via spin coating got worse as 

the viscosity of solutions increased (Figure 3.12a). This is probably due to the insufficient 

stirring or mixing of solutions in the vials. In contrast, MRIJP technique allows homogenous 

mixing of droplet, eliminates the insufficient mixing issue in conventional direct mixing 

method (Figure 3.12b).  

 

Figure 3.12 Photographic images of different concentration of conducting PEDOT:PSS films 

coated on glass substrate using (a) spin coating and (b) MRIJP method. Inset shows the 

microscopic images of films on glass substrates.  

Dewetting or evaporation of reactive inks 

In addition, RIJP is a technique where two different reactive materials are deposited 

sequentially on the substrates. This is a useful technique to deposit reactive materials while not 

clogging the nozzle during all the possible gelation, polymerisation or agglomeration processes. 
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However, the disadvantage of this technique is the rapid evaporation of the first deposited ink 

on the substrate. This might affect the final pattern of the functional material as the first ink has 

evaporated before the deposition of the second ink (Figure 3.13a). This problem can be solved 

either by adding higher boiling solvent into the ink to prevent the rapid evaporation or by 

intensive humid controlled to prevent the evaporation. Both methods obviously complicate the 

whole printing process. In contrary, MRIJP technique allows the deposition of two reactive 

inks at the same time on the substrates, eliminates all the evaporation issue of the first deposited 

ink on the substrates (Figure 3.13b).  

 

Figure 3.13 Printed PANI on glass substrates prepared by (a) RIJP and (b) MRIJP technique.  

3.3 Summary 

In summary, a new 3D printing strategy that can exceed the limits of existing inkjet printing 

techniques through in-air mixing of two reactive droplets was introduced. A custom-made 

micro-reactive inkjet printer was built to fabricate 2D and 3D reactive materials on glass 

substrates. This versatile micro-droplet 3D printing strategy provides a new way of achieving 

higher resolution polymeric materials via single step printing. Moreover, it is envisioned that 

this micro-reactive inkjet printing can be applied to a wide range of material synthesis at a 

micro-scale level, while keeping the inherent advantages of multi-material deposition of 

conventional inkjet printing. 
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Chapter 4  

Micro-reactive Inkjet Printing of Alginate Hydrogel 

4.1 Introduction 

Biocompatible soft-matter featuring fine three-dimensional (3D) microstructures will have a 

significant impact on enabling applications, such as regenerative medicine, tissue regeneration, 

and organ printing.[92,167,168] In particular, the fabrication of soft-matter based on inkjet printing, 

is an emerging technology due to its unique advantages including customisation, high spatial 

resolution and miniaturisation, which will ultimately lead to future ubiquitous applications.[169] 

Another intriguing use of inkjet printing is sequential inkjet printing, also known as ‘reactive 

inkjet printing’, which has been constituted as a versatile technique that allows patterning and 

synthesising otherwise unprintable and incompatible materials simultaneously.[8] However, 

achieving fully inkjet printed self-standing 3D soft-matter microstructures without the support 

of a cross-linker (or precursor) bath or substrate remains a major challenge towards the progress 

of inkjet patterning of 3D scaffolds in tissue engineering.[2]  

Biopolymer-based hydrogels have been extensively used in tissue engineering (e.g. in cell 

encapsulation), the use attributable to its extraordinary biocompatibility, tunable mechanical 

properties and resemblance to the native extracellular matrix (ECM).[170] As one of the most 

studied hydrogels, alginate has been used as a model system in inkjet printing because of the 

ease of processing and rapid gelation. In the last few years, inkjet printing of alginate hydrogel 

based on three central approaches: inkjet – bath, inkjet – gel and inkjet – spray, have shown 

promising results, which are summarised in Table 4.1. By laminating layers of inkjet precursor 

(or cross-linker) with cross-linker (or precursor) in the bath on the target substrate, structures 

such as microshells, tubes, pyramids and ‘pie-shaped’ hydrogels are reported.[92,94,97,171,172] 

Inspired by previous studies, Christensen et al. successfully printed bifurcated vascular-like 
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tubes using a platform-assisted printer, which in turn set a good foundation for future organ 

printing.[173] Later, the concept of gelatine substrates containing reactive cross-linker was 

introduced to optimise the microdroplet spreading and gelation behaviour during hydrogel 

printing.[2,174] Recently, the combined use of inkjet and spray techniques enabled printed 3D 

structures without the drawbacks of the structure degrading in the bath and the unavoidable 

end product size limitation due to the bath size or reactive substrate size.[169] 

Table 4.1 Comparison of techniques used in conjunction with inkjet printing, structures and 

sizes of alginate hydrogel from literature and own results. 

Type of 

approach 
Author Precursor Cross-linker 

Produced 

Structure 

Smallest 

size [mm] 

Inkjet - bath 

Boland[92] Bath a) Inkjet Microshell 2.90 

Nishiyama[94] Inkjet Bath a) Tube 0.90 

Arai[97] Inkjet Bath a) Pyramid 5.00 

Xu[171] Inkjet Bath Zigzag tube 3.00 

Xu[172] Bath a) Inkjet Pie 6.11 

Christensen[173] Inkjet Bath Tube 3.00 

Inkjet - gel 
Pataky[2] Inkjet Gelatine Microvasculature 0.09 

Negro[174] Inkjet a) Gelatine Arbitrary 0.20 

Inkjet - spray Yoon[169] Inkjet a) Spray Freeform 1.0 

Inkjet - inkjet This work Inkjet Inkjet Arbitrary 0.30 

a) Small amount of viscosity modifier is added into the solution.  

Controlled synthesis and positioning of hydrogels from precursor and cross-linker to form 

microstructures have become increasingly important for tissue engineering applications and 

soft-matter printing. However, previous attempts relied prominently on multi-technique 

approaches that included vigilant monitoring during the cross-linking process to avoid washing 

away of the printed structure and time-consuming cross-linker contained gelatine substrate, 

which draw increasing demand to improve the inkjet printing of 3D hydrogels.[2,92,94,97,169,174] 

Meanwhile, full-reactive inkjet printing has been widely touted for its combination of material 
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deposition and chemical reaction to synthesise patterned functional materials in a cost-effective 

way.[1,8] For example, the patterning of copper and poly(phenylenevinylene) from two to three 

inks on paper (porous substrate), respectively, by employing full-reactive inkjet printing.[1,37] 

On the other hand, coating problems originating from Marangoni flow between two reactive 

materials and rapid evaporation of the first deposited material on non-porous substrate,[1,9] 

impeded the widespread application and exploration of full-reactive inkjet printing, as no 

attempt was conducted in printing hydrogel structures with this method. Therefore, the 

successful tackling of these problems is expected to revolutionise the inkjet printing technique 

for 3D printing of hydrogel structures. 

This chapter reports an absolute reactive inkjet printed hydrogels via in-air merging of 

precursor and cross-linker droplets, namely, micro-reactive inkjet printing (MRIP), one of the 

attempts of using in-air droplets collision to form micro-reactors.[20] The in-air coalescence of 

precursor and cross-linker enables a single printing step and zero Marangoni influence on the 

deposited liquid pattern, allowing the expected fine 3D hydrogel structures to be achieved on 

non-porous substrates. Moreover, a characterisation of the formation process of printed 

hydrogels based on mathematical modelling proving the proposed concept of volume change 

induced by the evaporation of water over time. Various structures of alginate hydrogels ranging 

from 10 mm2 free-standing thin film to a 2 mm height with 200 μm diameter hollow tube were 

demonstrated using MRIJP technique, which may promote the evolution of hydrogel printing 

for tissue engineering application. 

4.2 Results and Discussion 

4.2.1 Micro-reactive Inkjet Printing of Alginate Hydrogel 

In principle, the fabrication of alginate hydrogels between precursor sodium alginate and cross-

linker calcium ions under inkjet printing can be divided into the following two major 
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techniques. The first and the most studied technique, single-reactive inkjet printing, is the direct 

deposition of sodium alginate into a bath of calcium ions solution (Figure 4.1a).[41,53,95,96,175] 

However, printing hydrogels in a liquid bath is limited and structures other than microdroplet 

are not possible without increasing the viscosity of bath materials to a gel-like behaviour.[176] 

In this technique, rapid gelation between sodium alginate and calcium ions in cross-linker 

solution limits the structure of alginate hydrogels to microcapsule alginate beads of average 85 

μm diameter. To overcome this limitation, several alterations have been attempted, such as 

viscosity manipulation of cross-linker bath,[97,177] utilisation of platform-assisted motion 

control,[92,171,178] and employment of cross-linker infused substrates,[2,174] to either increase the 

viscosity of cross-linker bath or with a printing support for 3D alginate hydrogel structures. 

The second technique is full-reactive inkjet printing of precursor and cross-linker where the 

gelation occurs after the deposition of sodium alginate droplets on top of calcium ions droplets 

on the substrates (Figure 4.1b). This technique is applicable to other reactive materials on 

porous substrates (e.g. glossy paper and textile),[1,6,179] however, it is challenging to form a 

desired pattern beyond single dots structures on non-porous substrates (e.g. glass and plastic 

sheets).[1] As expected, glass substrate improves structural design, but still led to heterogeneous 

disconnected alginate hydrogel structures on glass substrate. The coalescence behaviour of two 

reacting drops on a substrate can be enigmatic, especially when the surface tension difference 

of two reacting drops lies between 0.5 mN/m < ∆γ <4 mN/m, resulting in a pronounced 

Marangoni flow - a substantial amount of drop with the lower surface tension towards the drop 

with the higher surface tension, as observed by Jehannin and co-workers.[9] Based on these 

findings, it is hypothesised that the separate isolated alginate hydrogels on glass substrate 

largely arises from post-deposition interaction between sodium alginate and calcium ion 

droplets, for example, wetting, coalescence or Marangoni effect, which affected the quality of 
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the printed products (Table 4.2). This is particularly important as non-porous substrates are 

typically used in cell cultures with hydrogels (e.g. glass or tissue culture plastic). 

  

Figure 4.1 General alginate hydrogel inkjet printing approach. Schematic illustration of three 

different inkjet printing strategies for alginate hydrogel – (a) single, (b) full and (c) micro-

reactive inkjet printing. It involves inkjet printing of droplets, coalescence of precursor and 

cross-linker prior to deposition with representative images of printed alginate hydrogels for 

these three strategies. (A small amount of blue food dye was added for better visualisation) 

Table 4.2 Inks properties 

Properties Precursor Cross-linker 

Viscosity 20.98 cP 1.27 cP 

Surface tension 78 mN/m 80 mN/m 

Contact angle (glass) 42.51ᴼ ± 2ᴼ 38.68ᴼ ± 2ᴼ 
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To address these challenges in printing reacting materials, this work presents a generalizable 

approach to enable 3D printing of hydrogel structures using the in-air coalescence method. In 

this approach, the in-air droplet coalescence to cross-link the hydrogels immediately prior to 

deposition was introduced (Figure 4.1c), “micro-reactive inkjet printing” (MRIJP). Using the 

in-air droplet coalescence method, the precursor and cross-linker combined in-air and formed 

a single droplet, which eliminates the issue of Marangoni flow on substrate. This enables the 

formation of thin film alginate hydrogels on glass substrates, with slight accumulation of 

hydrogel on the edges resulted from continuous jetting of droplets and deceleration of moving 

stage. Advantages to this approach are that: i) it does not involve any surface tension difference 

that leads to Marangoni flow, ii) it permits the deposition of hydrogels without any reactive 

substrate, iii) it can be generalised to different low-viscosity hydrogel formulations, iv) it can 

be used to print heterogeneous 3D structures, and v) it can potentially prevent catastrophic cell 

damage that would arise from the shear or extensional stresses during printing by encapsulating 

cells in lower viscosity inks. 

To evaluate the printability of both precursor and cross-linker inks, Capillary number, Ca 

versus Weber number, We window diagram was plotted: 

v
Ca




=                     (4.1) 

2v d
We




=                     (4.2) 

where η, ν, γ, ρ, d are viscosity, velocity, surface tension, density and nozzle diameter.[180] Each 

data point attributed to a printable ink, including the one with satellite droplets but reabsorbed 

to form a single droplet before impact (Figure 4.2).  
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Figure 4.2 Capillary number versus Weber number diagram with empirically determined 

printable window shaded in grey for precursor and cross-linker ink. 

Briefly, the voltage of inkjet printhead was varied to identify the upper and lower limit of 

velocity of droplet for stable jetting at a frequency of 40 Hz, as voltage influences the ejected 

drop velocity. By comparison, it required higher voltage to eject the more viscous precursor 

droplet than the less viscous cross-linker droplet at the optimised conditions (Figure 4.3). 

 

Figure 4.3 Jetting waveform of MRIJP system. (a) Precursor and (b) Cross-linker. 

Furthermore, it was found that the Ca and We are predominately determined by droplet velocity 

and viscosity, as both precursor and cross-linker ink have similar surface tension and density. 

As expected, both inks fall within the printability window lie along parallel lines of Z number 

boundaries from most viscous precursor ink (highest Ca number) to least viscous cross-linker 
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ink (lowest Ca number) with jetting voltages, which is consistent with those observed by Nallan 

et al.[180] To confirm the printability of both inks, the inverse Ohnesorge number was measured: 

/Z d =                      (4.3) 

and noticed that the window spans over the Z value from ≈ 3 to 55, which are all suitable for 

inkjet printing (Table 4.3).[28,49] 

Table 4.3 Ohnesorge and Z number parameters for all precursor and cross-linker ink 

formulations 

Inks 
Viscosity, 

η (cP) 

Surface Tension, 

γ (mN m-1) 

Density, 

ρ (kg m-3) 

Ohnersorge 

number (Oh) 

Z 

(1/Oh) 

Ink 1      

0.8 wt% alginate 3.38 78 1000 0.049 20.24 

1.0 wt% alginate 4.24 78 1000 0.062 16.13 

1.5 wt% alginate 6.14 78 1000 0.090 11.14 

2.0 wt% alginate 11.4 78 1000 0.167 6.00 

2.5 wt% alginate 20.98 78 1000 0.307 3.26 

Ink 2      

3.0 wt% CaCl2.6H2O 1.27 80 1000 0.018 54.55 

 

Although both precursor and cross-linker inks can be ejected out from single printhead at 

optimal conditions, it does not indicate that in-air coalescence occurs, which is particularly 

important for the MRIJP technique. To assess this, in-air droplet coalescence as a function of 

voltage at constant frequency of 40 Hz on 2.5 wt% alginate droplets and 3 wt% calcium 

droplets were performed. The velocity of the droplets were chosen in such a way that the 

precursor and cross-linker droplets merged before impact. From the ν-η graph, it is evident that 

the coalesce of two droplets only occurred when the velocity does not vary significantly 

between the precursor and cross-linker (2.7 m s-1 and 2.4 m s-1, respectively) (Figure 4.4), 
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while those droplets that lie outside of the velocity of cross-linker implies no coalescence. More 

importantly, it shows that the coalesce of two reactive droplets is critically dependent on the 

velocity of lower viscosity (cross-linker) ink. Upon collision, the coalesced droplets travelled 

at a lower velocity, ≈ 2.2 m s-1, which is consistent with the momentum conservation for 

collision.[16]  

 
Figure 4.4 Velocity of precursor and cross-linker droplets as a function of viscosity. The grey 

shaded area represents inkjet printable and blue shaded area represents micro-reactive inkjet 

printable. 

Detailed characterisation of droplets before and after coalescence is presented in Table 4.4. 

Stable droplet ejection as well as similar droplet velocity in flight is important to achieve a 

coalesce droplet pair in MRIJP. Despite the small printable range of cross-linker due to its low 

viscosity, it showed stable droplets up to 500 Hz.  

Table 4.4 Droplet properties 

 Precursor Cross-linker Alginate 

Diameter 60 µm 60 µm 100 µm 

Velocity 2.7 m s-1 2.4 m s-1 2.2 m s-1 

Stand-off distance ~ 2.4 mm 

from printhead 

~ 2.4 mm 

from printhead 

~ 1.8 mm 

from substrate 
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Another critical parameter for coalescence is the alignment of droplets at y-axis. In this case, 

the optimal ‘off-axis’ distance to successfully coalesce a droplet pair was determined to be 

approximately 60 µm (≈diameter of a droplet), with further increases leading to separation of 

precursor and cross-linker droplets (Figure 4.5a). Precursor droplet and cross-linker droplet 

are ejected out from their respective printhead nozzles and travel in the vertical plane upon 

coalescence (Figure 4.5b). 

 

Figure 4.5 (a) Schematic diagram of alignment of droplets in y axis to coalesce precursor and 

cross-linker droplets in the mid-air. (b) Stroboscopic images of in-air coalescence of precursor 

droplet and cross-linker droplet in 500 Hz under USB microscope. 

In order to understand the homogeneity and gelation mechanism of in-air coalesced alginate 

and calcium droplets, the travel time and optimised distance from coalesced point to glass 

substrate for successful 3D printing were calculated. Recently, Jacobs et al. and Takano et al. 

observed the droplet-collision dynamics of different reactive droplets using colour analysis 

assisted by pulsed laser with colour charge-coupled device (CCD) camera.[86,87] The authors 

found that the two coalesced droplets achieved a homogenous state at an elapsed time of ≈400 

and ≈800 µs after mixing, respectively. In this MRIJP system, the nozzles were mounted <5 
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mm away from the glass substrate with the coalesced point at around 2.4 mm from nozzle. By 

comparison, the time required for the coalesced droplet to reach the glass substrate is 

approximately ≈1100 µs, suggesting that the mixed droplet has sufficient time to achieve 

homogenous state before reaching the substrate. The increased standoff between nozzle and 

substrate is better for homogeneity of coalesced precursor and cross-linker, however, it will 

reduce the position accuracy as the drag from air currents may deviate the droplets from their 

vertical trajectory. Therefore, the standoff distance should be as low as possible but enough 

time for two droplets to reach homogenous state in a single droplet before deposition. To 

confirm that the alginate is crosslinked, Fourier-transform infrared (FTIR) spectroscopy on 

crosslinked alginate hydrogel and alginic acid powder were performed (Figure 4.6). The COO- 

stretching asymmetric vibration at 1593 cm-1 becomes broader and COO- stretching symmetric 

vibration at 1405 cm-1 shifted to 1414 cm-1 after crosslinking with Ca2+ ions.[181] The more 

distinct band at 1026 cm-1 (C-O stretching vibrations) is observed suggesting a stronger OH 

bending vibration as a result of replacing sodium ions to calcium ions at the guluronic acid/G 

blocks.[181] Thus, FTIR analysis confirms that alginate hydrogel was successfully formed by 

micro-reactive inkjet printing via in-air droplet coalescence. 

 

Figure 4.6 FTIR spectra of alginate hydrogel. 
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Having demonstrated that this platform can be used to make alginate hydrogel films on glass 

substrates, different concentration of sodium alginates were tested to optimise the printing 

structures. Low concentration of sodium alginate was not sufficient to maintain the 3D shape 

fidelity during the printing process and too much resulted in hydrogels that were no longer 

printable (Figure 4.7). It is observed that with increasing concentration of sodium alginate 

from 1.0 wt% to 2.5 wt%, the thickness of alginate hydrogels increased linearly from 5 to 14 

μm. To the best of our knowledge, this is the highest concentration of alginate hydrogels printed 

using inkjet printing technique. Also, high concentration of sodium alginate solution is known 

to exhibit high viscosity which resists droplet ejection. Thus, the alginate ink composition and 

crosslinking conditions were optimised to obtain a 3D alginate hydrogel structure.  

 

Figure 4.7 The relationship between the viscosity and the thickness of alginate hydrogel with 

various weight percentage of sodium alginate. 

A proportion of 0.8 wt% alginate is widely used for inkjet printing.[2,94,174] Various ink 

compositions ranges from 0.8 to 3.0 wt% of alginate were tested and found that 2.5 wt% 

alginate can be printed into a pillar structure while lower concentration formed only dome 

structures on glass substrate after t = 180 second (Figure 4.8a) with no splashing observed 

during the impact of mixed droplets on glass substrates. After optimising the stability of 



69 

 

hydrogel structures with respect to concentration of sodium alginate, hydrogel pillars of about 

2 mm height were successfully printed on glass substrate in less than 4 min (Figure 4.8b). 

 

Figure 4.8 (a) Photographs of hydrogel structures printed after t=180 s with various weight 

percent of sodium alginate. (2.5 wt%) Scale bar, 0.5 mm. (b) Photograph of hydrogel pillar 

after t=226 s. Scale bar, 0.5 mm. 

Next, the drying behaviour of alginate hydrogel droplets on glass substrates were characterised. 

As it can be seen, the deposition of hydrogel droplets was highly dependent on the speed of 

stage at constant jetting frequency (Figure 4.9). The deposition started from discrete droplets 

at 10.0 mm s-1, gradually merged to stacked coin from 8.0 mm s-1 to 4.0 mm s-1 and bulged at 

1.7 mm s-1, consistent with literature data.[61] Apart from that, the discrete hydrogel droplets 

was about 230 μm diameter and line-like structures ranged from 240 μm to 250 μm wide. The 

theoretical size of a droplet on glass substrate can be calculated from: 

12
3 2

8
( )

tan (3 tan )
2 2
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                  (4.4) 

where d12 and θ are the diameter of coalesced droplet and contact angle of droplet on the glass 

substrate.[56] In addition, the theoretical line width can be obtained from: 
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where p is the droplet spacing.[56] Details of the parameters used for diameter of droplet and 

width of line on glass substrates is presented in Table 4.5. The diameter of droplet and line 

width show good agreement between the experimental data and calculated data. Therefore, this 

demonstrates that the equation typically used for a single printhead can also be applied for 

MRIJP technique. 

 

Figure 4.9 Microscopy images of printed alginate hydrogels on glass substrates (Jetting 

frequency =40 Hz). 

Table 4.5 Parameters used for diameter of droplet and width of line on glass substrates 

 Alginate 

Diameter, d12 100 µm 

Droplet spacing 130 µm 

θ 35° 

Predicted diameter 201 µm 

Measured diameter 230 µm 

Predicted width 194 µm  

Measured width 240 µm 
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4.2.2 Comparative Mathematical Model of The Evaporation Rate of Hydrogel On Glass 

Substrate 

In addition, printed alginate hydrogel shrunk over time when placed on glass substrate (Figure 

4.10). This is expected as alginate hydrogel contains ~ 97 % water (Figure 4.11). Overall, the 

evaporation of water in alginate hydrogel can be divided into two phases. In the first phase, 

from 0 s (just printed) to 150 s, the evaporation rate was relatively fast, and the size of the 

hydrogel at 150 s was reduced to 17% of its original size. From 150 s to 250 s (at which the 

hydrogel size remained constant), the size of the hydrogel was reduced and remained at 

approximately 9% of its original size. From these observations, a mathematical model was 

constructed to understand the mechanism of shrinking alginate hydrogel. The evaporation of 

single water droplet on solid substrate can be defined as: 

/ ( / )I dm dt dV dt= − = −                   (4.6) 

where m, t,  ,V are the mass, time taken, density and volume of the droplet. In the model of 

Birdi et al., they proposed that the evaporation rate at a given moment, which is an important 

consideration for processability, could be assumed as the diffusion of liquid molecules out of 

the surface through the air layer into atmosphere.[182] Therefore, the evaporation rate of a sessile 

drop of water on solid substrates can be simplified as: 

24 ( / )dropI r D dc dr= −                   (4.7) 

where 
24 r , r, D, c are the surface area of a drop, its radius, diffusion coefficient and 

concentration, respectively. It can be further expressed as: 

drop 0 04 ( )dI r D c Hc= −                    (4.8) 
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when the boundary conditionsc c= when r =   and 
0c c= when 

dr r=  is imposed, where c

is the ambient vapour concentration (
0c Hc = ,[183] H= relative humidity), c0 is the saturated 

vapour concentration and rd is the radius of droplet, respectively.[182] Similarly, equations for 

evaporation rate of different structures with different reactive materials on solid substrates can 

be derived based on this concept.  

 

Figure 4.10 Evaporation of alginate hydrogel pillar over time. Scale bar, 0.5 mm. 

 

Figure 4.11 Thermal gravimetric analysis (TGA) of printed alginate hydrogel. The weight loss 

of hydrogel at 120 ºC was used to evaluate the water content of the hydrogel. 

Next, a simple model to test this mechanism of hydrogel shrinkage was built. The evaporation 

of alginate hydrogel pillar (combination of a cone and cylinder) was assumed mainly due to 



73 

 

the diffusion of molecules out of the surface to the atmosphere as illustrated in Figure 4.12. 

The liquid-vapour surface area is the surface area of cone: 

2 2 2

coneA r r h r = + +                   (4.9) 

 and cylinder: 

2

cylinder 2 2A rh r = +                  (4.10) 

where r and h are radius and height of respective structure. However, the base of cone, the top 

and bottom circles of cylinder are in contact with glass substrate or cone, which forbid the 

evaporation of pillar. Therefore, the exposed surface areas are 
2 2

coneA r h r= +  and cylinder, 

cylinder 2A rh= . Following the similar approach, the evaporation rate for alginate hydrogel 

pillar is estimated as Ialginate = Icone + Icylinder: 

Detailed derivation of the evaporation rate of alginate hydrogel pillar 

When the water evaporated from the alginate hydrogel, the evaporation rate of cone can be 

described as: 

2 2

cone

dc
I r h r D

dr
= − +                 (4.11) 

where r, h, D, c are radius, height, diffusion coefficient, and concentration, respectively. At 

infinite distance from the cone, the following boundary conditions imposed: c c=  when r =   

and 0c c=  when 1r r= , where r1 is the radius of the cone. Hence, the evaporation rate of a cone 

is: 
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1 0 0

2 2 2 2

1 1 1 1 1 1

1 1

2 ( )

ln ln

cone

Dh c Hc
I

h r h h r h

h h

 −
=

+ + + −
−

              (4.12) 

Similarly, the evaporation rate of cylinder can be defined as: 

2cylinder

dc
I rhD

dr
= −                   (4.13) 

with the boundary conditions c c=  when r =   and 0c c= , where r2 is the radius of the cone 

at infinite distance. Therefore, the equation rate of a cylinder is: 

2 0 0

2

2 ( )

ln
cylinder

Dh c Hc
I

r

 −
= −                 (4.14) 

Therefore: 

1 0 0 2 0 0
alginate

2 2

1 1 1

1

2 2
2

1 1 1

1

2 ( ) 2 ( )Dh c Hc Dh c Hc
I

h r h

h

ln rh r h
ln ln

h

 − −
= −

+ +
−

+ −
           (4.15) 

where h1 and h2 are the height of the cone and the cylinder, and r1 and r2 are the radius of the 

cone and the cylinder. This mathematical model can be used to represent the evaporation rate 

of any pillar shaped material. 
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Figure 4.12 Schematic showing the mathematical model of alginate hydrogel pillar. 

To calculate the evaporation rate Ialginate, the volume change of alginate hydrogel was modelled 

due to water loss since it contains more than 97% of water. Using this model, parameters D = 

24.6 x 10-6 m2 s-1, ρ = 1000 kg m-3, and cs = 2.08 x 10-2 kg m-3 at the room temperature of 23 

ºC with the relative humidity at around H = 0.50 were used.[183] For the experimental value, the 

change of alginate hydrogel pillars were captured using a camera and the change in geometry 

was analysed using ImageJ to extract the relevant dimensions assuming the pillars to be 

axisymmetric through the evaporation process. Interestingly, the hypothetical volume change 

of the alginate hydrogel pillar showed good agreement with the experimental values, as 

demonstrated in Figure 4.13. As the time increased, the volume of printed alginate hydrogel 

pillar reduced at almost similar rate with the hypothetical one and reached a plateau at around 

200 s. This behaviour was attributed to the complete drying out of water and dried alginate 

hydrogel remained. The current model accounts only for water evaporation and is therefore 

less accurate and resulted in a slight difference between the model prediction and experiment. 

Furthermore, the thermal conductivity of liquid and substrate, air velocity and atmospheric 

pressure which have significant effect on the total evaporation were not taken into account in 

the mathematical modelling contributed to the larger volume of alginate hydrogel.[184] Besides, 
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buoyancy effects may enhance the transport of vapour from the pillar resulted in faster 

evaporation rate of alginate hydrogel in reality.[185] 

 

Figure 4.13 Volume of printed alginate hydrogel pillar as a function of time obtained by 

mathematical model (dash) and experiment (solid). 

4.2.3 3D printing of Alginate Hydrogel Structures  

Next, the capability to print various complex shapes of alginate hydrogel 3D microstructures 

using MRIJP technique was demonstrated. In particular, focus was given to determining the 

maximum height achievable and the minimum feature size of hydrogel and minimum spacing 

between hydrogel features. Firstly, a 10 mm × 10 mm × 1 mm thin film was formed after 10 

layers of alginate hydrogels at high dispensing frequency of 500 Hz (Figure 4.14a). To verify 

that the printed material is indeed a gel and not a viscoelastic polymer solution, the storage 

modulus G’ and loss modulus G” as a function of frequency was measured. As expected, this 

printed alginate hydrogel demonstrates a predominantly elastic response typical of hydrogels 

(Figure 4.15), with the G’ exceeding the G” by a factor of 4 over the entire range of frequencies, 

down to 0.1 Hz.[186] Importantly, the tan(δ)=G”/G’ value of printed alginate hydrogels is in the 

range of 0.20 - 0.25, demonstrates a good compromise between structural integrity and printing, 

consistent with previously reported values for gelatine-alginate hydrogels.[187] In addition, a 2 
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mm base, 3 mm height and approximately 0.3 mm thick solid triangle was formed after 20 

layers at medium dispensing frequency of 100 Hz, followed by a solid tree made up of 2 mm 

× 3 mm crown, 3 mm × 0.2 mm trunk and thickness of ≈0.3 mm (Figure 4.14b, c). Likewise, 

a 10 mm length of solid stick with a diameter of ≈0.5 mm was formed after 200 layers (Figure 

4.14d). Furthermore, a hollow alginate hydrogel tube of 2 mm tall of ≈0.2 mm diameter was 

printed after 300 layers at a very low dispensing frequency of 10 Hz (Figure 4.14e, f). In this 

case, controlling the external vibration and air flow is critical to the success of printing 3D 

microstructures of hydrogels, especially printing under low frequency (< 50 Hz). 

 

Figure 4.14 Different structure of micro-reactive inkjet printed alginate hydrogels. (a) Image 

of an alginate rectangular film (f = 500 Hz, 10 layers). (b) Image of an alginate triangle film (f 

= 100 Hz, 20 layers). (c) Image of an alginate tree (f = 100 Hz, 20 layers). (d) Image of an 

alginate stick (f = 100 Hz, 200 layers). (e) Image of an alginate hollow tube (f = 10 Hz, 300 

layers). (f) Microscopic image of hollow tube. 
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Figure 4.15 Viscoelasticity of printed alginate hydrogel. Storage modulus G’ and loss modulus 

G” were measured as functions of frequency. 

4.3 Summary 

In conclusion, fine 3D microstructured hydrogels were fabricated in a single step by in-air 

collision of precursor and cross-linker droplets using micro-reactive inkjet printing technique. 

This ability contrasts with conventional inkjet printing, which requires complicated cross-

linker bath optimisation and time-consuming gel substrate preparation. This MRIJP technique 

enables 3D printing of complicated fine structures, opening new avenues for tissue engineering 

because of its effective approach to constructing microarchitecture similar to human tissues. 

This is the first demonstration of inkjet printed high concentration alginate hydrogels and free-

standing hydrogels on supporting without cross-linker or gel support. This MRIJP technique 

can be paradigmatic for both 3D bioprinting and inkjet printing which could lead to 

customisation and rapid manufacturing of functional 3D tissues, and ultimately, perhaps organ 

printing. 



79 

 

4.4 Experimental Section 

4.4.1 Chemical and Materials 

All chemicals were purchased from Sigma-Aldrich. Low viscosity sodium alginate (A1112, 

CAS 9005-38-3) and CaCl2.6H2O (442909, CAS 7774-34-7) were dissolved in deionised (DI) 

water, respectively. The formulations were filtered through 0.45 μm filters to remove large 

particles. 

4.4.2 Micro-reactive Inkjet Printer Setup  

The precursor sodium alginate and calcium cross-linker droplets were ejected from two 

piezoelectric printheads (MJ-ATP-01, 60 μm diameter orifice, Microfab Technologies) 

controlled by a driver unit (JetDrive III CT-MC3-4, Microfab Technologies, Plano, TX, USA). 

A pneumatic controller (CT-PT-4, Microfab Technologies) and a rotary vane pump RZ 6 

(Vacuubrand, Germany) were used to correct static pressure for drop-on-demand operation. 

Droplets images were captured using a LED, Supereyes B008 USB portable digital microscope 

and Basler ace acA640-120gm camera. All the images were processed and analysed using 

ImageJ software.[166] Hydrogel structures were designed via production of G-code that controls 

the XY motion of the high resolution 2D motorised stage (Suruga Seiki PG650-L05AG-E1) 

with a microcontroller (Arduino Mega 2560). G-code was generated by manual coding and 

input to the custom LabVIEW interface (National Instruments Corp., Austin, Texas, USA).   

4.4.3 Micro-reactive Inkjet Printing of Hydrogel 

Both precursor and cross-linker were loaded into reservoirs connected to the piezoelectric 

printheads, respectively. Drive electronics controlled via Jetserver software (Microfab 

Technologies, Plano, TX, USA) is used to generate the electrical pulses required for droplet 

jetting of precursor and cross-linker. Droplets are ejected from both nozzles and coalesced in-
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air to initialise the cross-linking of hydrogel before reaching the glass substrate. Unless stated 

otherwise, all the samples were inkjet printed onto 10 mm x 10 mm glass substrates that had 

been cleaned with a detergent solution: sonicated in acetone and isopropyl alcohol for 10 min 

each. 

4.4.4 Characterisation of MRIJP Hydrogel 

The optical microscope images were acquired by CETI TRITON II materials microscope. The 

viscosities of the precursor and cross-linker solutions were measured using a rheometer 

(Brookfields LV-DV3T, USA) under couette flow. The surface tension of both inks were 

obtained using a torsion balance, Model ‘OS’ (White Electrical Instrument Co. Ltd., North 

Malvern, UK). The contact angle measurement was performed by the sessile drop method 

(CAM100, KSV Instruments, Helsinki, Finland). FTIR measurement was done on Thermo 

Nicolet iS50 spectrometer (Thermo Fisher Scientific Co., USA). The FTIR spectra were 

acquired in the range of 400-4000 with a resolution of 4 cm-1 and averaged over 32 scans. 

Hydrogel thickness was measured by Bruker Dektak XT. TGA was performed on thermal 

gravimetric analyser (TGA Q5000, TA Instruments, USA). The viscoelastic response of 

hydrogels were determined by dynamic mechanical analyser (DMA Q800, TA Instruments, 

USA) 
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Chapter 5  

Micro-reactive Inkjet Printing of Polyaniline 

5.1. Introduction 

Conducting polymers have exceptional potential for low-cost, next generation flexible and 

printable electronic devices, due to their solution processability, mechanical flexibility and high 

conductivity. PANI is generally considered to be one of the most intriguing conducting 

polymer owing to its adjustable conductivity, low cytotoxicity, good environmental stability 

and unique doping/dedoping mechanism.[105] Accordingly, it has been extensively applied in 

various fields, such as chemical sensors,[115] capacitors,[188] electrochromic displays,[189] and 

biosensors.[121]  

Typically, PANI is synthesised via chemical oxidation of aniline in an acidic medium.[105] So 

far, various strategies have been put forward for generating PANI through inkjet printing, such 

as aniline soaked substrates,[190] vapour deposition polymerisation-mediated,[120] polyaniline 

nanoparticles,[115] and sequential reactive inkjet printing.[6] However, its applications were 

restricted due to the use of toxic vapour,[120] complex synthesis process,[115] and poor electrical 

properties.[190] Moreover, PANI usually suffers from poor adhesion on solid substrates due to 

its hydrophobic properties, which limits its applications primarily to porous substrates (e.g., 

glossy paper and textile) and more complex multilayer printing strategies.[123,190,191] The ability 

to fabricate patterned PANI films that retain bulk properties on non-porous substrates using 

inkjet printing technology would significantly expand the range and effectiveness of PANI-

based devices. 

Reactive inkjet printing (RIJP), a combination of material reactions and inkjet printing, is an 

emerging technology for creating and synthesising a variety of materials ranging from rigid 

conducting and non-conducting polymers to soft biocompatible gels in a localised and 
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patterned manner.[46,1,192,42,8] In a RIJP system, reactants from different ink reservoirs are 

deposited via multiple printheads sequentially and synthesis is performed at the reaction site 

on the substrate. However, RIJP also has the following limitations: i) the effect of Marangoni 

flow when two reacting droplets meet on solid substrates;[9] ii) the requirement of an extensive 

environmental control to avoid the rapid evaporation of the deposited material; and iii) discrete 

layer printing (more than one additional printing process) that may lead to positioning errors 

between reactants.[1,10] It is well established that deposition of non-circular printed structures 

on non-porous substrates is a complex interplay between droplet coalescence, surface energy 

and phase change,[56,61,193] and this is made more complex by the use of two inherently different 

inks in reactive inkjet printing due to gradients in surface tension.[9] Thus, the complexity of 

the printing process is further increased and it is suitable only for porous substrates (e.g. paper 

and textile) or highly simplified structures (e.g. single dots) on non-porous substrates.[1,6] For 

example, Stempien and co-workers illustrated in situ synthesis of PANI with monomer and 

oxidant inks using reactive inkjet printing on porous textile substrates.[123] 

This chapter presents a platform technology, micro-reactive inkjet printing (MRIJP), that was 

developed in response to challenges faced by reactive inkjet printing of PANI on non-porous 

substrates. This MRIJP technique comprises of four key components: single printing, no 

evaporation of first ink, equilibration of fluid properties of the droplet before impact, and 

correct positioning of reactive inks, which enables the deposition of patterned PANI on glass 

substrate. In concept, parallel printheads are replaced by coplanar printheads which allows 

micrometer-sized droplets to combine in mid-air. By precisely controlling the ink composition, 

droplet velocity and droplet trajectory, it successfully synthesised PANI films on glass 

substrates with room temperature reactive inks. The electrical conductivity (σdc) of PANI films 

through MRIJP is σdc ≈ 0.6 S cm-1, which is the highest value reported to date, for full reactive 

inkjet printing, and approaches that of bulk PANI (σdc ≈ 1- 5 S cm-1).[194] In addition, the 
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chemical and morphological characterisation results demonstrate that the MRIJP PANI is 

comparable to bulk synthesised PANI. Due to the generic nature of the combined patterning 

and synthesis possible with MRIJP, it is expected that the technique will be useful in the 

fabrication of a wide variety of reactive material systems and stoichiometry. 

5.2 Results and Discussion 

5.2.1 Micro-reactive Inkjet Printing of PANI 

Conductive polymers are unique materials that offer advantages such as ease of solution 

processing and excellent electronic and electrochemical properties, with PANI being a prime 

example of this. The two inks used in this study (Figure 5.1a) were based on an aniline solution 

in phytic acid (Ink A), and a solution of ammonium persulfate (Ink B). Triton X-100 and 

ethylene glycol were included as surfactant and viscosity modifier in Ink B to optimise the fluid 

properties of the ink for printing. A change in the colour of Ink A from yellow to yellowish 

brown after the addition of phytic acid (dopant) to aniline (monomer) and yellow again after 

the filtration with 0.45 μm hydrophilic filter were observed (Figure 5.1b). The viscosity and 

surface tension of both inks has been optimised and evaluated to ensure good printability, 

Table 5.1. 
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Figure 5.1 (a) Chemical structures of aniline, phytic acid, ammonium persulfate, ethylene 

glycol and Triton-X 100 in Ink A and Ink B. (b) Photograph of all five component materials 

dissolved in Ink A and Ink B, before and after filtration. 

Table 5.1 Ink properties 

Properties Ink A Ink B 

Viscosity 1.98 cP 1.30 cP 

Surface tension 56 mN/m 40 mN/m 

Contact angle (glass) 15.71ᴼ ± 2ᴼ 11.07ᴼ ± 2ᴼ 

Colour   

-Before Yellowish brown Transparent 

-After Yellow Transparent 

 

Reactive inkjet printing, or sequential printing, has so far been used to print on paper or textile 

substrates and cannot be used to pattern PANI on non-porous substrates.[6,123,179] In the few 

reports on reactive inkjet printing of conducting polymer on non-porous substrates, single dots 

were the only structure that could be formed and this often required a high humidity chamber 

to avoid issues around evaporation.[1,44] Figure 5.2a shows an example of an attempt to print a 

polyaniline (PANI) thin film on a non-porous glass substrate in a square pattern via sequential 

reactive inkjet printing, with the lack of success self-evident. In inkjet printing, the stand-off 
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distance (i.e., the distance from the nozzle tip to the substrate) is mounted 2-3 mm to give more 

precise droplet placement on substrates because the air currents can deviate droplet from their 

desired trajectory.[28] This study found that the stand-off distance is critical for obtaining the 

printed PANI using MRIJP technique. The substrate was mounted approximately 5 mm away 

from the printheads to allow the Ink A and Ink B droplets to coalesce without affecting the 

patterning of PANI thin film on the glass substrate (Figure 5.2b). Both the droplets are 

approximately 60 ± 6 μm in diameter, with droplet A and droplet B travelling at about 1.43 m 

s-1 and 1.98 m s-1, respectively, colliding and coalescing in mid-air, and the resultant PANI 

droplet is ~ 80 ± 10 μm in diameter with resultant velocity of approximately 1.40 m s-1 (Figure 

5.2c). Detailed characterisation of droplets before and after coalescence of Ink A and Ink B is 

shown in Table 5.2. As a result, this micro-reactive inkjet printing enables mid-air (that is, on-

the-fly) collision, simultaneous reaction and mixing of droplets, and can produce different 

patterns of conductive PANI on glass substrates in a single printing operation. Thus, the 

presented methodology paves the way for practical applications for printed electronics that can 

be integrated with other printed materials on non-porous substrates. 

 

Figure 5.2 (a) Conventional RIJP (b) MRIJP (c) A representative stroboscopic images of 

reactant A and reactant B in 300 Hz under USB microscope. Scale bar, 100 μm. 
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Table 5.2 Droplet properties 

 Ink A Ink B PANI 

Diameter 60 µm 60 µm 80 µm 

Velocity 1.43 m s-1 1.98 m s-1 1.40 m s-1 

Stand-off distance 2.4 mm 

from printhead 

2.4 mm 

from printhead 

1.6 mm 

from substrate 

 

5.2.2 Characterisation of Micro-reactive Printed PANI 

The most outstanding feature of this PANI is it achieved the highest σdc of single layer, full 

reactive inkjet printed PANI with σdc-avg of approximately 0.61 S cm-1 on glass substrates which 

is almost 6 times higher than the previously reported PANI synthesised using a similar ink 

system.[6] This value of conductivity is significantly greater than most of the inkjet printed 

PANI previously reported (Table 5.3), and it is hypothesised that this is due to the in situ 

formation of interconnected PANI domains in the reactive process, rather than percolation of 

individual PANI nanostructures for the conductive network.[107,108,116–118,120,123,179,190,191,195–198] 

This result indicates that MRIJP technique can eliminate complex synthesis processes 

necessary to produce nanoparticulate PANI dispersions, abolish the utilisation of poisonous 

aniline vapour in single reactive inkjet printing and expand the type of substrate from porous 

to non-porous for full reactive inkjet printing in a single printing step. It is worth noting that, 

using the conditions described in this paper – a well-patterned 6 mm x 6 mm square thin film 

of about 2 μm thickness was formed on the glass substrate (Figure 5.3).  
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Table 5.3 Comparison of the studies between the experimental factors and the electrical properties of inkjet printed PANI. 

Printing technique Ref Additional Info Substrate 
Number 

of layer 

Resistance 

(Ω) 

Resistivity 

(Ω cm) 

Sheet resistance 

(Ω/□) 

Conductivity 

(S cm-1)  

Conventional inkjet [107] - Standard paper 20 - - - 0.0004 

 [195] w/MWCNT Photo paper 1 - - 500 - 

 [108] - PET 40 1.57 x106 - 2480 0.0004 

 [116] - Photo paper 4 - - 22000 - 

 [117] - Polyester 1 25000 - - - 

 [196] - Polyimide 1 - 8 x 105 - - 

 [191] - Polyimide 3 - 990 - - 

 [63] - PET 1 - - 531 x106 4.5 x10-5 

 [118] Nanowire Transparency film 25 - - 5000 - 

 [198] - Polyimide 1 - - - 0.3 

Single reactive inkjet [190] Soaker in aniline Glossy paper 2 - - - 0.02 

 [120] 
Aniline vapour + 

HCl gas 
PET 2 - - 3800 4.8 

Full reactive inkjet [6] - Glossy photo paper 2 - - - 0.11 

 [123] - 
Polyacrylonitrile 

textile 
2 - - 233 - 

 [179] - 
Polyacrylonitrile 

textile 
5 - - 20 - 

This work [10] - Glass 1 - - 9729 0.61 
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Previous work has demonstrated that Triton X-100, an amphilic material whose molecular 

structure consists of a hydrophilic “head” region and a hydrophobic “tail” region can improve 

the wettability of organic materials on hydrophobic surfaces.[199] The addition of Triton X-100 

to the Ink B, improves coating of PANI on glass substrates. For further confirmation, the sessile 

drop method was employed to measure the surface wettability of both Ink A and Ink B. As a 

result, contact angle of 15.71ᴼ ± 2ᴼ for Ink A and 11.07ᴼ ± 2ᴼ for Ink B were obtained. The 

contact angle of the combination of Ink A and B was not directly measurable due to the speed 

of reaction between the two inks. However, while the evolution of new chemical species during 

reaction has the potential to alter this value, it is reasonable to expect that the resultant contact 

angle of the ink mixture would lie between these two figures. 

 

Figure 5.3 Solid thin film of printed PANI (6 mm x 6 mm). Scale bar, 1mm. 

The chemical analysis of printed PANI film using MRIJP technique was investigated using 

FTIR and was observed to be consistent to that of the acid doped emeraldine state of PANI.[200] 

The FTIR spectrum in Figure 5.4 demonstrates a broadly similar transmittance pattern for an 

emeraldine salt form of PANI with two bands situated at 1574 cm-1 and 1492 cm-1 arising from 

the stretching vibration of quinoid and benzenoid ring, respectively.[201] The IR bands in 

absorbance at around 1301 cm-1 and 1246 cm-1 are attributed to the C-N stretching vibration 

1mm 



89 

 

for aromatic conjugation.[202] Further, the bands at 1124 cm-1, 896 cm-1 and 800 cm-1 can be 

assigned to the bending vibrations of the C-H bonds on aromatic rings.[202]  

 

Figure 5.4 FTIR spectra of printed PANI. 

To further prove the above interpretation, Raman study of printed PANI film deposited on glass 

substrate was conducted (Figure 5.5), with two characteristic peaks at 1620 cm-1 and 1489 cm-

1. These peaks correspond to C-C stretching of the benzenoid ring and C=N stretching vibration 

in quinoid ring, respectively.[203,204] The peak located at 1329 cm-1 is assigned to C-N stretching 

while the peak at 1192 cm-1 represents C-H bending vibration in benzenoid rings.[205] The peak 

at around 879 cm-1 and 826 cm-1 arise owing to benzene ring deformation.[205,206] The structure 

of PANI is further confirmed with UV-visible spectroscopy, where it has distinct absorption 

bands at around 430 nm and 811 nm with a free carrier tail extended to the IR region (Figure 

5.6). They are attributed to polaron-π* transition and π-polaron transition, respectively, which 

is a typical characteristic of conducting state PANI.[207] Also, the free carrier tail in the near IR 

region indicates that PANI has an extended coil-like conformation.[207] X-ray diffraction 

(XRD) pattern indicates that the film is partly crystalline with a Bragg diffraction peak at 2θ = 

25.6ᴼ, which is attributed to the cofacial stacking distance between the phenyl rings (Figure 

5.7). This indicates that the π-π stacking is parallel to the film surface as the phenyl rings are 
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normal to the film surface.[208] All features observed above are consistent with the doped 

emeraldine PANI salt.  

 

Figure 5.5 Raman spectra of printed PANI. 

 

Figure 5.6 UV-vis spectra of printed PANI. 
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Figure 5.7 XRD pattern of printed PANI. 

The morphology and micro-structure of printed PANI film on glass can be observed using 

scanning electron microscopy (SEM) and atomic force microscopy (AFM). From Figure 5.8, 

it is shown that printed PANI consists of an open pored three-dimensional interconnected PANI 

network. This is due to the crosslinking effect of phytic acid with PANI chains, resulting in a 

mesh-like hydrogel network, that subsequently dehydrates via evaporation.[6] Interestingly, 

these foam-like nanostructures constructed of coral-like dendritic nanofibers printed using 

MRIJP are of diameters 60-100 nm, which is comparable to the PANI synthesised through the 

same materials using direct mixing.[6,209,210] Also, it is visually evident that the surface of the 

printed PANI is rough.  

 

Figure 5.8 (a) SEM image of printed PANI. Scale bar, 1 μm. (b) A higher magnification SEM 

image showing the interconnected coral-like dendritic PANI nanofibers. Scale bar, 200 nm. 

1 um 1 um 
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AFM images show porous nanostructures and grain of printed PANI film that are consistent 

with those determined by SEM (Figure 5.9). The root mean square (rms) surface roughness of 

MRIJP PANI film is about 81 nm. Highly porous nanostructures formed over the entire surface 

as the thickness varies across the 2 μm x 2 μm square PANI film (Figure 5.10). 

 

Figure 5.9 (a) Topography and (b) phase images. All AFM images have a size of 2 μm × 2 μm. 

 

Figure 5.10 Cross sectional analysis of printed PANI thin film obtained with tapping-mode 

AFM. 

5.2.3 Patterning of Micro-reactive Printed PANI 

The developed MRIJP technique enables us to explore various structures on glass substrates, 

which were otherwise unachievable with a sequential reactive inkjet printing system. To 
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demonstrate this, a series of simple shapes (square, circle, triangle and U-shape) of PANI were 

printed onto glass substrates using the MRIJP technique (Figure 5.11); whereas incomplete 

solid PANI films were formed during sequential reactive inkjet printing (Figure 5.12). The 

printed lines that form the shapes were approximately 230 μm wide and of approximately 2.5 

μm thickness on glass substrates (Figure 5.13).  

 

Figure 5.11 Various 2D micro-reactive printed PANI on glass substrates (a) square, (b) circle, 

(c) triangle and (d) U-shape. Scale bars, 1 mm. Inset image show the width of the printed line 

on substrate. Inset scale bar, 100 μm. 
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Figure 5.12 Sequential reactive inkjet printing resulted in incomplete solid PANI films on glass 

substrates (a) Ink A was first printed followed by Ink B and (b) Ink B was first printed followed 

by Ink A. 

 

Figure 5.13 Thickness profile of a printed PANI. 

A previous model of line width[56], w, as a function of printing parameters was adapted to allow 

for the deposition of the two coalesced droplets: 
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                  (5.1) 

where dAB , p, θ are the diameter of coalesced droplets, the spacing between each deposited pair 

of droplets and contact angles (in this case the contact angle of Ink B), respectively (Table 

5.4).  
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Table 5.4 Parameters used for width of line on glass substrates 

 Polyaniline 

Diameter, dAB 80 µm 

Droplet spacing 160 µm 

θ 11.07 ± 2° 

Predicted width 228 µm  

Measured width 230 µm 

 

Using equation 5.1, it is found that the measured width matches well with the expected width 

(which ranges from 208 μm to 257 μm) when the uncertainty of contact angle of ± 2ᴼ is taken 

into consideration. By fixing w in equation 5.1 and using the contact angle as a fitting parameter 

to the experimental value, a contact angle of 9.16° was obtained, which is similar to the contact 

angle of Ink B. As the contact angle or Ink B is dependent upon the presence of Triton X-100 

surfactant, it is reasonable to assume that the Triton X-100 was able to obtain a homogeneous 

distribution within the droplet pair on glass substrate through the hydrogen bonding between 

hydrophilic polyethylene oxide groups of Triton X-100 and the hydroxyl groups formed on the 

glass substrates.[211] 

In addition, this MRIJP based PANI can be printed on different substrates such as paper, which 

may be useful for some sensor applications (Figure 5.14). The sheet resistance of printed PANI 

on glass substrates decreased gradually as the number of layers increased, from ~ 260 MΩ □-1 

(1 layer) to ~ 50 MΩ □-1 (6 layers) (Figure 5.15).  

 

Figure 5.14 Various 2D micro-reactive printed PANI on paper (a) U-shape, (b) patterned 

electrode, (c) square thin film. Scale bars, 1 mm. 
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Figure 5.15 The sheet resistance of printed PANI on paper with the number of printing layers. 

5.3 Summary 

In summary, this chapter reports a novel method to synthesise and pattern PANI in a single 

step directly on a solid glass substrate, otherwise unachievable with conventional reactive 

inkjet printing. Moreover, this versatile micro-reactive printing technique provides a new way 

of generating patterned PANI other than using pre-synthesised PANI nanoparticle dispersions. 

The synthesised PANI has a porous morphology with conductivity of σdc ≈ 0.61 S cm-1, which 

is significantly higher than previously reported works with inkjet printed PANI, and 

approaching the value of bulk synthesised PANI. It further demonstrates novel applications of 

MRIJP by fabricating arbitrary linear 2D structures on glass substrates. Furthermore, this 

simple and innovative method for synthesising PANI is expected to expand the scope of 

applications to a wider range of material synthesis at a micro-scale level, while keeping the 

intrinsic advantages of multi-material deposition of inkjet printing. 
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5.4 Experimental Section 

5.4.1 Materials and Methods 

For the synthesis of conductive polymer PANI, aniline monomer (ACS reagent, ≥ 99.5 %) , 

phytic acid (50 %, w/w in water) and ammonium persulfate (ACS reagent, ≥ 98 %) were used. 

For ink preparation, ethylene glycol (purity 99%) and surfactant Triton X-100 were used. All 

chemicals were purchased from Sigma-Aldrich and used as received without any treatment. 

Deionised water (DI) was used as solvent for both the inks throughout the experiments.  

5.4.2 Sample Preparation 

Ink A comprising of 0.45 ml aniline (monomer) and 0.64 ml phytic acid (dopant) were 

dissolved in 2 ml DI water. Ink B containing 0.4 g ammonium persulfate (oxidant), 0.18 ml 

ethylene glycol (viscosity modifier) were vigorously mixed in 2 ml DI water. In addition, 1 

wt% of Triton X-100 was added to the Ink B. Both inks were filtered through 0.45 μm filter to 

remove large particles. The viscosities of the Ink A and Ink B solutions were measured using 

a rheometer (Brookfields LV-DV3T) under couette flow. The surface tension of the inks were 

measured using a torsion balance, Model ‘OS’ (White Electrical Instrument Co. Ltd., North 

Malvern, UK). The contact angle was determined by the sessile drop method (CAM100, KSV 

Instruments, Helsinki, Finland). Unless stated otherwise, all the samples were inkjet printed 

onto 10 mm x 10 mm glass substrates that had been cleaned with a detergent solution: sonicated 

in acetone and isopropyl alcohol for 10 min each; and then UV cleaned at 25ᴼC for 10 min. 

Drop spacing of 160 μm was selected after optimisations. Then, the films were washed in a 

deionised water bath to remove excess acid and by-products from polymerisation.  
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5.4.3 Characterisation of PANI films 

The sheet resistance of the films were measured by four-point-probe method. The current and 

voltage were applied and measured using 4-wire sensing mode on a Keysight B2902A 

precision source/measure unit. Film thicknesses were determined using a Bruker Dektak XT. 

FTIR measurement was done on a Thermo Nicolet iS50 spectrometer (Thermo Fisher 

Scientific Co., USA). The FTIR spectra was acquired in the range of 400-4000 cm-1 with a 

resolution of 4 cm-1 and averaged over 32 scans. Raman spectra was determined using 

Renishaw System 1000 Raman spectrometer, applying laser with a wavelength of 488 nm. The 

spectra was acquired in the range of 150 cm-1 to 2000 cm-1 by accumulating 5 scans. The Raman 

system was calibrated over the same scanning range using the 1086 cm-1 band of calcite prior 

to data acquisition. UV-Vis spectra was recorded on a Shimadzu UV-3600 plus 

spectrophotometer (Shimadzu Corp., Kyoto, Japan) and the background absorption of the glass 

substrate was excluded. SEM images were obtained using an analytical field emission SEM 

(Hitachi SU-70, Japan) operated at 5 kV. Samples were Pt-sputtered using Hitachi E-1045 ion 

sputter with Pt target and a current of 25 mA for 20 s. AFM images were taken in tapping mode 

using a silicon probe with a tip radius of <10 nm,  f ~ 300 kHz and k 40 N m-1 (BudgetSensors, 

Sofia, Bulgaria) under MFP-3D Origin AFM (Oxford Instruments, Santa Barbara, CA). The 

set point amplitude was adjusted to 80% of the free air amplitude (1 V) and the integral gain 

was set to 10 for the approach and varied during imaging to obtain a good trace or retrace. The 

scan rate was kept at 1 Hz to obtain optimum images. Optical microscope image was obtained 

using a CETI TRITON II materials microscope. XRD pattern was obtained using Ultima IV 

Rigaku XRD system with Cu-Kα radiation (λ=1.54 Å) operated at 40 kV and 30 mA at room 

temperature. The XRD spectra were measured in the 2θ angular region between 5ᴼ and 60ᴼ with 

a step size of 0.02ᴼ.
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Chapter 6  

Micro-reactive Inkjet Printing of PEDOT:PSS/IL Hydrogel 

6.1 Introduction 

Printed electronics has been actively researched as a technology for fabricating unprecedented, 

lightweight and wearable electronic devices.[212] The potential of using printing techniques for 

low-cost, rapid prototyping and customisation renders them an attractive alternative to 

conventional fabrication techniques. Compared to conventional semiconductors, conducting 

polymers have drawn attention as ideal electrodes for printed electronics due to their excellent 

mechanical properties (i.e., flexibility and lightweight) and solution processability. In 

particular, poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) is 

considered the most promising candidate owing to its tunable electrical properties, visible-light 

transmittance, biocompatibility and good environmental stability in thin film form.[212–215] High 

conductivities over 1000 S cm-1 can be achieved by the addition of secondary dopants such as 

ionic liquids (ILs) or dimethyl sulfoxide (DMSO) into aqueous PEDOT:PSS solutions. 

Recently, excess amount of secondary dopants was found to induce gelation of PEDOT:PSS 

by increasing its viscosity, resulting in a new class of organic materials, known as conductive 

hydrogels.[216–218] This opens up a new route toward developing 3D structures for future 

bioelectronics applications such as artificial skin, deep-brain stimulation, and drug 

delivery.[216–218]  

Realising arbitrary structures of PEDOT:PSS thin film or PEDOT:PSS hydrogel using low-

cost printing techniques for fabrication would represent a significant advance in printed 

electronics. Laboratory-based methods, such as spin coating, spray-coating, doctor blading and 

slot-die coating are extensively researched for the preparation of PEDOT:PSS thin films.[219,220] 

Despite these endeavours, it is still a formidable challenge as these printing techniques resulted 
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in one dimensional coatings with limited possibilities in terms of patterning. Up to now, the 

most commonly used methods for patterning thin films are based on lithography. Also, by using 

customised moulds manufactured via lithography, conductive hydrogels can be 

fabricated.[216,218] Through such a moulding technique, conductive hydrogel patterns based on 

polyaniline (PANI) and poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate) 

(PEDOT:PSS) have been formed by casting their precursors in moulds and transferring replica 

hydrogels onto target substrates after gelation.[6,216,218] This technique, however, limits the 

variety of structures and the utilisation of this method as it requires time-consuming customised 

mask fabrication, expensive polytetrafluoroethylene (PTFE) moulds, and increased possibility 

of contamination due to the multiple processing steps. Overall, a facile technique to produce a 

variety of patterned PEDOT:PSS films or PEDOT:PSS hydrogel with minimal pre- or post-

processing is highly demanded. 

Inkjet printing has emerged as a prevalent technique for free-form, high spatial resolution and 

multiple materials deposition in printed electronics.[1,6] Unlike lithography or moulding, inkjet 

printing realises a mask-free, cost-effective and rapid method to pattern functional materials. 

Many successful examples of patterned deposition, such as electrically conductive circuits and 

luminescent polymer devices, have been developed via inkjet printing.[1,123,221] However, the 

study of inkjet printing for patterning functional structures is still at a point of relative infancy 

due to the requirement of low fluid viscosity.[28] This is of particular relevance to PEDOT:PSS, 

as the necessary addition of secondary dopants leads to a marked rise in the viscosity of the 

PEDOT:PSS solution.[216–218,222,223] Alternatively, reactive inkjet printing (RIJP) eliminates the 

aforementioned viscosity issue as well as agglomeration, polymerisation and precipitation of 

solid phases (ink) in the printhead prior to deposition.[1,6] In a RIJP system, reactants from 

different ink reservoirs are deposited via multiple printheads sequentially and meet at the 

reaction site on the substrate, facilitating patterned deposition of reactive materials that are 
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otherwise unprintable. However, RIJP requires multi-step printing, extensive environmental 

control and often suffers Marangoni flow of two reacting droplets that meet on solid 

substrates.[1,9,10] Thus, the complexity of the printing process is further increased and it is 

suitable only for porous substrates (e.g. paper and textile) when the contact line is inherently 

pinned or highly simplified structures (e.g. single dots) on non-porous substrates.[1,6] To 

overcome these issues, a novel strategy using micro-reactive inkjet printing (MRIJP) to pattern 

electrically conductive PANI on non-porous substrates was demonstrated recently. In this 

method, two co-planar inkjet printheads containing a monomer and a polymerisation agent 

were used to generate droplets that collide and coalesce in-air above the substrate, and then are 

deposited into the desired 2D patterns on glass substrates without any additional interface 

engineering.[10]. Building on this approach, further exploration of its application in a more 

robust conducting polymer PEDOT:PSS, which lead to the printing of 3D conductive hydrogel. 

This chapter reports simultaneously printing and patterning of conductive PEDOT:PSS/IL 

films and hydrogels onto non-porous substrates via MRIJP technique. The in-air coalescence 

of PEDOT:PSS and IL enables hydrogel formation in a single printing pass and eliminates any 

Marangoni flow between different reactants on the substrate, demonstrating the use of MRIJP 

as transient micro-mixers for composite material synthesis.[20] In particular, the electrical, 

optical and morphological properties of conducting PEDOT:PSS/IL films obtained by MRIJP, 

are demonstrated to be indistinguishable with those obtained via spin coating, with the notable 

advantage of patternability. To demonstrate an application of this technique, such MRIJP-

patterned conductive PEDOT:PSS/IL thin films are used as interchangeable electrodes of an 

alternating current-electroluminescent (ACEL) device. It demonstrates how the MRIJP 

technique can be applied to print a variety of arbitrary 2D and 3D structures of PEDOT:PSS/IL 

hydrogels ranging from a patterned electrode to a multilayer open channel structure in a single 

processing step, which is not possible by any existing printing techniques.[218,222] 
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6.2 Results and Discussion 

6.2.1 Micro-reactive Inkjet Printing of PEDOT:PSS/IL  

ILs have been used as both the dopant and gelator for PEDOT:PSS.[216,218] As both the dopant 

and gelator for PEDOT:PSS, one of the most common ILs, 1-ethyl-3-methylimidazolium ethyl 

sulfate (EMIM:ES) was used in this chapter (Figure 6.1).  

 

Figure 6.1 Schematic diagram of the fabrication of patterned PEDOT:PSS/IL and chemical 

structures of PEDOT:PSS and EMIM:ES. 

To assess the ink quality of both the precursor PEDOT:PSS and gelator EMIM:ES, the inverse 

Ohnesorge number, /Z d = , where γ, ρ, d and η, the surface tension, density, nozzle 

diameter and viscosity, respectively was measured. PEDOT:PSS and EMIM:ES exhibited a 

surface tension of 79.5 mN m-1; 71.0 mN m-1, a viscosity of 36.2 cP; 1.3 cP and a Z value of 

1.92; 48.31, respectively, which are all suitable for inkjet printing (Table 6.1).[28,49] Droplet 

ejection was optimised for stable and satellite-free jetting by altering the actuation waveform 

applied to the printheads, all monitored with a microscope under stroboscopic illumination 

(Figure 6.2).  
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Table 6.1 Ohnersorge and Z number parameters for ink formulations. 

Ink 
Viscosity, 

η (cP) 

Surface 

tension, γ 

(mN/m) 

Density, 

p (kg/m3) 

Nozzle 

Diameter, 

d (μm) 

Ohnesorge 

Number, 

Oh 

Z (1/Oh) 

Ink 1 

PEDOT:PSS 
36.2 79.5 1011 60 0.52 1.92 

Ink 2 

EMIM:ES 

(2.0 wt%) 

1.3 71.0 926 60 0.02 48.31 

 

 

Figure 6.2 Jetting waveform of inkjet printing system. (a) PEDOT:PSS and (b) EMIM:ES inks. 

To ensure a successful collision outcome, it was crucial to optimize the position of the two 

microscale droplet streams. The timing of the waveform applied to the printheads was adjusted, 

so that both droplets reached the intersection of their trajectories simultaneously. Alignment of 

droplets in the y-axis was facilitated by using a micrometer screw attached to one of the 

printheads. The allowable ‘off-axis’ distance was found to be 60 µm (≈diameter of a single 

droplet) to maintain droplet coalescence. In addition, any droplet bouncing, stretching, 

separation or splashing was avoided to ensure droplet coalescence of both PEDOT:PSS and 

EMIM:ES.[11] Finally, as discussed above, PEDOT:PSS and EMIM:ES droplets were ejected 

out from two co-planar inkjet printhead nozzles approximately 5 mm from the substrates, and 

they travelled at a velocity of 3.1 m s-1 and 3.4 m s-1, respectively. The resultant droplet was of 
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approximately 80 μm diameter and travelled at a velocity of 2.8 m s-1 perpendicular to the 

substrate upon coalescence (Table 6.2). 

Table 6.2 Droplet properties 

 PEDOT:PSS EMIM:ES PEDOT:PSS/EMIM:ES 

Diameter 60 µm 60 µm 80 µm 

Velocity 3.10 m s-1 3.40 m s-1 2.80 m s-1 

Stand-off distance 2.8 mm 

from printhead 

2.8 mm 

from printhead 

1.7 mm 

from substrate 

 

It is hard to quantify precisely the homogeneity of in-air coalesced droplets. To gain further 

insight, we calculated both the collision and coalescence time needed for PEDOT:PSS and 

EMIM:ES droplets. As inkjet printing used only low viscosity fluid, it is the inertial force that 

dominant in the coalescence process.[82,83] Therefore, as the Reynolds number (Re / )vd =  

> 1 and the inertial time of droplets can be expressed as 
3 1/2

1 1 1( / )col d  =  a balance of inertia 

and surface forces.[78,82,83] Next, the spreading distance of EMIM:ES droplet over PEDOT:PSS 

droplet can be described as 
2 3 1/4

1 1( ) [ / ( )]L t t =  .[84] By assuming the coalescence of 

PEDOT:PSS and EMIM:ES when 1( )L t d= , the coalesced time of droplet is 

4 2 1/3

1 1 1~ [ / ]coa d   .The γ of EMIM:ES inks do not vary significantly from one ink to 

another for different concentration. Since d is held constant, the collision and coalesced time 

of droplet remained approximately the same for all concentration of EMIM:ES in this work. In 

our system, the nozzles were mounted less than 5 mm away from the glass substrate with the 

coalesced point approximately 2.8 mm from nozzle. The coalesced droplets had about 600 μs 

before reaching the glass substrate. From the calculation above, the total collision and 

coalescence time is ≈239 μs, about 40% of the travel time from collision point to the substrate 

(Figure 6.3). It has been observed that the droplet-collision dynamics of different reactive 
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droplets achieved a homogenous state within the ranges between ≈400 µs and ≈800 µs after 

mixing.[87,86] Based on this, it is inferred that the diffusion process of PEDOT:PSS and 

EMIM:ES droplets was largely complete before reaching the substrate. Also, the droplet pair 

is considered sufficiently homogeneous as the summation of τcol, τcoa and τdif is less than the 

traveled time after coalesced. While complete mixing of the two inks is achieved, the timescale 

of gelation will mean the gelation reaction is liable to be incomplete. Therefore, a limited 

amount of subsequent flow of the coalesced droplets on the substrate may occur, allowing 

homogenous patterning on the substrates. Optical microscopy (OM) images show that mixing 

EMIM:ES (diameter of 104 μm) with PEDOT:PSS (254 μm), resulted in a solid-like gel (258 

μm) on glass substrates, which was consistent with the gelation behavior observed by Leaf and 

Muthukumar.[224] This gelation was due to the physical crosslinks of PEDOT through π-π 

stacking.[224]  

 

Figure 6.3 Schematic illustration of in-air collision, coalescence and gelation mechanism with 

microscopy images of PEDOT:PSS, EMIM:ES and coalesced PEDOT:PSS/IL droplets (Scale 

bars, 50 μm) and a ~10 mm uniform film of PEDOT:PSS/IL on glass substrates. 
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Viscosity of ink is a crucial parameter for inkjet printing, as the piezoelectric mechanism must 

be able to eject the inks out of the nozzle.[28] A pre-mixed solution of PEDOT:PSS and 

EMIM:ES is known for high viscosity (η > 40cP), and hence, it is not suitable for inkjet printing. 

However, the significant contribution of this work is that it is able to print and pattern 

PEDOT:PSS/IL hydrogel on glass substrates using the MRIJP technique. Therefore, it is 

important to make a critical comparison of proposed technique against the state-of-the-art 

methods that use pre-mixed solution. To validate this, the viscosity of pristine PEDOT:PSS, 

EMIM:ES diluted in deionised water to a different concentration, and PEDOT:PSS pre-mixed 

with diluted EMIM:ES were measured. For MRIJP, PEDOT:PSS was used as received and DI 

water was used as solvent for EMIM:ES. The most noticeable difference is the printability. As 

the concentration of EMIM:ES increased, the viscosity of pre-mixed solution also increased 

from 36.2 cP (w/ 0 wt% of EMIM:ES) to 74.1 cP (w/ 3.5 wt% of EMIM:ES). When the 

viscosity of ink exceeds 40 cP, it is not suitable for inkjet printing. In contrast, EMIM:ES 

solutions maintained a viscosity of approximately 1.3 cP regardless of the concentration 

(Figure 6.4), suggesting that EMIM:ES is suitable for inkjet printing.  

 

Figure 6.4 The relationship between the viscosity of solution prepared with various weight 

percentage of EMIM:ES. 
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In addition, profilometry measurement revealed the deposition of printed PEDOT:PSS/IL on 

glass substrate with some degree of roughness (average ~11 nm) across the sample without any 

bulging or discontinuity (Figure 6.5). Also, thickness of PEDOT:PSS/IL films increased from 

110 nm to 319 nm as the drop spacing reduced from 240 μm to 80 μm, which is consistent with 

the different degrees of coalescence of droplets during the formation of lines (Figure 6.6).[61] 

Therefore, MRIJP technique can be an alternative approach to pattern PEDOT:PSS films and 

hydrogels in a much simpler, efficient and cost-effective way when compared to conventionally 

employed approaches. 

 

Figure 6.5 Surface roughness measured across the printed PEDOT:PSS/IL film (thickness 

~130 nm). 

 

Figure 6.6 Thickness of printed PEDOT:PSS/IL films as a function of drop spacing. 
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6.2.2 Characterisation of Micro-reactive Inkjet Printed PEDOT:PSS/IL Films  

Having demonstrated that this MRIJP can be used to print uniform conductive PEDOT:PSS/IL 

on a glass substrate, further assessment of the electrical performance of MRIJP-based printed 

conducting PEDOT:PSS/IL films was performed. These results were compared with spin-

coated reference thin-films as a control. The electrical conductivity (σdc) values of the spin-

coated and printed PEDOT:PSS/IL films were investigated as a function of the weight 

percentage of EMIM:ES (Figure 6.7, 6.8). The pristine PEDOT:PSS had a σdc of ≈0.2 S cm-1. 

No change in σdc was observed in the printed PEDOT:PSS/IL films at 0.5 wt% of EMIM:ES, 

whereas the spin-coated film exhibits the σdc increased up to 80.9 S cm-1. It was hypothesised 

that this was due to the amount of IL being insufficient to form a complete gel network to 

hinder any segregation of material caused by Marangoni flow during deposition (Figure 6.9). 

At ≥1.0 wt% of EMIM:ES, which would be unprintable as a pre-mixed ink due to high viscosity, 

the σdc of printed films dramatically increased to 711 S cm-1 and the highest σdc of 900 S cm-1 

was achieved with 2.0 wt% EMIM:ES. This was comparable to the spin-coated 

PEDOT:PSS/IL films. The gelation induced by the addition of EMIM:ES was considered 

important for deposition of PEDOT:PSS/IL films on glass substrates via inkjet printing as it 

reduced the Marangoni flow and any consequent segregation. The σdc of films showed a 

decrease in the σdc at higher weight percentage of EMIM:ES (≥ 2.5 wt%) for both the spin-

coated and printed films. Typically, a prepared solution of PEDOT:PSS becomes more viscous 

after mixing with IL, and it forms aggregation as the concentration of EMIM:ES increases more 

than 2 wt%, despite long hour of stirring for better mixing.[225] On the contrary, no aggregation 

was observed in the printed PEDOT:PSS/IL films at high concentration of EMIM:ES even 

under the coalescence time of ≈ 600 μs (Figure 6.9 inset). This observation can be attributed 

to differences in scale of formulation between two methods, where we mixed millilitre bulk 

solution in pre-mixed condition and picolitre droplets in MRIJP. In addition, both the spin-
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coated and printed PEDOT:PSS/IL conductive gel exhibit almost the same transparency with 

T ≈ 89 % (at wavelength of 550 nm) over the visible range (Figure 6.10). 

 

Figure 6.7 DC conductivities of PEDOT:PSS films with various concentrations of EMIM:ES. 

The error bars indicate the standard deviations of the calculated σdc across various samples. 

 

Figure 6.8 Parameters used to calculate the conductivity of films. (a) Sheet resistance and (b) 

Thickness obtained for spin coated and printed films. 
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Figure 6.9 Photographic images of conducting PEDOT:PSS films coated on glass substrate 

using different deposition technique. (a) Spin coating and (b) MRIJP method. 

 

Figure 6.10 Optical transmittance of PEDOT:PSS films with and without EMIM:ES. 
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The improvement of σdc is widely accepted as due to the phase separation of excess insulating 

PSS chains from PEDOT.[222,226] Accordingly, UV-vis absorption spectroscopy analysis 

confirms the decoupling of PSS after doping with EMIM:ES. MRIJP-printed PEDOT:PSS/IL 

was compared with spin-coated PEDOT:PSS/IL and pristine PEDOT:PSS (Figure 6.11). As 

observed in the UV spectra, both the spin-coated and printed film showed a decrease in the 

absorbance of PSS indicating the removal of PSS, which was caused by the dissolution of PSS 

from PEDOT after washing the films with water. This phenomenon also improved the 

continuity among interconnected conducting PEDOT chains.[222,226] Previous studies have 

shown that the PEDOT:PSS undergoes counterion exchange with EMIM:ES.[222] During this 

process, soluble PSS chains that are free from insoluble PEDOT can be washed away easily, 

shortening the π-π stacking interaction of PEDOT conducting path across the films.[222]  

 

Figure 6.11 UV-vis adsorption spectra of PEDOT:PSS films with and without EMIM:ES. 

To confirm the improvement of π-π stacking after the incorporation of EMIM:ES, electron spin 

resonance (ESR) on each sample were performed (Figure 6.12). In ESR spectra, the peak 

intensity corresponds to the presence of unpaired electrons (polarons) in PEDOT:PSS. The 

printed PEDOT:PSS/IL film shows lower ESR signal than pristine PEDOT:PSS. This indicates 

that the transition of localised states of polarons to delocalised state of bipolarons could be 
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induced by enhancing the π-π stacking interaction.[227] Taken together, the UV-vis and ESR 

data confirm that the insulating PSS chain is removed during washing process, improving the 

electrical performance of PEDOT:PSS/IL films. 

 

Figure 6.12 ESR spectra of PEDOT:PSS films with and without EMIM:ES. 

Next, the morphology of printed PEDOT:PSS/IL films with spin coated PEDOT:PSS/IL 

reference were characterised, by using transmission electron microscopy (TEM) and atomic 

force microscopy (AFM). As acquired, the pristine sample had a granular structure and smooth 

surface with a root-mean-square (RMS) of 1.72 nm, typically seen in PEDOT:PSS (Figure 

6.13). In contrast, the PEDOT:PSS doped with EMIM:ES films exhibited a nanofibrous 

structure and a relatively rough surface morphology with an RMS of 4.83 nm. These 

morphologies are consistent with those observed in a previous report using EMIM:ES as an IL 

dopant to improve the conductivity of PEDOT:PSS.[222] Also, the pristine PEDOT:PSS film 

disintegrated in water; whereas, both the spin coated and printed PEDOT:PSS with EMIM:ES 

maintained their structural integrity in water (Figure 6.14). These findings were attributed to 

the nanofibrous structure of PEDOT, which aided in binding PEDOT molecules together, thus, 

improving the mechanical properties of the PEDOT:PSS/IL films. 
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Figure 6.13 Comparison of structural morphology structures between spin coated and printed 

samples. (a) Bright-field TEM images. (b) AFM images of the PEDOT:PSS films with and 

without EMIM:ES. 

 

Figure 6.14 Performance of PEDOT:PSS films under water. (a) Pristine PEDOT:PSS film, (b) 

Spin coated PEDOT:PSS/IL film and (c) Printed PEDOT:PSS/IL film. 

6.2.3 Application of Micro-reactive Inkjet Printed PEDOT:PSS/IL Films 

To demonstrate the robustness of this MRIJP technique, various 2D structures of 

PEDOT:PSS/IL were printed on glass substrates. Using this technique, PEDOT:PSS/IL can be 

printed into diverse structures on both glass and paper, with minimum resolution of ≈300 μm 

(size of a single droplet) on glass substrates (Figure 6.15). Next, ACEL devices were fabricated 
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using an interchangeable patterned conductive PEDOT:PSS/IL as the top electrode and spin-

coated PEDOT:PSS/IL as the bottom (spin-coated PEDOT:PSS/IL) electrode (Figure 6.16a,b). 

The thick edges of printed structures were due to continuous jetting while the stage slowed 

down for changing direction of printing. A layer of ZnS:Cu phosphor microparticles blended 

with PDMS was spin-coated on the top of the spin-coated PEDOT:PSS/IL electrode. Then, it 

was clamped together with one of various patterned PEDOT:PSS/IL electrodes to form the 

ACEL device (Figure 6.16c). Upon powering the ACEL device with a rectangular pulse 

function (i.e., pulse voltage of ± 130 V and frequency of 2.8 kHz) a dark blue light emission 

that follows the top electrode pattern is evident (Figure 6.17). No visible difference between 

printed based electrode and spin-coated based electrode ACEL devices. Also, the lifetime of 

device is mainly depends on the performance of the PEDOT:PSS/IL. As the conductivity of 

both the spin-coated and printed electrodes reduced over time (less than half of conductivity 

achieved after a month), the performance of ACEL was reduced accordingly.  

 

Figure 6.15 Various 2D PEDOT:PSS/IL structures on substrates. (a) Glass substrates (from 

left to right: resistor icon, not burnable resistor icon, nested square, square, circle and triangle) 

and (b) Paper (from left to right: nested square, square and resistor icon). 
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Figure 6.16 ACEL device using patterned PEDOT:PSS/IL films. (a) Various 2D structures on 

glass substrates (from left to right: square mesh, patterned electrode and rectangular film). The 

inset presents the width of a single printed line on glass substrate. (b) Schematic images of the 

device fabrication process. (c) Device structure consisting of a layer of electroluminescent layer 

sandwiched between PEDOT:PSS/IL films as both top and bottom electrodes 

 

Figure 6.17 Photographs of the device using patterned electrode (triangle, square and square 

mesh). 

6.2.4 Micro-reactive Inkjet Printing of PEDOT:PSS/IL Hydrogel 

Because EMIM:ES significantly enhances the viscosity and gelation of PEDOT:PSS solution, 

20 wt% of EMIM:ES was chosen for 3D structure printing. It is evident that the conductive 

hydrogel can be easily printed into various 3D structures using MRIJP technique (Figure 
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6.18a). The printed conductive hydrogels that contained tunnels and holes (as representative 

arbitrary 3D structures) show the flexibility and capability of this printing technique (Figure 

6.18b,c). A conductive hydrogel with different thickness, Y-shaped and two parallel tunnels 

where the liquid can flow as the hydrogel was tilted upwards were printed, which could 

potentially useful for flexible and stretchable microfluidic devices (Figure 6.18d). Next, the 

swelling properties of the conductive hydrogel in deionised water as a function of time was 

investigated. The printed conductive hydrogel with initial length of ≈10 mm swelled and 

reached twice initial length to ≈20 mm after 30 minutes in water (Figure 6.19).  

 

Figure 6.18 (a) Solid tree, rectangle and triangle (20 layers). (b) With 4 hollows and its 

microscopic image (10 layers). (c) Y-shaped open channel and its microscopic image (10 

layers). (d) Two parallel open channel and fluid flow during lifting (10 layers). 
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Figure 6.19 Swelling properties of PEDOT:PSS/IL conductive hydrogel in water. (a) Initial (b) 

after 10 min (c) after 20 min and (d) after 30 min. 

6.3 Summary 

In summary, this chapter demonstrates 2D- and 3D-structured PEDOT:PSS/IL printed via 

MRIJP technique, by controlling the in-air collision and coalescence of precursor PEDOT:PSS 

and gelator EMIM:ES. Both inks remain printable during ejection and demonstrate 

homogenous gel characteristics upon deposition on glass substrate, eliminate any potential 

Marangoni flow and overcome viscosity issues and agglomeration within the printhead. This 

MRIJP technique provides a novel pathway toward large scalable patterning of conducting 

films and hydrogels compared to other existing printing techniques. Additionally, MRIJP 

printed PEDOT:PSS/IL films exhibit identical performance to the samples prepared by spin 

coating of pre-mixed PEDOT:PSS/IL, in terms of electrical conductivity (900 S cm-1), optical 

transmittance (89% in the visible range) and fibrous morphology. Interchangeable electrodes 

using this patternable PEDOT:PSS/IL films were attained, showing a potential application of 
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patterned PEDOT:PSS/IL in future wearable and stretchable electronics devices. Finally, it 

successfully demonstrate the stacking of printed hydrogel layers for 3D conductive hydrogel 

open channel structures. This work provides referential significance for PEDOT:PSS films and 

3D structured hydrogels, which may provide new functionality and open up new advanced 

bioelectronics applications. 

6.4 Experimental Section 

6.4.1 Chemical and Materials 

PEDOT:PSS aqueous solution (Clevios™ PH1000) was purchased from Heraeus (Germany) 

and filtered using a 0.45 μm filter. 1-ethyl-3-methylimidazolium ethyl sulfate was obtained 

from Sigma-Aldrich and used without any purification.  

6.4.2 Sample Preparation 

Conductive PEDOT:PSS films were prepared by two approaches. Spin coating: Different 

concentrations of diluted EMIM:ES solutions were added directly into the vial containing the 

PEDOT:PSS PH1000 and stirred overnight. To prepare the films, the mixtures of PEDOT:PSS 

and EMIM:ES were spin-coated onto glass substrates at 2000 rpm for 40s. MRIJP technique: 

PEDOT:PSS and EMIM:ES were ejected out from respective printheads. To prepare the films, 

the in-air coalesced PEDOT:PSS droplets and EMIM:ES droplets were deposited onto glass 

substrates using an automated dispensing system with drop spacing of 120 μm, unless 

otherwise specified.[228] The micro-reactive inkjet printer was operated according to the 

previously reported literature.[10] In both cases, PEDOT:PSS/IL films were coated on glass 

substrates that had been cleaned with water, acetone and isopropyl alcohol for 10 min each and 

pre-treated in UV/O3 plasma for 15 min. The films were then dried at 130 ºC for 15 min. Then, 

the films were washed with water and dried again for 15 min, if necessary. To prepare the 
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samples for ESR measurement, the spin coated sample was prepared by drop-casting the 

mixtures of PEDOT:PSS and EMIM:ES onto glass substrates. Meanwhile, MRIJP sample was 

prepared by printing coalescing pairs of PEDOT:PSS droplets and EMIM:ES droplets at a fixed 

location on glass substrate. The films were then dried at 130 ºC for 15 min, washed with DI 

water and dried again for 15 min. Finally, the films were removed from the substrate to form 

powder. The samples for TEM measurement were prepared by floating the pre-deposited films 

from glass substrates on water and transferring them onto 200-mesh copper grids. To obtain 

clear AFM images, the conducting PEDOT:PSS/IL films on glass substrates were washed with 

water to avoid contact of the AFM tip with IL on top of the film.  

6.4.3 Rheological Characterisations 

Rheological properties of PEDOT:PSS, EMIM:ES and mixture of PEDOT:PSS and EMIM:ES 

were measured using a rheometer (Brookfields LV-DV3T) under couette flow-conditions. The 

surface tension of the solution was measured using a torsion balance, Model ‘OS’ (White 

Electrical Instrument Co. Ltd.).  

6.4.4 Characterisation of Films 

The sheet resistance of the film was measured by four-point-probe method. The current and 

voltage were applied and measured using 4-wire sensing mode using a 7½-Digit Graphical 

Sampling Multimeter from Keithley DMM 7510. Film thickness was determined using a 

Bruker Dektak XT. UV-vis spectra, measured on a Shimadzu UV-3600 plus spectrophotometer 

(Shimadzu Corp.) and the background absorption of the glass substrate was excluded. ESR 

spectra were measured using a JEOL JES-FA200 ESR spectrophotometer operated at ~ 9 GHz 

and sweep time of 2 min with a power level of 1mW. TEM images were taken in bright-field 

mode using a Tecnai F20 microscope operated at 200 kV. AFM images were obtained in 

tapping mode using a silicon probe with a tip radius <10 nm, f ~ 300 kHz and k = 40 N m-1 
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(BudgetSensors) under Asylum Research Cypher ES AFM (Oxford Instrument). The set point 

amplitude was adjusted to 70% of the free air amplitude (1 V) and the integral gain was varied 

during imaging to obtain a good trace or retrace. The scan rate was kept at 1 Hz to obtain 

optimum images. Optical microscope image was obtained using a CETI TRITON II materials 

microscope. 

6.4.5 Fabrication of ACEL Device 

The ACEL device were fabricated using the conducting PEDOT:PSS/IL film as both the 

bottom and top electrodes, with the following device structure: Glass substrate/Printed 

PEDOT:PSS/IL/ZnS:Cu embedded in PDMS/Spin coated PEDOT:PSS/IL/glass substrate. The 

printed PEDOT:PSS/IL on glass substrate was prepared as explained above. The 

ZnS:Cu/PDMS composite was made by mixing ZnS:Cu powder with PDMS in a weight ratio 

of 2:1. The ZnS:Cu/PDMS composite was spun-cast onto the bottom electrode at 2000 rpm for 

40s and then dried at 110 ºC for 40 min. Next, another layer of the PEDOT:PSS/IL on glass 

substrate was clamped on the top of the ZnS:Cu/PDMS active layer. The luminance of the 

device was controlled with a Agilent E3649A DC power supply connected to a DC-to-AC 

invertor purchased from Shanghai KPT Company.  
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Chapter 7  

Conclusions and Future Work 

7.1 Conclusions 

This research work presented the development of an inkjet printing technique termed micro-

reactive inkjet printing (MRIJP) and its application in patterning of functional materials, i.e. 

alginate hydrogel, PANI and PEDOT:PSS/IL. Specifically, MRIJP uses two coplanar single 

nozzle inkjet printheads to achieve different 2D and 3D structures through in-air coalescence 

of reactive droplets. A micro-reactive inkjet printer was developed from commercial inkjet 

printer using a custom-built printhead positioning system, serving as a highly adaptable and 

cost-effective 3D printing platform. The stand-off distance between printhead, point of 

coalescence and substrate were explored for sustainable and practical approach for MRIJP 

technique. Also, the mathematical equations used for predicting the diameter and line width on 

substrates were agreed with the experimental results by considering the diameter of coalesced 

droplets. It can be concluded that MRIJP represents a distinct, yet complementary approach 

compared to conventional printing. Through this MRIJP approach, it demonstrates a pathway 

for patterning 2D and 3D structures of functional materials on solid substrates, that are 

challenging or impossible to create using traditional fabrication approaches. The ability to 

pattern and construct 3D structures of functional materials on solid substrates may open new 

pathways for bioelectronics applications. 

The principal findings of this PhD research are summarised below: 

1) Development of micro-reactive inkjet printer 

A micro-reactive inkjet printer using two single nozzle inkjet printheads with a custom-built 

in-air droplet positioning system using a micrometer was developed. Different version of 
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printer have been developed before it reached the current 4th generation of MRIJP with high 

resolution 2D stage. Most of the part such as stainless-steel stands, acrylic parts and PLA parts 

were either laser cut or 3D printed for this printer. In addition, visual imaging system for droplet 

observation and motion system for patterning are developed in LabVIEW. With all these, a 

MRIJP system was successfully developed.  

2) Micro-reactive inkjet printing of alginate hydrogel 

Using alginate hydrogel as model system, it demonstrates the very first 3D printed structures 

using MRIJP technique. Various free-standing 3D hydrogel microstructures were constructed 

by in-air mixing of precursor and crosslinker droplets. Due to the nature of this alginate 

hydrogel, it shrunk over time as the water evaporated out from the structures. Therefore, a 

mathematical model based on the printed structure to study the evaporation rate of this hydrogel, 

in this case pillar structure was developed. The mathematical model correlates well with the 

experimental data with slight differences observed, most likely due to the simplified nature of 

the model. Clearly, this work shows that the drop impact dynamics plays a critical role in 

developing 3D microstructures of hydrogel and might eventually lead to organ printing or wide 

range of bio-related applications. 

3) Micro-reactive inkjet printing of polyaniline  

To further demonstrate the functionality of MRIJP technique, PANI was synthesised and 

patterned on glass substrates. This printed PANI demonstrated a great potential for freeform 

patterning on solid substrate while maintaining identical electrical, chemical and 

morphological properties of PANI prepared by sequential inkjet printing or conventional 

synthesis. More importantly, this MRIJP technique provides a new way of generating patterned 

PANI other than using pre-synthesised PANI nanoparticle dispersions which often require 

time-consuming ink preparation and optimisation before printing. Also, this MRIJP printed 
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PANI exhibited conductivity of  σdc ≈ 0.61 S cm-1, which is significantly higher than previously 

reported literature inkjet printed PANI.  

4) Micro-reactive inkjet printing of PEDOT:PSS/IL hydrogel 

Patterned 2D and 3D structures PEDOT:PSS/IL were printed via MRIJP technique. Upon the 

in-air collision and coalescence of PEDOT:PSS and EMIM:ES, the spontaneously formed 

conducting hydrogel deposits homogenously on glass substrates, eliminates any potential 

Marangoni flow and overcomes issues with viscosity and agglomeration within the printhead. 

This result demonstrates the first non-lithography based patterned PEDOT:PSS/IL on glass 

substrates. This is a huge improvement in terms of patterning of PEDOT:PSS/IL as most of the 

conventional printing techniques used to generate patterns PEDOT:PSS/IL are either expensive, 

time-consuming or simply patterned thin films. MRIJP technique presents more variety and 

more capability in terms of patterning different 2D or 3D structures of PEDOT:PSS/IL. Also, 

this MRIJP-based PEDOT:PSS/IL exhibits identical performance to the samples prepared by 

spin coating of pre-mixed PEDOT:PSS/IL, in terms of electrical, optical and morphological 

properties. In addition, it demonstrates interchangeable electrodes using this patterned 

PEDOT:PSS/IL on ACEL devices, showing a potential application of patterned 

PEDOT:PSS/IL in future wearable and stretchable electronics devices. Further increase of 

ionic liquid concentration resulted in 3D conductive hydrogel structures, which may provide 

new functionality and open up new advanced engineering applications. 

7.2 Future Work 

So far, a micro-reactive inkjet printer with two single nozzle printheads was developed and 

utilised to obtain patterned alginate hydrogel, PANI and PEDOT:PSS/IL on glass substrates 

that are otherwise unprintable using conventional inkjet printing. Besides that, gas storage 

covalent organic frameworks (COFs) which have been synthesised using microfluidic system 



124 

 

might be a potential future work as no attempt has been done through reactive printing 

technique.[229] Other future work includes a deeper analysis on the in-air diffusion or gelation 

or polymerisation of two different reactive materials before or about reaching the substrate 

would be able to expand the understanding of drop formation on solid substrate which has been 

proved to be crucial to the quality and performance of the printed materials. For example, the 

modelling of two reactive droplets would be of interest in terms of diffusion, polymerisation 

or gelation.  

Current imaging setup to observe the droplet interaction is based on shadowgraph imaging, 

where droplets that are being observed is placed between a light emitting diode and a 

microscope camera. The image captured by this method show the shadow of the droplet. It is, 

however, unable to differentiate the optical differences or identify the colour change over the 

two reactive droplets as they collide and coalesce, eliminates all the information related to fluid 

dynamics such as droplet mixing or chemistry, particularly important for this MRIJP technique. 

Therefore, colour imaging such as high-speed imaging, can be used to track the progress of 

reactive droplet coalescence, polymerisation or gelation under MRIJP technique. In this case, 

the light source should be placed at the front of the droplet instead of the back of the droplet 

for imaging. To do this, it requires high-intensity illumination to obtain the desire results. As 

these required high resolution and fast camera, the installation of more advanced imaging 

system is unavoidable. 

In addition, more than two single nozzle printheads micro-reactive inkjet printing system might 

open up more opportunities for multi-materials printing and increase the understanding of how 

micro-droplets interact during the in-air mixing. Characterisation to compare the performance 

of micro-mixing and conventional mixing would be of interest to many audiences in science 

and engineering. Furthermore, other applications like micro-reactive inkjet printing of 



125 

 

functional materials on semi-cured elastomers such as PDMS or EcoFlex to create an 

embedded micro-structure flexible device might be useful for some applications in the future. 
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