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Abstract 
 

To develop devices for improving the quality of life such as handheld electronics, 

artificial muscles, lab-on-chip devices, etc., the quest for future smart materials has led to 

increasing interest in Conducting Polymers (CPs). Recent technological advancements have 

already exploited the many advantages of CPs, but to further their usability, we require a 

reliable and robust means of fabricating CPs at micrometric scales. This research work 

focusses on demonstrating these fabricated CP micro-structures’ applicability in biomedical 

applications and, more specifically, as a means of sensing and measuring air flow levels 

observed during neonatal resuscitation. 

 In this thesis, I present a reliable means of fabricating three-dimensional CP 

microstructures, in particular focusing on fabricating hair-like microstructures from Poly(3,4-

ethylenedioxythiophene) Poly(styrene sulfonate), referred to as PEDOT:PSS. A 3D printer 

was developed with capabilities of producing microscopic patterns and structures using 

miniaturized pipettes for dispensing the CP material. A Graphical user interface was also 

developed to allow human interface with the microstructure printer. 

 A novel flow sensor prototype was developed using PEDOT:PSS micro-hairs, where 

these micro-hairs act as microscopic switches which open and close in response to air flow. 

By using an array of micro-hairs that respond to specific flow velocities, a discrete digital 

output flow sensor was demonstrated. A means of improving the sensitivity of the flow 

sensor to lower flow velocities was also demonstrated by printing the micro-hairs within a 

narrow convergent-divergent flow channel. 

 To improve the understanding of the flow sensor’s response to air flow by simulating 

the Fluid-structure interactions (FSI), a robust mathematical model was developed. Based on 

Lattice Boltzmann equations for simulating the fluid flow in a 3D domain and beam theory 

for simulating large deflections, the model was exclusively coded in MATLAB. Using 

dimensional transformations to minimize the computational costs, a mixed 2D and 3D 

simulation for the developed FSI model is presented. 

 Using the FSI model, a final sensor prototype was developed specifically to be 

compatible with the target neonatal resuscitator device. Apart from being capable of 

measuring the ultra-low velocity flows experienced during neo-natal resuscitation to meet the 
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demands of the target application, this prototype sensor was designed to be portable with the 

capability of reading out flow levels directly integrated with the sensor. Furthermore, the 

portable sensor was also developed with a disposable architecture to improve medical 

compatibility. 

 By successfully demonstrating the capabilities of fabricating CPs in micrometric 

scales and using these microstructures as a suitable means of sensing air flow through the 

development of an ultra-low velocity flow sensor, the suitability of using CP microstructures 

in real world applications has been demonstrated. 
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Chapter 1 

Introduction 
 

The technological race is never ending, where newer innovations are emerging in all 

fields, introducing applications and devices capable of functionalities surpassing those 

witnessed just a few decades ago. For instance, miniaturization of devices has changed the 

way of our everyday lives, thanks to the rapid increase in research on Micro-

electromechanical systems (MEMS).  

With ever increasing innovations made in the field of MEMS every day, the quest for 

smarter and better materials and manufacturing methods is in constant pursuit. The advent of 

Conducting Polymers (CP) in the late half of the 20th century has introduced a new platform 

for the technological innovations that transform all spheres of life, ranging from electronics to 

medicine. The increased attention can be justified as these CPs are intrinsically conducting in 

nature, whose conductivity can be altered through oxidation and reduction reactions, just like 

the doping process of semiconductors, while still having the physical characteristics of 

polymeric plastics. Continually growing numbers of research outputs in the field of CPs only 

validate its potential as a smart material of the near future. 

1.1. Motivation 

Everyday electronics is seeing an increase of integration of CPs such as in fabrication 

of flexible Organic Light Emitting Diodes (OLED) screens, supercapacitors and even 

batteries, owing to their superior mechanical and electrical properties. The established 

biocompatibility of CPs has also validated their use in biomedical applications. To exploit the 

full potential of CPs as a smart material for future applications, this research focusses on two 

specific milestones: 

• Developing a platform which allows controlled fabrication of these CPs towards 

showcasing an alternative means of processing and fabricating these materials, 

• And more importantly, identifying a potential application and developing a prototype 

for demonstrating the suitability of using these fabricated CPs as a potential and 

viable solution. 
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1.2. Research objectives and scope 

1.2.1. Controlled fabrication of conducting polymers 

 As briefly stated in the previous section, the preliminary objective of this research is 

to develop a platform that allows controlled fabrication of CPs. CPs can be successfully 

processed using existing fabrication techniques, though CPs processed through these 

techniques are confined to be used as thin-films or bulk fabricated micro or nanometric scaled 

fibrous media. To implement the CP media in any real-world application, the controllability 

demonstrated using existing techniques in forming or shaping the CPs into specific shapes is 

minimal (discussed in detail in Chapter 2). 

By developing a means of controlled fabrication, the research contribution to further 

the field of processing and fabricating these CPs into readily usable states would be 

significant. As opposed to current approaches, where CPs are used in polymer blends in 

which they act as conductive media in an otherwise non-conducive polymeric material, the 

full mechanical and electrical potential of these CPs can be exploited through controlled 

fabrication. The scope of controlled CP fabrication platform within this research is limited to 

fabrication of 3D micrometric scaled structures. More specifically, the CP fabrication 

platform is used exclusively as a means of achieving the research objective discussed below. 

1.2.2. Fabricated conducting polymers as a flow sensing medium 

 The controlled fabrication of CPs, though a first step towards advancing the current 

state of art, is set as a preliminary objective while the greater interest of this research is to use 

the developed platform to fabricate CP microstructures and implement these structures in a 

high impact application. Implementation of CP materials as sensors or actuators would be an 

appropriate path towards fully exploiting the excellent electrical and mechanical 

characteristics of these CP materials. Along these lines, the use of CP material as a means of 

sensing and measuring physical quantities was chosen. 

 Looking at a high impact application that is in critical need of a flow sensor, 

automated neonatal resuscitators [1, 2], which are currently being researched and developed 

for providing automated and controlled resuscitation to infants during the neonatal period, 

were chosen. The term resuscitation refers to the process of reopening collapsed alveoli by 

supplying positive air pressure to the lungs [3]. Traditional resuscitation is administered 

manually where a trained medical professional uses a bag valve mask type resuscitator. As 
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the need for automation of this resuscitation process became critical, automated resuscitators 

supplying a controlled volume of air at regular intervals, were developed. These resuscitators 

are controlled by a set of pneumatic drivers and valves to send a controlled volume of air into 

the lungs of neonates in need of resuscitation [2].  

The volume of air sent into the lungs, more commonly called tidal volume, needs to 

be administered at controlled levels. For the resuscitation to be successful, the volume of air 

entering the lungs should neither be lower nor higher than a specific amount. Insufficient 

amount of air entering the lungs results in an unsuccessful resuscitation, while excess 

amounts results in over distention of the alveoli with fatal consequences.  

With the automated resuscitator’s control system, though it can provide a specified 

amount of tidal volume to the lungs by means of a flow controller, these controllers are 

manually set prior to each use by a medical professional. The introduction of a flow sensor 

into the automated resuscitator [1, 2] that can precisely monitor the amount of tidal volume 

during resuscitation to detect any accidental oversight in setting up the controller, thus 

becomes highly critical. This need for a flow sensor that can detect ultra-low flow rates 

experienced during neonatal resuscitation, was chosen as the research objective to be met 

using CPs fabricated in a controlled fashion. Accordingly, the objective was set towards 

developing a flow sensor design based on the CP microstructures, which can measure ultra-

low flow rates. For a successful resuscitation, the tidal volume, or indirectly the flow rate, 

from the resuscitator was required to be at 4 ml/s.  

For monitoring a flow rate as low as 4 ml/s, with capabilities to identify flows below 

and above this rate, a sensor capable of measuring flows from 1 ml/s to 8 ml/s was to be 

developed. As the flow-sensor to be developed is targeted towards a medical application, a 

disposable sensor architecture was to be designed, while ensuring that the sensor is portable 

allowing future integration with the resuscitator. The scope of the research is however limited 

only to development and testing of a CP microstructure based ultra-low flow rate sensor that 

is dimensionally compatible with the intended resuscitator [2] and not the actual integration 

with the resuscitator itself, as this demands extensive medical regulations to be met prior to 

integration. 
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1.3. Thesis Synopsis 

 As portrayed in the previous sections, the scope of this research work has been 

defined towards developing a platform for fabricating the CPs in a controlled fashion and 

developing an ultra-low velocity flow sensor that can be potentially integrated with a neo-

natal resuscitator. In this thesis, I investigate these two scopes, beginning with a chapter that 

introduces CPs to the readers and reviews some of the recent literature (Chapter 2), before 

focusing on the core of this research: the fabrication platform and the development of the 

novel flow-sensor. The outlined structure of this thesis  briefly discussing the contents of 

each chapter is as below: 

Chapter 2 briefly discusses CPs, the current state of art in their processing/fabrication 

techniques and the limitations these techniques impose on advancements to the field 

of CP applications. By discussing a few applications and highlighting the potential 

improvements to these applications from a better fabrication technique, the chapter 

turns its focus on the current research in flow-sensor development and discusses their 

limitations, elucidating the need for an alternative. 

Chapter 3 discusses the development of a low-cost printing platform that is specifically 

aimed at providing a controlled fabrication method of CPs, especially micrometric 

scaled 3D structures. A detailed look at the components used, their accuracy levels 

and how they are integrated together to enable printing of 3D micro-structures is 

discussed in detail. 

Chapter 4 mainly focusses on the initial development stages of the flow-sensor based on 

CP micro-structures. This chapter briefly portrays the printer’s capabilities pertaining 

to the scope of the research, before moving on to the main focus of this chapter: the 

micro-structure (micro-hair) based flow-sensor’s design, the initial prototype 

development and this prototype flow sensor’s performance analysis. 

Chapter 5 builds on the previous chapter, where a means of improving the sensor’s 

sensitivity to measure lower flow rates, towards reaching the end target flow range, is 

investigated. A flow velocity amplifying channel design is discussed and 

demonstrated as a viable means of moving to an ultra-low velocity flow-sensor 

design. 

Chapter 6 provides a deeper insight into the fluid mechanics associated with this flow 

sensor through a highly compact and computationally efficient mathematical model. 

This chapter discusses the development of a mathematical model that can simulate the 
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Fluid-structure interactions (FSI) towards understanding the response of the micro-

hairs to the air flow and optimizing the design of the flow-sensor accordingly. 

Chapter 7 establishes the work carried out in optimizing the design of the second 

prototype in Chapter 5 from the results obtained from the mathematical model 

developed in Chapter 6, and developing a portable ultra-low velocity flow-sensor with 

a disposable sensing medium to suit the needs of the target medical application. 

Chapter 8 concludes this thesis by summarizing the research work that has been 

undertaken towards developing a CP fabrication platform and the development of a 

novel, portable ultra-low velocity flow-sensor that makes use of the fabricated 3D 

micro-hair like structures as the flow sensing medium. The last section of this chapter 

details some of the potential future applications that can base their origin from the 

undertaken research. 
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Chapter 2 

State of the Art 

 

2.1. Conducting Polymers 

 There has been a rapid increase in potential applications of CPs, be they in the 

intricate field of bio-sensing or in the macroscopic scenario within everyday electronics that 

we use, ever since their realization in the mid-1970s [4]. Synthetic and some organic 

polymers that we come across in everyday life, such as plastics and some rubbers, are 

employed in various applications for their non-conductive and flexible nature. Unlike 

conductors whose electrons are freely mobile inducing an overlapping valence and 

conduction bands, and semiconductors which need external excitation to move the electrons 

from the valence to the conduction band, the insulators have their electrons tightly bonded to 

their nucleus thus preventing the electrons from moving to the conduction band even at high 

excitation energy levels. Though some of these polymeric compounds have been present for 

almost two centuries [5, 6], their typical applications were limited and localized as their 

potential for being excellent semiconductors was severely overlooked.  

Since the discovery of the CP, PAc, that exhibited excellent electrical conductivity, in 

the mid-1970’s [7-9], by Shirakawa, MacDiarmid and Heeger, for which they were awarded 

the Nobel prize in 2000, scientists have realized the potential of certain polymers with a π-

conjugated backbone to be made to behave either as semiconductors, or in some cases even 

as conductors [10-13]. The π-conjugated bonds (alternating single and double/triple bonds) in 

these polymers gives rise to loosely bonded or delocalized electrons attached to the carbon 

nucleus (Fig. 2.1) so an appropriate chemical treatment called ‘doping’, which can either be 

used to oxidize or reduce to create charge centres, makes these polymeric compounds behave 

as semiconductors. 
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Fig. 2.1. A representation of conjugated π-bonds in an organic compound giving rise to weakly 

bonded delocalized π-electron cloud 

 The applications of these conductive polymers have been ever increasing since their 

discovery, primarily in the field of electronics [14-19]. Nowadays these CPs are being used in 

fabrication of a myriad of electronic components including, but not limited to, antistatic 

materials, capacitors, transistors, LEDs, batteries, conductive transparent screens etc., [20-

24]. The increase in their demand and application scope can be attributed to their ease of 

synthesis and processability, reduced handling costs and their favourable electromechanical 

properties compared with metals and semiconductors. Also, their electroluminescence and 

optical properties have already led the way for these materials to be employed as organic 

light emitting diodes, which we commonly use in our day to day lives as OLED and 

AMOLED screens on our mobile phones and tablets [25-28]. CPs such as PANI, PPy, PT, 

PSS have also been synthesised and are researched into for being employed as biosensors and 

other medical and electronic applications [29-34]. The potential of employing these CPs in a 

much wider range of applications is seriously limited by the fabrication techniques [35]. 

Unlike fabricating semiconductors and conductor components, where well established 

techniques capable of producing components down to nanometric scales exist, the amorphous 

nature of polymers gives rise to a different mode of charge transportation, such as thermally 

induced tunnelling, intra-chain hopping, range hopping, etc., [36, 37] which demands the 

fabrication methods to be tailored specifically for CPs. Moreover, as the scale of fabrication 

goes down to nanometric levels, it becomes highly critical to control the process as any 

adverse alterations during the fabrication process to the π-conjugated backbone of the CPs 

can deplete their desirable electromechanical properties [38]. Several techniques have been 

specially developed and adapted for fabricating CP structures, however the implementation of 
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these techniques purely are application specific and a few specific techniques are briefly 

discussed herein. 

2.2. Conducting Polymer Fabrication & Processing 

2.2.1. Spin-Casting of conducting polymers 

 
Fig.2.2. Organic Light Emitting Diode fabricated from Conducting Polymer through spin coating 

(Reproduced from [39]) 

OLEDs and solar cells, for instance, can be fabricated by a simple process of spin 

casting and lithography techniques [39-42] (Fig. 2.2). The process entails deposition of a thin 

nanometric layer of CP on a substrate whose flexibility depends on the desired target 

application. The nanometric layer is deposited on the substrate through a spin casting process, 

where a controlled amount of doped CP solution is deposited on the substrate and this liquid-

on-substrate layer is spun at a predetermined speed. The speed and the amount of CP solution 

are carefully controlled to achieve a desired film thickness. This nanometric CP film forms 

the hole-injecting region or electron-injecting region depending on the nature of dopant used. 

The CP layer is then thermally treated to dry out the excess solvent and following this, 

contact electrodes are deposited at desired locations by masking and vacuum evaporation or 

sputter coating techniques. An electroluminescent CP layer is deposited by using a pattern 

masking technique or soft lithography depending on the scale of the application [43]. As both 

CPs have increased solubility due to their dopants, care is taken such that the second CP’s 

solvent doesn’t dissolve the previously deposited CP layer. Following a similar spin casting, 

depending on the first CP layer’s dopant, a complementing electrode (electron-injecting if the 
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first CP is hole-injecting and vice-versa) is then deposited. The schematic representation of 

the spin coating process of a conducting polymer solution and deposition of electrodes OLED 

is detailed in Fig. 2.3. 

 
Fig. 2.3. Spin coating of a single layer of conducting polymer solution over a substrate followed by 

electrode deposition  

 

2.2.2. Screen Solution-Shearing of Conducting Polymers 

 Applications requiring transparent conductive sheets can also benefit from CPs which 

not only allow good conductivity but still maintain their conductivity under greater levels of 

mechanical strain during flexing of the substrate sheets. However, though for these types of 

applications the spin-casting process could be a possible candidate, their large scale 

implementation is seriously hindered due to the batch processing nature of spin-casting. 

Moreover, layer thickness control of spin-casting becomes difficult for deposition over a 

large surface area. Temperature controlled spin-casting though could, to a large extent, 

demonstrate some control over the film characteristics, the overall fabrication cost increases 

[44]. Solution-shearing is one such viable alternative to the spin-casting process for large 

scale fabrication of CP thin films as demonstrated by Worfolk et al., [45]. Solution shearing 

is a temperature controlled application where the CP solution is sheared over a thoroughly 

cleaned, plasma treated substrate with help of a silicon shearing blade. These silicon shearing 

blades are previously treated with crystalline self-assembled monolayers of organosilane 
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compounds to create an ultra-smooth shearing tool [46]. As this blade moves at a controlled 

distance and rate over the substrate, the CP solution is sheared over the substrate. This 

sheared CP solution is then annealed for subsequent layering as required by the end 

application. A similar process can also be applied over photolithographed substrates or 

specifically wetted regions where the CPs can attach to, towards creating patterned deposits 

of CP films. A schematic representation of the solution-shearing process is shown in Fig. 2.4. 

 
Fig. 2.4. Solution shearing of PEDOT:PSS conducting polymer over silicon substrate towards 

creating transparent conductive films/sheets (Reproduced from [45]) 

 

2.2.3. Self-Assembling Synthesis of CP Nanostructures 

 For certain applications where CP nanoparticles are required, a self-assembling 

approach is employed [47-49]. As CPs can behave as either hydrophilic or hydrophobic 

through doping or de-doping processes, this characteristic has been successfully exploited to 

create CP nanoparticles. Surfactants are chosen, carefully based on the required size of the 

target nanoparticle, and when dispersed in a suitable solution they form micelles which have 

hydrophobic and hydrophilic ends. Depending on the hydrophilic/hydrophobic characteristics 

of the monomer, a suitable surfactant in a corresponding solvent will create a spherical 

micelle within which the monomer could be contained (Fig. 2.5). This monomer entrapped 

micelle is then treated with a suitable polymerizing agent (for e.g., FeCl3 for creating PPy 

from pyrrole) to create CP nanoparticles. The size of these CPs as discussed before depends 

on the surfactant used as their carbon chain length determines the spherical size of the micelle 

 
Fig. 2.5. Schematic of self-assembling synthesis for creating CP nanoparticles from hydrophobic 

monomer 
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and in turn the size of the nanoparticle entrapped. For controlled fabrication of nanoparticles 

the chain length of surfactants is ideally chosen to be between 6 and 16 C-C bonds as any 

more or any less would weaken the hydrophobicity or increase the viscosity to successfully 

form self-assembled CP nanoparticles. Once the CP is self-assembled, the solvent is treated 

accordingly to remove the micelles leaving the nanoparticles intact.  

Similar approaches have been employed to successfully create CP nanotubes (solid 

and hollow) [50-52], hollow nano-shells [53] and CP foams [54] by controlling the 

orientation of micelles and by sequential oxidation by using different polymerization 

initiators. By enabling the formation of micelles with their tails facing outwards, and 

polymerizing the monomer around the micelle tails, Jang et al., [51], have fabricated hollow 

CP shells and nanotubes (Fig. 2.6). Though the formed CP nanostructures’ dimensions can be 

controlled to some extent, as the name of the technique indicates, these processes are self-

assembling polymerizations which limit the amount of control over the shape, size and 

surface of these structures to some extent. 

 
Fig. 2.6. (a) Schematic representation of Nanotubes produced from self-assembly of PPy in reversed 

micelle polymerization and (b) TEM of fabricated nanotubes (Reproduced from [51]) 
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 To overcome the drawbacks of self-assembling methods, controlled fabrication of CP 

structures has also been researched over the years and several techniques have been 

developed of which a few significant methods are discussed. 

2.2.4. Hard Template based CP structure synthesis 

Contrary to self-assembly methods, the hard template based synthesis of CP nano and 

microstructures utilizes the use of physical templates as a medium over which the CP 

structures are grown and extracted [55-59]. Earlier synthesis of CPs mainly made use of 

anodized alumina oxide (AAO) membranes [60-62] with nano-channels that can effectively 

allow controlled structuring of CPs in the form of nano-wires (Fig. 2.7). These nano-wires 

however, are unrecoverable from within the template but are still proven to be 

electrochemically viable to exhibit low-field conductivity within their confined nano- channel 

 
Fig. 2.7. TEM image of CP nanotubes fabricated using AAO template (Reproduced from [62]) 

 

template. Towards obtaining pure CP nanostructures, an alternative approach was developed 

[63-65] where reactive nano-fibrous materials were used as templates to grow CPs in. These 

reactive templates were capable of initiating polymerization of the monomer and at the same 

time provide a structural framework for the CPs to grow into. Once the polymerization is 

complete, the reactive template is simply converted into ions through a redox reaction and the 

formed CP nanostructures are left behind (Fig. 2.8). Though the hard template methods have 

a greater edge over soft template synthesis with better control and slightly larger scales of 
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nanostructures produced, they still have the drawback that the CP structures’ distribution is 

chaotic over any given substrate as seen from the figures.  

 
Fig. 2.8. Hard template synthesis of PANi nanotubes showing the (a) MnO2 nanowire hard template 

(SEM) and (b) the Nanotubes after removal of the reactive template with the (c) schematic 
representation of the process synthesis process. (Reproduced from [64]) 

 

2.2.5. Electrospinning of CPs 

 The confined limited spaces of the hard template techniques employed and the 

extensive process of retrieving the pure polymer nano-fibres and nano-wires from these 

templates have been overcome by using the process of electrospinning [66-71]. 

Electrospinning involves application of a sufficiently high enough voltage across the CP 

solution which increases the interionic repulsion which forces the liquids to stretch. By 

confining this liquid to a nozzle, the liquids are forced out of the nozzle (referred to as a 

Taylor Cone) opening as a thin jet of CP wires/fibres (Fig. 2.9). These CP jets are targeted at 

a collector electrode where the solvent evaporates and the CP fibres are formed. By 

controlling the tip of these nozzles, the flow rate of the CP being squirted out is controlled 

and in turn the diameter of the CP wires. This technique has been demonstrated to create CP 

wires in the order of a few nanometres [67]; however as with hard template and self-

assembling techniques for fabricating CP structures, these electro-spun CP nanowires are 

directed in an uncontrolled random fashion to the target electrode. Though the 

electrospinning technique can produce nano-tubes and fibres, these fibres need to be 

processed further before being employed in usable electronic or sensing applications. 
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Fig. 2.9. Electrospinning of CP through a nozzle under high potential causing a fine jet of CP to 

squirt out onto a collector substrate 

 

2.2.6. Patterning Techniques 

 Towards effectively utilizing the full potential of CP structures in applications such as 

consumer electronics, patterning of these CPs on a viable substrate becomes essential. Along 

these lines, screen printing [72], ink-jet printing [73-76] and imprint lithography [77-79] 

techniques have demonstrated repeatable patterns of CPs on substrates. 

2.2.6.1. Micromoulding in Capillaries (MIMIC) 

 MIMIC technique [80] is a type of soft-lithography technique [43] which has been 

successfully demonstrated to create flexible electronics such as field effect transistors. A 

patterned soft-material mould, preferably PDMS, is placed over a substrate, pattern facing 

down, creating a channel of networks between them. These channels are rinsed with an 

organic solvent capable of dissolving polymers and then the CP solution is placed at the open 

end of the channel. Capillarity effect comes into effect sucking in the CP solution through the 

channel filling the reliefs. When this setup is air dried and the solvent evaporates, the soft 

pattern is peeled off carefully with just the dried CP structures occupying the reliefs. Thus, by 
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creating the negative of the required pattern on PDMS, CP structures can be patterned on the 

substrate and through subsequent process steps of depositing insulating layers and electrodes, 

active electronic components such as FETs have been successfully fabricated (Fig. 2. 10) 

with demonstrated capabilities of the MIMIC technique to fabricate structures ranging from 

350nm to 20µm high [80]. 

 
Fig. 2.10. Micromoulding in capillaries to create CP structures 750 nm in height (Reproduced from 

[80]) 

 

2.2.6.2. Lithographed CP structures 

 Lithography techniques have been widely used in manufacturing of semiconductors 

and electronic circuits and the same have been successfully adopted for fabricating patterns 

of CPs over a substrate [43, 81-83]. The photolithography process for creating CP structures, 

just like traditional photolithography, involves substrate cleaning and preparation followed by 

spin coating of the CP over the substrate at a controlled temperature to create a nanometric 

CP layer. After thermal treatment of this layer, a photoresist layer is spin coated. The 

prepared negative mask of the required pattern is placed over the photoresist and exposed to 

UV light. The development of the photoresist is followed by ion etching or plasma treatment 

and the photoresist over the patterned CP is then stripped off with a suitable solvent (Fig. 

2.11). As some CPs aren’t UV sensitive, photosensitizers may need to be added to the CP 

itself to make them compatible with UV photolithography [81,84]. Electron-Beam 

lithographed CP patterns have also been demonstrated [83] which replace the UV resist with 

an electron-beam resist such as ZEP520A [85] and a suitable developer and remover removes 

the resist after exposing it under a beam of electrons in the desired pattern. 



2. State of the Art 

16 
 

 
Fig. 2.11. Photolithography technique to create CP patterns on a substrate. Reproduced from [82] 

 

2.2.6.3. Dip-pen lithography 

 Dip-pen lithography has been extensively developed for sub 100nm patterning [86-

90] of CPs. Dip-pen lithography involves coating the tip of an AFM probe with the 

CP/monomer solution and this tip is moved close to the substrate surface while a potential is 

applied between the substrate and the tip. This initiates condensation that facilitates 

transportation of the CP/monomer solution from the tip of the AFM probe onto the substrate 

(Fig. 2.12). The applied potential between the tip electropolymerizes the monomer as the 

probe tip moves in a predefined pattern, thus depositing thin lines of CP and these lines have 

been successfully created as thin as 50 nm [88]. The dipping of the AFM probe tip in the CP 

solution after every deposition is a time consuming process and at the same time limits the 

length of the patterns created through this technique. Arrays of these probes have been 

fabricated and successfully implemented in creating an array of lines at the same time [91]. 

 
Fig. 2.12. Schematic representation of Dip-Pen lithography technique for fabrication of two-

dimensional CP micro patterns 
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2.2.7. Direct writing of micro- and nano-structures 

 With all the above discussed techniques capable of creating CP structures and 

patterns, their limitations become apparent with their capabilities of fabricating well defined 

and controlled high aspect-ratio (length/diameter) structures. Though some techniques, such 

as electrospinning and template synthesis, can produce high aspect-ratio structures they lack 

fine control for creating well defined structures, while other techniques such as lithography, 

though they possess fine control over the patterns, are limited to minimal aspect-ratios of the 

patterns and are confined to essentially two dimensions. Though dip-pen lithography is 

attractive for creating free form patterns, the need for re-dipping the AFM probe tip hinders 

the CP patterning potential and demands an alternative approach to the problem at hand. 

 A simpler approach to create controlled micro-structures was demonstrated by Hu et 

al., [92] where fabrication of micro-electronic devices required micro-wire bonds for 

interconnections. The technique involves fabrication of a micro-pipette which can deposit 

wires vertically, with a nozzle that had a side-cut at the tip for essentially creating bends in 

the deposited metal electrolyte closer to 90 degrees to establish connections between adjacent 

pads. As the wires are to be bonded between pads which are in micrometric scales, a highly 

precise piezoactuator to control the linear stage down to 10 nm was employed, which 

positions the micropipette that dispenses the metal electrolyte at a precise point in space. By 

lowering these micropipettes onto the pads, the metal electrolyte is deposited and as the 

pipette moves, multiple layers of the metal electrolyte are additively deposited creating thin 

wires that follow the path of the pipette tip movement (Fig. 2.13). The formed 90 degree 

bends defined by the pipette movement were then connected to the pads by pushing the 

printed wire with the tip of the pipette and at the contact point some more of the electrolyte is 

deposited to establish a robust contact. This method of fabricating microstructures provides 

an excellent scope to create well controlled shapes and at the same time can be adapted to 

create high aspect-ratio structures. 
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Fig. 2.13. Pipette defined deposition of metallic interconnects on micrometric levels with capabilities 

of printing structures with near 90° bends (Reproduced from [92]) 

 

 Adapting this printing technique and modifying the conditions to suit printing of CP 

material could thus increase the potential applications of CP structures to a wider range. To 

validate the process of direct writing with CPs, attempts have been made by Kim et al., [93] 

with promising results demonstrating CP micro- and nano-structures fabricated successfully 

from PPy. The printing method closely adapts the process followed by Hu et al., [92] where 

the pipette is just a nozzle without a side cut. Though this reduces the angular deflection 

achieved compared to [92], this technique still demonstrates a gradual translation of the 

microstructure resembling arches. The process of printing involves air oxidation-

polymerization of the monomer solutions as they are being deposited on the substrate.  
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Fig. 2.14. Pipette movement defined printing of CP structures using air oxidation polymerization 

(Reproduced from [93]) 

 

Though this printing technique suffers from the limitation of polymerization which 

can only be achieved through air-oxidation, demonstration of printed CP structures of radii 

down to 240 nm (Fig. 2.14) promises a huge potential in implementing and improving the 

technique for encompassing electropolymerization which can increase the potential of this 

technique to fabricate micro- and nano-structures directly from monomer solutions and direct 

writing of polymer solutions at the same time. Discussions on developing a platform for 3D 

printing of these CP microstructures with capabilities of printing from both monomer and 

polymer solutions are detailed in the upcoming chapter. 

2.3. CP micro structures applications 

 The potential applications of CP micro- and nano-structures are numerous as three 

dimensional structures have large surface area to volume ratios compared to their essentially 

2D counterparts fabricated from other manufacturing techniques. Some typical applications 

of these CP structures are discussed below. 

2.3.1. Biosensing 

 With an increasing interest in devices that can detect, monitor and efficiently quantify 

specific chemical species, biosensors are emerging at a rapid rate [94-96]. Moreover, 

estimation of certain DNAs and metabolites are of prime importance in medical diagnostics 

[97, 98]. Pollution measurement in the environment can also be classified as a macro-scaled 

application of use of biosensors [99, 100]. Improved demands in food and agricultural quality 

control for controlling and monitoring bio-safe products are also propelling the research for 

biosensors tailored for this field [101]. CPs have already generated much interest in the field 

of biosensing owing to their unique electrochemical properties. As these CPs are essentially 
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polymeric chains, they serve as an excellent matrix structure for entrapment of enzymes 

[97,102,103]. This entrapment of enzymes on a specific area, say over an electrode surface, 

can increase the localized biological activity which can be read out to signal the presence of 

enzymes whose concentration can be deduced from the amount of electrochemical activity. 

The ability to synthesize protein specific CPs or attaching specific functional groups to CP 

chains making them respond to only specific types of proteins and not to others, increases the 

potential of CPs as biosensors [104]. CPs in neutral solution states themselves are biosensing 

in nature as the presence of certain organic compounds can dope or de-dope these CPs, 

inducing a change in the conductivity of the solution [105]. 

 To be employed as highly effective biosensors, these CPs have to be extremely 

localized over the surface of the electrode and at the same time have a large enough surface 

area for immobilizing the enzymes [97,106,107]. Towards increasing the surface area of 

these CPs without increasing the surface area of the sensing electrode, 3D micro- and nano- 

structured CPs could prove to be highly potent. A similar application is where CP 

microstructures could replace existing CPs in their thin film form is in gas sensors where any 

change in the vapour levels is detected through a change in the conductivity of these films 

[108,109]. A larger surface area of the 3D CP structure arrays would thus facilitate an even 

better sensitivity of these types of gas sensors. 

2.3.2. Medical field 

 The potential of CPs in the field of biomedical applications has been researched 

extensively by several groups [110-113] and their ever increasing potential in this field has 

opened up new doors for their implementation as a potential replacement for nerves, tissues 

and muscles. As with most of the other applications discussed, this rapidly emerging research 

area exploits the excellent electromechanical properties and biocompatibility of PANI, PPy 

and PEDOT extensively. The biocompatibility of these CP materials, which if insufficient 

can be enhanced by addition of certain dopants or side chains directly to the polymer [114], 

and their mechanical flexibility, makes these CPs a promising solution in neural tissue 

engineering [115], and as blood conduits [116]. 

 When tumours or injuries adversely affect the electrical conductivity of neural 

networks and tissues, they drastically increase the recovery times of the motor and sensory 

functions, especially in cases where the peripheral neural networks are affected [117]. When 

biological tissues fail to repair these injuries, the need for neural grafts that provide excellent 
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bioelectronic communication with the nerve stump becomes critical. At the same time the 

material should be mechanically, thermally and chemically stable while being non-toxic. 

Along these lines, Peramo et al., [118] have successful demonstrated the use of tubular 

PEDOT structures as a conductive, biocompatible and stable material that would actively 

permit electronic and ionic activity with healthy tissues improving recovery rates. Though 

these CPs are biocompatible, most of them are not biodegradable which has been addressed 

either by modifying the CPs themselves by introducing ionisable side groups to the CP 

backbone [119] or by making non-biodegradable CP composites with biodegradable CPs 

such as PPy-PLLA [120]. The processing flexibility of these CPs thus opens up a myriad of 

possible biomedical applications [121,122]. 

2.3.3. Mechanical actuators 

 The applications of CPs extend into the physical domain where there has been 

numerous research towards exploiting the mechanical attributes of these polymeric 

compounds [123,124]. While exhibiting a large scale of flexibility these CPs have the added 

advantage of being electrically active which makes these a promising actuation material. 

Unlike freestanding actuations of IPMC [125], CPs require a suitable electrolytic medium for 

their activation. This need for an electrolytic medium however, doesn’t introduce limitations 

to the implementation of CPs. Depending on the target electrolytic medium, CPs can be 

synthesized to be electromechanically active in that particular medium. As doping and de-

doping affects the electrical activity of the synthesized polymer, the same holds good the 

other way around as well, viz. application of an electric potential can dope and de-dope the 

CP material. This change in their oxidation state (either in their reduced or oxidized states) is 

always accompanied by a change in volume. The electrolyte medium thus serves as a 

reservoir for the dopant that is released from and absorbed back into the CP during reduction 

and oxidation reactions respectively (Fig. 2.15). By localizing this increase or decrease in 

volume of CP films, bending actuators have been realized. Single layer CP beams have also 

been fabricated which can be used as an actuator without any substrate layers or supporting 

materials by controlling the anisotropy of the fabricated beam which restricts the removal or 

addition of dopants to a particular side of the actuator beam [126]. Moreover CP actuators 

have been shown to only require a very small amount of electric potential (in the order of few 

hundred millivolts) to exhibit up to 35% volume change while exerting pressure around 3 

MPa [127] with other research demonstrating realization of over 180 degree bending 

capabilities with these actuators [128] . 
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Fig. 2.15. Schematic representation of CP actuation in an electrolytic medium where dopants release 

and absorption are indicated by blue and red arrows respectively causing a change in volume and in 

turn its actuation) 

CP actuators’ abilities to be tailored to be employed in an environment of choice have 

been well exploited. As human muscles essentially convert electrochemical energy to stretch 

and contract muscles for motor function, the CPs’ close analogy with this mechanism has 

aided in creating artificial muscles. Successful synthesis of CPs to respond to release of 

Acetylcholine, the chemical released by the motor neurons, has already been reported [129] 

and reports of application of CPs as heart muscle patches [130, 131] and blood vessel sealers 

[132] proves the potential of CPs as viable mechanical and biomechanical actuators. 

Miniaturizing and fabricating these CPs as shape-controlled microstructures could open up 

new possibilities to the already existing range of applications. 

2.3.4. Mechanical Sensors 

 With an increasing array of applications in the field of chemical sensing and as 

mechanical actuators, the outstanding electromechanical properties of CP materials have 

already generated numerous research on implementing these materials as mechanical sensors 

as well. Mirroring their actuation mechanism, the CP sensors, which also demand the need 

for an electrolytic reservoir with which the ion transfers are made, experience an imbalance 

in the charge density induced by the movement of ions under an applied stress. This gradient 

in charge density, or in other terms electric potential difference, is picked up by the 

accompanying electronics and can be calibrated to sense and measure the stresses (Fig. 2.16). 
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Fig. 2.16. Bending of CP sensor showing movement of dopant between layers inducing an electric 

potential across the CP layer 

By coating a film of CP, namely PPy of just 30 nm, and using a Au coated 

photolithographed array of micropillars 17 µm high and 5-65 µm in diameter to evenly 

distribute the external load over this film, Shao et al., [133] have successfully demonstrated 

pressure sensors that are sensitive down to loads of 2 Pa. To integrate these CP sensors into 

everyday use, research [134, 135] has been conducted to create CP embedded foam and 

fabrics that can sense the strain and stress for purposes of material evaluation and biological 

monitoring. Unlike metal based wearable electronics, where the textural and mechanical 

properties of the fabric or foam substrate are altered, the use of CP imparts little to no 

physical changes to the substrate, thus enabling the end user to use and process the fabric as 

normal. This has been achieved through in-situ polymerization of the monomer materials 

directly on the substrate [136], which demonstrates the superior ease of creating CP wearable 

electronic sensors. CPs have also been demonstrated previously as position sensors for 

wearable hand assisted exoskeleton devices [136] in which stretching of CP deposited rubber 

strips (PPy on natural rubber) was converted to degrees of angular rotation of each finger 

joint towards position control of the fingers. 

2.4. Flow sensors 

As with the other applications, CPs have been extensively employed in the form of 

thin films and layers and as the implementation of CPs as mechanical sensors is relatively 

still in its infancy compared to their use in biomedical fields, there is immense potential for 

numerous sensor designs based on these CP materials, especially micro and nano-structured 

CP materials. One such potential application of these CP microstructures to be employed as a 

means of flow sensing has been targeted as the primary goal of this research. 

Flow sensors encompass sensing of different types of fluids and have been 

extensively developed for a wide range of applications as early as first recorded history. Flow 
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sensors are used to identify, monitor or measure any change in the flow of fluid medium for 

which the sensor is designed and usually are based on thermodynamic, hydrodynamic, 

mechanical or electromechanical principles [137-146] with a few exceptions that use much 

more rarefied methods such as optics or acoustics to measure fluid flows [147-149]. The 

increasing range of precision flow control applications and microfluidic devices has already 

created a huge demand for the design and development of micro-scaled flow sensors which 

can effectively sense and monitor flows without increasing the overall footprint of these 

devices. Ever since the first MEMS flow sensor was presented in mid 1970s, a large number 

of MEMS flow sensors have been developed and a few recently significant strides on this 

front are discussed below to illustrate the state of the art and the demand gap that the 

proposed sensor is being developed to fill. 

2.4.1. MEMS Thermal Flow Sensor 

 Thermal flow sensors have already become the norm in today’s flow measurement 

instruments available in the market and attempts to miniaturize this technology into MEMS 

devices have already resulted in numerous research towards their development [137-140]. 

Wu et al., [138] have demonstrated micro-machined thermal flow sensors with capabilities of 

measuring liquid flows as low as 0.05 µl/min. The sensor employs two thermal elements, a 

heating element and a thermal sensor which measures the heat generated by the heating 

element. When these elements are placed in a field of fluid flow, the convection of heat by 

the fluid induces a change in temperature of the heating element which is picked up by the 

sensing element. Through calibration, one would thus be able to deduce the flow rate from 

this changing temperature at the sensing element. A schematic representation of this 

mechanism is shown in Fig. 2.17a. The sensor developed by Wu et al., [138] has its heating 

element at a mere 10 µm width and 50 nm thicknesses, which makes integrating these 

elements into microfluidic devices more feasible. 

Instead of a heating and sensing pair, constant temperature heating elements have also 

been employed to create MEMS thermal flow sensors [150]. The heating element draws a 

certain amount of current to reach a set temperature and when a temperature change is 

experienced when placed in a flowing fluid which cools downs or heats up the element, to 

compensate this change the current drawn by the heating element increases or decreases 

respectively, which can be calibrated to read out as the flow rate of the fluid (Fig. 2.17b). 
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Fig. 2.17. (a) Heating & sensing pair based MEMS flow sensor (b) constant temperature based 

MEMS thermal flow sensor (Reproduced from [138, 150]) 

These types of flow sensors are extensively used for their high levels of accuracy in 

measuring flows, but their applicability is limited depending on the thermal properties of the 

fluid under measurement and the sensitivity of the heating/sensing element. The sensor cost is 

directly proportional to the sensitivity of the thermal elements and moreover, as these sensors 

are extremely sensitive to humidity and ambient temperature conditions they demand strong 

thermal isolation. Also these sensors are usually accompanied by high density electronics 

which would allow the user to calibrate the sensor to the type of fluid under measurement, 

further increasing the cost. 

2.4.2. MEMS Capacitive/Resistive/Piezoelectric Flow Sensor 

Another wide range of MEMS flow sensor which has been researched in recent years, 

converts the drag force or dynamic/static pressure of fluid to a change in electrical properties 

of the active element [141-143, 151-154].  To improve the sensitivity of these elements to the 

change in force/pressure, they are usually placed over a cantilever structure whose aspect-

ratio depends on the desired sensitivity and range of the flow sensor (Fig. 2.18a). Towards 

maximizing the bending of the beams, Wang et al., [155] have fabricated pre-curled MEMS 

cantilevers with a large cross sectional area ranging from 400 µm to 2000 µm wide at the free 

end and by implementing a piezoresistive transduction to convert this deflection to a 

changing electric potential, flows of up to 45 m/s were successfully measured (Fig. 2.18b). 

Alternatively, Nguyen et al., [156] have also demonstrated the use of capacitive transduction 

to measure flow rates, where the changing effective areas between the comb-drive capacitor 

arrangement induced by bending of the cantilever plate under air flow induces a change in 

capacitance which when calibrated reads out flow rate (Fig. 2.18c). Flow rates ranging from 

5-20 m/s have been shown to generate a greater change in capacitance of these sensors. 



2. State of the Art 

26 
 

 
  

(a) (b) (c) 

Fig. 2.18. (a) Piezoresistive cantilever based flow sensor (b) Piezoresitive bent cantilever for better 
response for shearing flows and (c variable capacitance based cantilever flow sensors (Reproduced 

from [154- 156]) 
 

Though these types of MEMS sensors are capable of measuring large flow rates 

effectively, the extensive manufacturing process (photolithography) to create intricate multi-

layered MEMS devices and the susceptibility of the intricate cantilever to damage by the 

impurities in the fluid flow demands a need for more robust and simpler flow sensors to be 

developed. 

2.4.3. MEMS Pressure based Flow Sensor 

A more robust and simpler alternative to the electromechanical and thermal MEMS 

flow sensors are development of pressure based MEMS flow sensors [145, 146]. These flow 

sensors are designed to extract the changes in pressure of fluid flow by confining their flows 

to specifically designed channels to estimate the flow rates. Use of orifices and venturi in 

micrometric scale to measure the change in pressure and thus the flow rate has already been 

successfully demonstrated [157, 158]. Though simpler to conceive compared to the 

previously discussed MEMS flow sensors, the accompaniment of a secondary pressure sensor 

along with the MEMS device increases the calibration and sensor costs. 

2.4.4. MEMS Artificial Hair Cells 

A solution to address the above mentioned drawbacks of the MEMS flow sensors 

would be a flow sensor with a robust and simplistic sensing mechanism with easy to fabricate 

CP structures and simpler flow measurement mechanisms. Looking at nature for a robust and 

sensitive flow sensing mechanism, the hair structures which, apart from being employed as 

accelerometers [159,160], chemoreceptors [161,162], thermal [163] and tactile sensors [164], 

play a vital role in detecting fluid flows in most arthropods [165]. These hair structures have 

been realized to be extremely sensitive and are capable of picking up changes in the 
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surrounding fluid caused just by the moving pressure waves from an acoustic source [166]. 

The aquatics lateral line system of neuromasts (neural hair-like structures) have also been 

realized to aid in navigation and hunting based on pressure changes from moving water 

caused by turning and by the prey. 

These hair-like structures are flexibly suspended at their base and are allowed to 

rotate about their pivots in their sockets. This hair structure acts as a lever that translates large 

deflection of the free end under fluid flow to large stress at the base where the sensory 

neurons are present. These sensory neurons thus send signals that are interpreted as changes 

in surrounding fluid flow. Towards developing a highly sensitive flow sensor mimicking this 

mechanism, researchers have already developed Artificial Hair Cells (AHC) for sensing and 

measuring flows. Taking steps to mimic this mechanism, Krinjen et al., [167] have developed 

sensors that can to some extent detect acoustic pressure waves moving in the air by 

fabricating hair structures on a flexible suspended beam from SU-8 photoresists.  The entire 

sensor is fabricated through multi-layer deposition sequences through photolithography. The 

SU-8 polymer hairs are placed on a suspended platform which deforms about its pivot 

inducing a change in capacitance as the hair rotates (Fig. 2.19). This capacitance change is 

captured and calibrated to measure the pressure wave intensity. 

 
Fig. 2.19. Flow sensor based on hair cell activation mechanism from SU-8 hair structures 

[Reproduced from 167] 

 

 Though capable of measuring low frequency acoustic waves with sensitivities much 

higher than most of the previously discussed MEMS flow sensors, the applicability of these 

sensors trickles down to the needs of the target application. 
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2.5. CP material selection 

With a wide range of CPs available in either monomeric or polymeric form directly in 

the market, the first step towards employing CPs as sensors demands a thorough review of 

potential candidates and selecting the most suitable material for sensor design and 

fabrication. Though a myriad of CP materials is available in the previously discussed 

application areas, the most commonly used and widely studied CPs are PANi, PPy and PTh. 

2.5.1. Poly(aniline) PANi 

 PANi was extensively studied over the latter half of last century for various 

applications typically in the field of consumer electronics. This CP has been shown to exhibit 

different electrochemical and optical properties at its various oxidation states, among which 

the most stable state is the emeraldine state (Fig. 2.20a). Optical spectrum shifts between 

different states of oxidation have been well exploited in development of electro-chromic and 

OLED applications [168]. Their antistatic properties were exploited in the early 1900s when 

Hitachi-Maxell made use of this CP as an antistatic coating in many of their products [169]. 

Though many active and passive electronic components including, but not limited to, super-

capacitors and OLEDs, have been extensively developed to make use of this CP, their 

applications have been constrained within this field as they weren’t biocompatible and were 

reported as inducing chronic inflammations [170] 

2.5.2. Polypyrrole (PPy) 

 Ever since the realization of CPs’ potential, the most widely studied and applied 

polymeric compound is Polypyrrole (PPy), synthesized from its monomeric compound 

Pyrrole. Its widespread implementation primarily trickles down from its excellent chemical 

stability, biocompatibility and large levels of conductivity. Pyrrole is a naturally found cyclic 

organic compound with an N-H functional group (Fig. 2.20b), but can also be artificially 

synthesized [171]. When polymerized, its conjugated pi-bond backbone enables 

delocalization of the weak π-bonded electrons, imparting conductivity. PPy, as discussed in 

the previous sections, has numerous applications in biosensors and biomaterials in tissue 

engineering and as bio-safe drug delivery systems [172, 102, 110, 113, 116]. This synthetic 

polymer can be easily synthesized in a wide range of solvents [173] and with different 

surface properties which makes it ideal for incorporating other organic molecules within its 

polymeric matrix as often practised in biomedical applications [174]. Apart from its 
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applications in the biomedical environment, they have also been actively researched as 

potential OLEDs, fuel cells and as anti-corrosives [27,175,176]. Although it has excellent 

conductivity, PPy by itself is difficult to process and extremely brittle as its thermo-plasticity 

decreases once synthesized [177]. 

2.5.3. Polythiophenes (PTh) – Poly (3,4-ethylenedioxythiophene)PEDOT:PSS 

 Another group of CPs attracting attention in recent times are Polythiophenes (PTh) 

and their derivatives which are sulphur containing heterocyclic organic compounds with or 

without additional organic groups. PEDOT or Poly (3,4-ethylenedioxythiophene), a PTh 

derivative, has been of particular interest among researchers in recent years. This PTh 

derivative has an ethylene dioxide group connecting the 3rd and 4th positions of the 

heterocyclic ring (Fig. 2.20c) which greatly lowers its oxidation and reduction potentials 

[178] and this band gap reduction greatly improves the conductivity of PEDOT while 

increasing its chemical and mechanical stability [179]. The transparent nature of PEDOT in 

its conducting state means it can be a replacement ITO in fabrication of conductive and 

flexible transparent sheets [180, 181]. Unlike PANi or PPy, the major disadvantage of 

PEDOT is its solubility [182] and the nature of CPs to actively form composites has already 

been exploited to circumvent this issue by creating composites of PEDOT and polystyrene 

sulfonate (PSS), commonly referred to as PEDOT:PSS. The biocompatibility of this material 

has been well established as previously discussed, with various biomedical applications -   

 
Fig. 2.20. (a) PANi – Emeraldine base with alternating secondary and tertiary amines, (b) PPy and 

(c) PEDOT:PSS mixture showing each of the CPs conjugated π-bonded backbone which gives rise to 
delocalized π-electron clouds and improved conductivities 
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actively implementing PEDOT:PSS. This third most widely researched CP, in essence 

possesses the desirable attributes found in either of PANi and PPy, with none of the 

drawbacks. Moreover the ease of processability of this PEDOT:PSS material allows 

fabrication and implementation of sensors and actuators compatible to different redox media. 

Researchers have demonstrated PEDOT:PSS to exhibit conductivities in order of 103 S/cm 

while being employed as transparent conductive sheets [12,180] even under flexion. These 

films have been actively employed as electrode contacts for capacitors and semiconductors. 

The ease of processability, environmental stability and mechanical flexibility coupled 

with excellent electrical properties and biocompatibility makes PEDOT:PSS an ideal CP for 

the intended flow sensor and by miniaturizing the developed sensor down to micrometric 

scales we move towards the development of a highly sensitive sensor architecture. The 

upcoming chapters describe in detail the fabrication method developed and employed, the 

initial prototype and the mathematical model implemented towards designing and developing 

a high-sensitivity PEDOT:PSS based flow sensor. 

2.6. Summary 

Implementing a flow sensor in medical applications imposes a few restrictions to the 

choice of flow sensors that would suit the environment, irrespective of their sensitivities and 

resolution. The target application, neo-natal resuscitation, demands the need for a simple, 

robust, low cost, portable and, more importantly, a disposable flow sensor. On these lines, as 

all the above discussed flow sensing methods involve the use of expensive manufacturing 

methods, complex electronic transduction methods and intricate designs which make these 

sensors too expensive to be employed as a disposable sensor; the demand for a low cost, 

disposable flow sensor still exists. Moreover, this particular application demands a flow 

sensor that can monitor the resuscitation levels to check if the flow is within a particular 

range for successful resuscitation. A complex electronic circuit that is capable of detecting 

flows at ridiculously high resolutions thus becomes redundant and expensive for this medical 

application. With these design requirements in mind, a highly sensitive sensing architecture 

must be employed. Hair-like structures as a sensing medium, as discussed previously, 

although they can exhibit a high level of sensitivity, the fabrication and transduction methods 

of converting the rotating motion of a hair about the flexible base to an electric signal 

increases the fabrication costs. By eliminating the flexible base and directly implementing a 

transduction mechanism that can read out the amount of deflection of the hair-like structures, 
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thus can effectively maintain the sensitivity, increase the robustness of the sensing element 

and reduce the fabrication costs to a great extent. Along these lines, to fabricate hair-like 

structures, a suitable fabrication method is to be chosen. As previously discussed, viable 

methods to fabricate CP materials in a controlled fashion include lithography and direct-

writing of CPs. Though lithography can be an inexpensive approach to fabricate multiple hair 

structures, at the same time the drawback of this method to create the desired structures is its 

inability to successfully create high aspect-ratio structures. The aspect-ratio (the ratio of 

height to diameter) is directly proportional to the sensitivity of the microstructures to fluid 

flows as the stiffness of the structure decreases. To create these controlled microstructures, 

the direct-writing method is chosen as this method can be customized to create structures of 

varying dimensions limited only by the hardware employed. 

With the direct-writing of the CP chosen as a viable fabrication method for the 

intended sensor design, the sensor characteristics purely depend on the actual material of the 

sensing medium. As the envisioned sensor design entails converting fluid flow into rotational 

moment at the base of the hair normal to the flow direction and a transduction mechanism to 

read out the extent of deflection, the sensor’s sensitivity depends on the stiffness and the 

elastic limits of the CP material itself. As discussed in section 2.5, taking elastic limits, 

processability and conductivity into account, PEDOT:PSS was chosen as an ideal candidate 

for the sensor material. The upcoming chapter discusses in detail the hardware developed for 

the direct-writing of the CP and optimization methods for printing PEDOT:PSS in both 

monomeric and polymeric forms, followed by the proposed sensor design. 
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Chapter 3 

Microstructure Printer – Hardware & Software 

 Various methods described in the previous chapters clearly indicate the advantages of 

direct writing of CPs allowing fabrication of controlled patterns and structures directly on the 

desired substrate. To fabricate 2D patterns and 3D structures at micrometric levels of scale 

necessitates the following conditions to be met: 

• A reservoir that can dispense monomer/polymer dispersion 

• A precisely controlled micrometric nozzle to dispense the dispersion 

• Means to accurately position and control the polymer dispenser over the substrate 

• Control and monitoring capabilities over the printed pattern/structure. 

 Taking the above requirements into consideration, a 3D microstructure printer was 

constructed with an overall assembly architecture shown in Fig. 3.1, and the sections below 

provide the details of the hardware and the software used for this purpose. 

 
Fig. 3.1. 3D microstructure Printer setup. (a) Printer stages with Faraday Cage open mounted on 

Newport vibration control table (b) Printer alongside the PC with the piezocontroller and potentiostat 
in view 

 

3.1. Hardware 

3.1.1. Reservoir & Nozzle - Borosilicate glass pulled micropipette 

 Dip-pen nanolithography discussed in section 2.2.6.3 clearly explains the 

disadvantage of depositing CP dispersion with the reservoir located elsewhere from the 

printing head. A reservoir that continuously dispenses the printer fluid would thus render 
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direct-writing of CP structures a more lucrative option. As the structure of interest (micro-

hairs) being printed would require only few picolitres, to print multiples of these structures 

during a single print, the volume of liquid to be contained would be just a few microliters.  

Towards implementing a means of dispensing a small amount of liquid at only 

required times, the surface tension of the liquid was exploited. Rather than implementing 

expensive precision micro-pumps or air displacement micropipettes driven by a linear 

actuator to control when the fluid is dispensed and when it is not, a reservoir with an orifice 

was implemented. When the surface tension of the liquid meniscus at the orifice of the 

reservoir is greater than the pressure head of the liquid above it, the fluid flow out of the 

orifice ceases and when this surface tension reduces when the meniscus comes in contact 

with a wettable surface, a fluid channel is established as shown in Fig. 3.2.  

 
Fig. 3.2. Surface tension at the orifice used as mode for dispensing liquid. (a) reservoir with the liquid 

medium and orifice. (b) Case when surface tension is higher than or at near equilibrium with the 
pressure head and(c) surface energy lowered during surface contact 

When the distance between the meniscus and the surface increases, the surface 

tension increases, narrowing the fluid channel between the orifice and surface until the 

channel breaks and surface tension reverts to the state as in Fig. 3.2 (b), thereby stopping the 

liquid from flowing out further. This effect of surface tension was utilized by implementing a 

reservoir with a micrometric orifice and by moving the orifice and in turn the meniscus to 

make and break contact with the surface, the liquid flow was initiated and stopped 

respectively during the CP patterning process. 

To fabricate this reservoir capable of holding the CP dispersion, the orifice diameter 

was determined by the smallest feature dimension of the intended pattern. In this case, the 

structures under interest were micro-hairs with dimensions depending on the required 
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sensitivity to flow. The most sensitive hair-like structures in the human body, for example, 

present in the cochlear region of the ears, where bundles of stereo-cilia are present which 

respond to pressure waves caused from acoustic sources, range in a few nanometres in 

diameter [183]. These nano-metric scaled hair-like cilia are extremely sensitive but their 

extreme sensitivities become superfluous to the intended target application. In the same way 

the surface hairs on humans, which range from 100-250 µm in diameter, are far less sensitive, 

despite their large aspect-ratio, as evolution has defined their primary role as thermal 

insulators rather than as a sensing medium.  

Inspired from nature, arthropods for instance and Cricket Cercus in particular, have 

their abdominal cerci covered by thousands of hair-like cilia called filiform hairs [184]. These 

structures are primarily used for detecting changes in viscous drag of the surrounding air flow 

(Fig. 3.3). These hair-structures range from 1-9 µm in diameter and are distributed from 0.3 

to 1.3 mm in length over the surface of the cerci and have been observed to respond to flow 

velocities as low as 3 mm/s. Making the structures in micrometric scale thus makes it ideal as 

it doesn’t become too sensitive to pick up pressure waves arising from audible sources or 

mechanical vibrations and thus tamper with the actual flow measurement and at the same 

time ensures that these structures do not droop/sag down under their own weight as high 

aspect-ratio structures a few hundreds of micrometres in diameter do. Moreover, if the 

structures were to be made with a large diameter (few hundreds of micrometres) the rate at 

which the CP solidifies would increase dramatically, thereby slowing down the printing 

process and primarily limiting it to two dimensional structures. The sensitivities of the hair-

like cilia to fluid flow also depend on the stiffness of the material apart from the physical 

dimensions. Though stiffness can be decreased by increasing the length of the hair-structures, 

limiting the hair-structures within a micrometric range makes choosing CP materials with low 

Young’s modulus highly critical towards fabricating flexible structures. 
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Fig. 3.3. Wind receptor hairs on the abdominal cerci of Cricket Cercus and below the 
response of their hairs to low velocity air flows (Reproduced from [165]) 

With the orifice diameter to create the micro-hairs optimally set to only several 

micrometres, the reservoir to hold the CP while printing was to be decided next. With the 

dimensional extremities of the micro structures capable of being produced with the set orifice 

dimensions ranging from 1µm in diameter and 300µm in length (essentially micro-dots) up to 

9µm in diameter and 1300 µm in length, the volume of the micro-hair ranges from 2.5×10-16 

m3, to a maximum of 8.5×10-14 m3. However, when solidifying, CPs, PEDOT:PSS dispersed 

in H2O for instance, become devoid of their dispersion medium (as essentially CPs are 

insoluble, but easily dispersible in water). Taking this loss of volume into account, to 

theoretically print up to 1000 microstructures with one fill of the reservoir at maximum 

possible dimensions within a micrometric scale, the minimum reservoir volume was set at 

5µL. 

Commercially available borosilicate glass microcapillaries were an ideal candidate for 

the reservoir with volumetric capabilities and dimensions that would suit the 3D printer’s 

requirements. Thick walled capillaries were commercially available from suppliers such as 

Harvard Apparatus and Sutter and Warner Scientific and these were essentially hollow glass 

cylinders, whose internal diameter ranged from 580 µm up to 1.62 mm of which the smallest 

diameter was chosen for this research purpose. Available in varying lengths, a section of 
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desired length can be cut from these microcapillaries. However, the internal diameter was too 

large for the intended microstructures to be fabricated and at the same time, large orifice 

diameters imply the surface tension at the orifice would be much less than the pressure head 

of the liquid within the capillary causing the CP dispersion to flow out until the surface 

tension becomes higher than the pressure head to contain the liquid within.  

To overcome these issues, the diameter of the orifice had to be reduced to a few 

micrometres in range. Usually the glass capillaries are heated over a focussed flame at the 

centre and pulled apart by applying force at either ends to create a smaller diameter pipette 

shape (Fig. 3.4). As a controlled approach for reducing the diameter, manual pulling of this 

glass over a high temperature flame pipette was not an ideal solution as there is limited to no 

control over the pulling force. An alternative to this manual pulling, using a programmable 

laser puller provides a greater and repeatable control of the orifice diameter. 

 
Fig. 3.4. Schematic representation of pipette pulling process 

A Sutter laser puller P-2000, was used to create the required glass micropipettes, 

herein referred to simply as µpipettes, from commercially sourced microcapillaries. The laser 

puller has a programmable laser scanning pattern, power output of the laser, velocity of soft 

pull and velocity of hard pull with a programmable delay before the execution of the hard 

pull. The parameters used for pulling the µpipettes used within the scope of this research are 

provided in Appendix A1. Using this Sutter P-2000 laser puller, µpipettes with orifice 

diameters ranging from 200 nm to 10 µm can be fabricated from 75 mm long thick-walled 

borosilicate glass capillaries with 580 µm ID and 1000 µm OD procured from Harvard 

Apparatus (GC100-7.5). Though the Sutter P-2000 laser puller was used to fabricate pipettes 

ranging from 200 nm to 10 µm, µpipettes with 5 µm orifice diameter were fabricated in 

batches of 60 µpipettes to create the indented micro-hair like structures. 
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Laser patterns and heating and pulling rates of the P-2000 laser puller were 

programmed to obtain 5 µm diameters, with various taper lengths (opening angles) towards 

comparing the effects of these opening angles during the printing process. Though higher 

taper lengths greater than 4 mm allowed printing of densely packed microstructures, the 

printing was highly unrepeatable, sometimes unprintable and the µpipettes themselves were 

prone to tip breakages at the interface due to increased resistance to fluid flow which 

prevented the target CP dispersion from reaching the orifice and forming a meniscus (Fig. 

3.5). 

Taper lengths less than 800 µm were also deemed unfit for printing as the pulling 

process involved implementing thinner scanning patterns with high values of laser power 

(heat parameter in the program) and a sudden large pulling force (hard pull) to break the 

pipette resulted in erratic uncontrolled dimensions of the orifice. Though further work into 

fine tuning the laser puller parameters would have yielded repeatable orifice diameters, these 

higher opening angles limit the density and height of the microstructures printed as the 

µpipettes themselves interact with adjacent microstructures, thereby deforming the already 

printed structures. The µpipettes used within the scope of this research all had taper lengths 

of 3±0.75 mm (opening angles of 20°±5°) which allowed printing of 1.3 mm long structures 

as close as 300 µm apart from each other. 

As the µpipettes had an ID of 580 µm at the free end, normally available air 

displacement micropipettes or medical syringes were not suitable as a means of filling the 

laser pulled µpipette. For this purpose, MicroFil needles from World Precision Instruments 

were procured which had an OD of 350 µm allowing a clearance of 230 µm from the µpipette 

during the process of filling, allowing uninterrupted displacement of air. These 28 gauge 

needles were 97 mm long and demanded extra care during handling as the metallic needle 

tips, though extremely flexible, were still fragile. 
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Fig. 3.5. µpipettes fabricated from laser pulling with different taper lengths and cone angles 

 

3.1.2. Rough positioning stages – Thorlabs Micrometric Linear Stages 

 Positioning and moving these µpipettes is of critical importance to ensure controlled 

fabrication of microstructures and patterns. The following were the ideal requirements of 

suitable micrometric linear stages: 

• Maximum resolution 500 nm (for having better control over the position) 

• Maximum range 1.3 mm (to be able to print the highest intended structure) 

• Minimum speed 0.5 µm/s (along the x and y-axes to control the µpipette movement 

during 3d printing but precision down to tens of nanometres along the z-axis) 

• Maximum speed 500 µm/s 

 With these requirements in consideration and to establish a low cost printing solution 

allowing end users (medical lab technicians/suppliers/hospitals) to setup the printer at an 
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affordable price, Thorlabs MTS25/M-28 stages (Fig. 3.6) were selected to be ideal as a high 

specification/cost solution.  

 
Fig. 3.6.  Thorlabs MTS25/M-28 linear stage along with TDC001 servo motor controller 

With a maximum resolution of 0.5 µm, the MTS25/M-28 stages also exhibited a total 

travel range of 25 mm which allows a maximum working envelope of 15.625 cm3; much 

greater than the requirements for the intended print volume. This large working envelope 

ensures safe approach and return distances of the printer head (µpipette) to and from the 

substrate on which the printing is to be done, allowing ease of µpipette change and substrate 

change without damaging either and allowing placement of probes for monitoring the 

printing process. To establish a 3D printing space, three of these stages were procured along 

with the mounting brackets (MTS25A-Z8, MTS25B-Z8, and MTS25C-Z8) and servo motor 

controllers (TDC001) from Thorlabs and were assembled in the configuration as shown in 

schematic representation (Fig. 3.7). 

 
Fig. 3.7. Schematic representation of long range micrometric positioning stages 
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The stage mounted on the MTS25A-Z8 was fixed to the base, and aligned in such a 

way that it was set as the x-axis of the printer. On the linear platform of this x-axis stage, the 

MTS25B-Z8 adapter was installed which rotates the platform to be mounted on this adapter 

by 90° in the XY plane with respect to the linear platform of the x-axis stage. The stage 

attached to the MTS25B-Z8 acts as the y-axis stage and holds the MTS25C-Z8 right angle 

bracket on its linear platform. The right angled platform allows the final linear stage to be 

mounted at a 90° rotation about the x-axis aligning the linear motion of this stage to the z-

axis. By individually or collectively controlling the three linear stages, the position of the 

linear platform of the z-axis stage can be controlled within a 25 mm3 envelope. 

 The TDC001 servo motor controller (Fig. 3.6) has a closed-loop digital PID position 

control with a quadrature encoder and limit switch inputs which accurately read the servo 

motor encoder and the limit switches present at either end of the controlled MTS25/M-28 

linear stage. The closed-loop PID controller ensures repeatable positioning of the MTS25/M-

28 linear stage. As the y-axis and the z-axis stages are mounted on the x-axis linear platform, 

with each of these stages weighing 310 g, the base stage (x-axis stage) is subjected to a total 

weight of 0.62 kg, which was well below the rated loading limits of 4.5 kg, ensuring optimal 

performance. The overall cost of implementing these linear stages was less than $4200 (USD) 

including the cost of the servo motor controllers. 

3.1.3. Fine positioning stage - PI  NanoCube® 3-axis linear stage 

 With the Thorlabs MTS25/M-28 stages capable of micrometric scale movements, 3D 

structures ranging down to few micrometres could be easily printed. However, a recently 

disassembled SICM [185] allowed easy access to a piezo nano-stage capable of nanometric 

precision. The P-611.3S NanoCube® (Fig. 3.8a) piezo stage had three axis movement 

capabilities of up to 100 µm along each axes in a single package, with strain gauge sensors to 

monitor the exact position of the nano-stage. The PI P-611.3S had a step resolution as high as 

0.2 nm with a compact footprint of 44 mm × 44 mm with adjustable mounting points at 5 mm 

from the edges of the base. The Thorlabs MTS25/M-28 linear stages had a 43 mm platform 

with four 4-40 tap holes located 38.1 mm apart from each other providing a flush mounting 

space for the procured NanoCube®. The linear platform of the z-axis stage of the three axes 

Thorlabs setup was available for mounting this NanoCube® thereby primarily assigning the 

Thorlabs stages for micrometric precise positioning and large scale printing (structures up to 

25 mm in all directions) and the PI NanoCube® acting as fine positioning stage, more 
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importantly along the z-axis direction, with nanometric precision positioning of the µpipette 

location in the 3D space. The main reason for introducing increased precision along the z-

axis direction is to provide precise positioning of the µpipette tip on the printer substrate 

without any damage around the fragile glass orifice as this orifice determines the dimension 

of the printed micro-structure. 

 
Fig. 3.8. (a) PI P-611.3S  NanoCube® and (b) PI E-664 Piezo Nano Controller 

The piezo controller was also readily available after the SICM teardown capable of 

controlling the three axes P-611.3S NanoCube®. The E-664 NanoCube® Piezo controller 

(Fig. 3.8b) had options to control the NanoCube® in both manual modes by adjusting the 

potentiometer knobs on the control panel of the controller and through electric voltage signals 

applied via shielded BNCs located at the rear panel of the controller. A 0-10V signal was 

needed for this controller to produce a corresponding displacement of 100 µm. The voltage 

signal to control this NanoCube® must have a maximum resolution of at least 200 µV to be 

able to accurately control the stage motion by its maximum resolution of 2 nm. The rear 

panel of the controller also houses output connectors for monitoring the axes positions of the 

NanoCube® stages as measured by strain gauge sensors. This voltage level output from the 

strain gauge sensor is a direct indication of the current position of the NanoCube® sage 

connected to the controller with 0.2 mV corresponding to every 2 nm movement of the 

corresponding axis. Using this voltage output as a feedback, the position of the NanoCube® 

was controlled by using PID control implemented in the control software. 

3.1.4. Microelectrode Holders & Mounting fixture 

 With the Thorlabs linear stages allowing a printing envelope of 15.625 cm3, and the 

PI NanoCube® increasing the accuracy up to 2 nm along the z-axis, when the µpipette is 

mounted on to these three axes stages, the position of the µpipette tip can be moved and 

precisely controlled accurately within the printing envelope. However, as discussed earlier, 

these µpipettes are essentially made of borosilicate glass (and Quartz in case of nano-
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pipettes) and are fragile for rigid mounting options such as metal clamps and required a soft 

padded environment with a rigid and robust mounting option with minimal play as any play 

introduced during the printing process would amplify any surrounding vibrations and tamper 

with the shape of the structure being printed. Moreover, as mentioned before, glass capillaries 

come in various diameters and to allow compatibility with any custom made µpipette OD, a 

more standard mounting solution was sought. 

Microelectrode holders are essentially tools for holding micro electrodes and 

micropipettes which are used in medicinal environments for electrophysiological 

measurements (such as intracellular recordings, microinjections and perfusion 

measurements). These electrode holders are commercially available to adapt to a wide range 

of glass capillary ODs and thus were an ideal means of fitting the µpipette. These 

microelectrode holders have a screw cap (Fig 3.9a, inset-i) with a cylindrical rubber stop at 

the end of the bore allowing users to push the µpipette against it to ensure a secure and fully 

slotted position ensuring zero play during the printing process. 

 
Fig. 3.9. (a) Microelectrode holder showing (i) the screw cap, (ii) rubber stop and (iii) screw terminal 

and (b) electrode holder fixture. 

 

As the µpipette intended for printing microstructures is essentially a gravity and 

surface adhesion driven unit where air displaces the CP dispersion as printing progresses 

without any positive work done on it, the free end of the µpipette should be open to the 

atmosphere. The rubber stop within the electrode holder has a cylindrical hole in the centre as 

a means for providing a pathway for fluids to flow through and, as the name suggests, holds 

the electrode (ref Fig. 3.9a, inset-ii) for establishing electrical contact between the biological 

sample under examination to external devices for measurements or impulses as needed.  



3. Microstructure Printer – Hardware & Software 

43 
 

These microelectrode holders, appropriate for the laser pulled µpipette, need to have a 

bore diameter of 1 mm, equivalent to that of the OD of the µpipette. As various types of 

microelectrode holders are available, a simple straight body E series microelectrode holder 

with a 1mm bore diameter and vent for air flow was chosen from Warner Instruments (Model 

no. ESW-F10N). This allows the µpipette to be slid into the bore until it reaches the end stop 

manually without applying much pressure for printing, and the removal of µpipettes from 

these holders can be done with ease if the need arises to replace these µpipettes. As these 

microelectrode holders are made from clear plastic (PMMA), they can also be easily fixed 

onto the moving platform of the NanoCube® without fastidious concern of the applied 

clamping force. Towards establishing an easier connect and disconnect of the electrode 

holder to the external electronics, a thick shielded cable was soldered straight onto the screw 

terminal (Fig. 3.9a, inset iii) of the microelectrode holder. 

Along these lines a small fixture was designed and milled out of an aluminium block 

(Fig. 3.9b) to encapsulate the electrode holder within it and attach to the face of the 

NanoCube® by means of M3 Allen bolts. However, refilling the µpipettes or cleaning the 

electrode holder after the CP dispersion runs out demands easy removal of the µpipette 

holder from the printer stage. The encapsulation of the electrode holder is thus bored with a 

5.2 mm ID, introducing a clearance for sliding out the microelectrode holder from within the 

fixture. To offset this clearance, two M4 holes were drilled on the sleeve for placement of 

two plastic screws which when tightened hold the microelectrode holder rigidly in place 

during the printing process. This ease of installation and removal of the electrode holder to 

replace the µpipette ensured minimal time spent on removing the fixture from the 

NanoCube® every time the µpipette needs replacing. 

3.1.5. Potentiostat 

 Potentiostats are devices capable of maintaining a constant voltage across two 

electrodes, commonly referred to as the working electrode (WE) where the voltage is applied, 

and the reference electrode (RE) where the applied voltage is measured, normally placed in 

an electrochemical cell. These potentiostats maintain a constant voltage by essentially 

controlling the current flowing between these electrodes via a third electrode commonly 

referred to as the counter electrode (CE) to counteract the changes in ion interaction of the 

electrochemical cell. Typically, these ionic currents are in the range of few picoamps (pA) to 

nanoamps (nA) in the case of nano and micro-structures respectively. 
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Polymerisation of monomers can be either achieved through the imposition of 

sufficient constants or a cyclic electric potential or by passing an anodic current through the 

dispersion. The custom-built battery operated potentiostat used in the hardware setup 

 
Fig. 3.10. Battery operated potentiostat built by University College London 

 

was developed by University College London (UCL) (Fig. 3.10) and the battery powered 

potentiostat had a capacity of two hour’s continuous use after which the applied potential and 

hence the current starts to drop dramatically. Two of these potentiostats were available for 

use, allowing swapping of the potentiostat experiencing a drop in voltage with a freshly 

charged potentiostat. Though a secondary potentiostat that runs on direct mains power, 

capable of accurate measurements from CH Instruments (CHI-700D), was also available, 

unlike the custom built potentiostat whose output potential can be controlled via an external 

input signal, the CHI-700D lacked such straightforward control but relied on pre-set voltage 

ramp levels to essentially perform cyclic voltammetry experiments. For this reason, the UCL 

potentiostat was used to provide a seamless control of the output voltage from the potentiostat 

from a single platform which controlled the stage movements as well.  

Apart from being a voltage source for electro-polymerization of monomer solutions, 

the potentiostat also plays a vital role during the printing directly with the polymers 

themselves. The potentiostat is used as a means of applying an electric potential to the CP 

dispersion within the µpipette, which when it establishes contact with the substrate, the 

current flow between RE+CE (CP dispersion) and WE (substrate) increases ionic movements 

and in turn reduces surface energy allowing continuous printing. Moreover, the current flow, 

as discussed in section 3.2.3, also aids in monitoring the status of the printing. 
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3.1.6. Data Acquisition Device & Connector Blocks 

 Though the Thorlabs linear stages came bundled with APT software towards enabling 

users to realize motion of the linear stages straight out of the box with individual panels to 

control each of the three stages, it became imperative that for creating shapes, for example, a 

shape as simple as a hair-like structure at 45°, requires two of these panels to be controlled 

simultaneously and printing multiple shapes and patterns demands the user to sit in front of 

the PC and adjust values as and when a single feature was done printing. As for the 

NanoCube®, a highly sensitive electronic circuit to control the inputs to the piezo controller 

capable of achieving 200 µV output resolution and capabilities to monitor the output would 

have had to be integrated and programmed with a user interface for human interaction. 

However, with the availability of DAQ devices, the task of interfacing these external 

controllers (PI E-664 and TDC001) with that of the PC was much more easily achieved. 

 A PCI-6229 DAQ from NI used in this hardware was sourced as this DAQ device had 

primarily 4 Analog Output (AO) channels compared to just two AOs of the other DAQs in 

the same family of NI 622X series (basic series – least expensive). To realize three axes 

motion of the NanoCube®, the E-664 piezo controller required three discrete voltage input 

channels demanding three voltage output sources. The fourth AO channel of the PCI-6229 

DAQ was still available which was connected to send a control voltage to the potentiostat. 

The Thorlabs linear stages were connected to the PC via a USB hub, thus eliminating the 

need for additional analog output channels on the DAQ device. 

 The Analog Inputs (AI) of the DAQ allow data signal transfer of up to 32 external 

channels of which three were utilized by the PI E-664 piezo controller which provides a 

voltage output corresponding to the position of the stages across the three channels for each 

of the three stages. The AOs and the AIs for this particular DAQ have 16 bits resolution and 

are capable of sending and receiving voltage signals with a maximum resolution of 300 µV 

limiting the maximum incremental movement resolution of the NanoCube® to 3 nm, which is 

still higher than acceptable for printing of micrometric scale structures. The main reason for 

this inclusion was while interfacing the Thorlabs stages with that of the programming 

environment, it was observed that the bundled ActiveX control allowed APT software to be 

controlled externally to limit the maximum step resolution to a 1 µm rather than the rated 500 

nm resolution of the connected linear stages. 
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 To establish connection between the VHDCI terminal of the PCI-6229 DAQ and the 

BNC connectors on the E-664 piezo controller, an intermediate connector compatible with 

both these connectors was needed. Along these lines, a BNC-2110 SCB was sourced to 

establish connection between the DAQ and the piezo controller. As the piezo controller was 

being primarily used to increase the resolution of the printer’s z-axis travel exclusively, a 

shielded cable was used to connect the piezo controller to the BNC-2110 SCB, to attenuate a 

maximum amount of environmental noise from introducing noise to the control signal 

moving the z-axis stage of the NanoCube®. Towards isolating this BNC-2110 from the rest of 

the circuit, a previously used CB-68LP unshielded screw terminal block was put into use for 

establishing signal communication between the DAQ and the potentiostat. 

Thus, with one-way connection to control the three axes of the P-611.3S and the 

potentiostat, established that the output from the piezo controller on the position of the 

NanoCube® z-axis stage and the current from the potentiostat were in need of monitoring. 

This was accomplished by connecting them to the PCI-6229 DAQ via two of the 32, 200 µV 

resolution AI channels via the CB-68LP terminal block allowing monitoring of the printer 

hardware’s essential parameters. 

3.1.7. Printer Noise and vibration isolation  

 As the microstructure printer hardware was primarily developed to fabricate 2D and 

3D patterns essentially in micrometric scale purely depending on electronic controllers and 

sensors to position the printer head while monitoring the printer parameters with currents 

being measured in sub-microampere levels and nanometric positions transduced in µV levels, 

the whole of the printer performance could be easily degraded if exposed to high levels of 

electrical noise. Any minute vibrations induced, for example placing a heavy object near the 

printer, though unnoticeable to users, can still be translated and amplified by the printer’s 

supporting structure. 

 The effect of electrical noise affecting the communication between the E-664 

controller and the NanoCube® had already been minimized by the supplied 14-pin D-sub 

shielded connector cable and the noises between the E-664 controller and DAQ had been 

minimized by the use of shielded BNC cables. To shield the output from the inbuilt strain 

gauge sensors of the stages, and more importantly, to shield the sub nano-amp range current 

measurements made by the potentiostat (over the CP during printing over substrate) from 
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external EM interference, the entirety of the printer was enclosed within a custom-built 

Faraday cage (ref. Fig. 3.1). This Faraday cage had an opening lid, allowing ease of access to 

the µpipette holder and substrate. The back wall and one of the side walls, along with the 

base of the Faraday cage were completely solid with the other three faces of the cage covered 

by conductive steel mesh for two reasons: primarily to ensure visibility of the µpipette tip and 

pattern deposited during the printing process while also a means to reduce the effort required 

to open and close the lid while handling the µpipette and the substrate. The base of the 

Faraday cage had removable slots allowing the printer to be fastened down with openings at 

the base and back wall intersection edge for allowing cables to run through the cage. Whilst 

providing an EM shielding, the Faraday cage also helps in reducing the sudden-changing 

transient air currents, causing sudden change in temperature and humidity, thereby interfering 

with the printing of the microstructures. 

 The mechanical vibration was also supressed from reaching the substrate or the 

µpipette by mounting the printer and the Faraday cage straight onto a vibration control table 

from Newport (Fig. 3.1). The Newport LW3030 air table has a ferromagnetic stainless steel 

surface with 12.5 mm grid spacing and M6 mounting holes, allowing easy mounting of the 

Faraday cage and the printer’s linear stages. 

3.1.8. Substrate Holder and electrode clamps 

 The microstructure deposition, as briefly discussed in section 3.1.1 of this chapter, 

depends upon adhesive forces that overcome the surface tension once the meniscus makes 

contact with the substrate. When these adhesive forces become greater than the weight of the 

substrate itself, the possibility of the substrate moving along with the motion of the printer 

becomes plausible. To avoid any such unwanted movement of the substrate during the 

process of printing due to the above mentioned reason or any other uncontrollable factors 

such as improper control of the µpipette movements or large vibrations imparted to the air 

table etc., the substrate was positioned over a substrate holder. 
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Fig. 3.11. (a) Substrate holder with a slot where two Neodymium (Nd) Magnets are enclosed and (b) 

substrate clamp with wire soldered to establish connection with WE terminal of potentiostat 

 This substrate holder is essentially pieces of PMMA sheets arranged together with 

mounting points to be aligned to the Faraday cage slot and the substrate shaped recess custom 

cut for accommodating various substrates (Fig. 3.11a). These interchangeable PMMA sheets 

slot into the substrate holder with close tolerances allowing limited play of the substrate 

during the printing process. The substrate holder though, limits movement of the substrate 

holder in the XY plane (in reference to the printer axes), the z-axis motion of the substrate is 

still unconstrained and a potential problem for thin substrates. To suppress this unconstrained 

motion a magnetic clamp (Fig. 3.11b) was fashioned from commonly available materials and 

attached to the substrate holder via two strong Neodymium magnets located beneath a layer 

of non-magnetic PMMA sheet (Fig. 3.11a). The base of the magnetic clamp sits over this 

Perspex sheet while being held in place by the magnet beneath them while the spring loaded 

conductive clamping end (tip of a metallic pin) makes physical contact with the substrate. 

Not only do these magnetic clamps provide constraint to z-axis movements of the substrate, 

but also act as a means of establishing electrical contact between the substrate, in essence the 

WE, and the potentiostat. To this end, wires are soldered to the spring support of these 

magnetic clamps which are then clamped to the potentiostat’s WE terminal. 

3.1.9 Imaging devices and illumination 

 The overall printing envelope spans 15.625 cm3 within which the substrate on which 

the CP structure to be printed is placed. With the lowest scanning speed of 1 µm/s with the 

Thorlabs linear stages, it can potentially take 4.34×109 hrs, to scan the entire printing volume 

in search of the substrate. Instead, using the long range Thorlabs stages which have a 

maximum translational speed (2.4 mm/s), the µpipette tip is positioned close to the printing 

substrate. To further enable positioning of the µpipette less than 1 mm away from the 

substrate, a Thorlabs DCC1645C compact CMOS camera with MVL75L lens (from 

Nd magnets below 
a layer of PMMA 



3. Microstructure Printer – Hardware & Software 

49 
 

Thorlabs) and NT58-736 extension tube (from Edmund Optics) was integrated into the 

printer architecture. With a ×50 magnification and an LED light source to illuminate the 

printing substrate area, ease of positioning of the µpipette was increased to enable positioning 

of the µpipette as close as 100 µm away from the printing substrate. 

As the focus of this camera needs to be constantly adjusted depending on the location 

of the deposition spot on the substrate, the camera was placed outside of the Faraday cage 

which further shields the printing area from picking up EM noises from camera source.  As 

the wire mesh on the Faraday cage obscured the printing area, it was later removed and was 

replaced by transparent conductive ITO sheets. These ITO coated, acetate sheets were 

directly bolted in to the Faraday cage providing a transparent yet conductive means to reduce 

EM interference from external sources. The camera was mounted to the air table via a 

magnetic base. Fig. 3.12 shows a closer look at the printing hardware with labels indicating 

different individual components. 

 
Fig. 3.12. Printer setup showing (a) µpipette held by (b) electrode holder and its fixture. (c) shows the 
substrate holder holding a substrate with the (d) Thorlabs linear stage and (e) NanoCube® to position 
the µpipette. (f) The Thorlabs microscope camera with (g) LED light source to aid manual positioning 

of the µpipette 
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3.2 Software 

 All the hardware components discussed earlier need to be collectively interacting with 

each other for effective implementation of the microstructure 3D printer. To achieve this, all 

the chosen hardware was integrated within a single environment by means of LabVIEW, a 

graphical programming language from National Instruments. The LabVIEW programming 

language provided an easy interface with the National Instruments’ PCI-6229 DAQ card. 

Moreover, built-in ActiveX support allows integration of third-party software such as that 

provided by Thorlabs for controlling the linear stages. The Thorlabs APT ActiveX controller, 

once integrated into the LabVIEW environment, allowed simultaneous control of all three 

stages. The custom-written LabVIEW program was designed to be user friendly, thereby 

removing all the unnecessary information pertaining to the printing process to the 

background, presenting to end-users even with minimal knowledge or experience on 3D 

printing, a simple and effective way of printing microstructures easily. Multiple iterations of 

the program have been coded but the final stable version with most features included is alone 

discussed within the scope of this section. The printing software’s GUI presented to the end 

user is grouped and divided into 4 isolated sections as shown in Fig. 3.13. 

 
Fig. 3.13. GUI of custom-programmed 3D microstructure printer software 

 As seen in Fig. 3.13, the top section of the GUI acts as a placeholder for the status 

indicators representing the status of the connected hardware and the current process 

undertaken by the printer stages. Section A as seen from Fig. 3.13 holds a set of interactive 
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buttons and controllers to manually control the printer stages and the tab below this (section 

B) houses the controls essential for automatic control of the printer hardware. The third tab of 

the printer software (section C) houses the potentiostat current output shown in nano-amperes 

with a graph display, and option to manually establish contact between the µpipette and the 

substrate while setting the potentiostat voltage and surface current for this manual approach. 

3.2.1. Manual printing mode 

 The microstructure printer software allows two modes of operation: manual and 

automated printing. By default, the printer mode is set to manual operation, greying out all 

the controls for automated printing except the “print from file” option when the program first 

executes. The operation in manual mode aids in the initial setup of the printer allowing the 

user to move the stages at the maximum step size and speed allowed by the printer software 

for installing/removing µpipettes and substrates.  

The manual mode tab is separated into two sections, namely the stage direction 

control buttons on the left and incremental step size and traversal speed. The directional 

control of the stages is mapped from the top view of the printer (x-y plane) with the normal 

axis (z-axis) movements controlled via two buttons placed on the left of the x-y direction 

control buttons By default all the step size and speed parameters are set to zero to prevent any 

unintentional movement of stage during start-up. The users can either scroll through the step 

sizes and speeds available or enter the exact value manually in the corresponding control 

panels, labelled as x-step size, y-step size and z-step size with their corresponding step 

speeds. The step sizes are coerced to the nearest micrometre as nanometric inputs to the APT 

ActiveX control throws up an out-of-range error. This was the primary reason to integrate the 

NanoCube® to the printer setup as a means of introducing precise µpipette movements in the 

nanometric scale. These manual controls are only limited to the movements of the Thorlabs 

MTS25/M-28 stages as the NanoCube® movements were restricted by design to be controlled 

exclusively via the automated printing mode, as the highly sensitive and expensive 

NanoCube® could potentially be damaged if its operating limits of no more than 100 µm 

translation along any direction was overshot. To still allow manually controlled movement of 

the NanoCube® by the end user a secondary program was also coded in LabVIEW, allowing 

the users to print structures exclusively confined by design limiting the printing envelope to 

no more than 95 µm × 95 µm × 95 µm. 
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With the help of the manual controls, the long range Thorlabs stages are initially 

moved away for ensuring easy access to install/replace/remove substrate and the µpipette 

without any interference with the user’s hand. Once the µpipette and substrate are setup, the 

stages and in turn the µpipette are moved closer to the substrate using manual controls. From 

here on, the user still has the option of either using manual control to print micrometric 

structures (with no features in nanometric range) or opting for automated printing. 

3.2.2. Automated printing mode 

To enable automatic printing, the µpipette is accurately aligned over the substrate, 

where the projection of the µpipette tip along the z-axis indicates the origin of the pattern to 

be printed.  Once aligned over the desired location, the “Print from file” option was selected, 

which opens up a pop-up window requesting the user to locate to a tab delimited text file 

from which instructions for automated printing are read. The contents of the text file consist 

of commands in the form of x, y and z-step size defined in an incremental co-ordinate space 

(the next desired location of the stage is designated with the current position as the reference 

co-ordinates) and corresponding movement speeds of each of these stages. 

Since the substrate thickness can vary and the µpipette was manually attached, it is 

difficult to control the exact distance between the µpipette tip and the substrate. Though the 

Thorlabs CMOS camera provides visual feedback, the exact distance between the µpipette tip 

and the substrate cannot be extrapolated from the visual feedback as that varies with the 

manually adjusted zoom levels and focal lengths set up. The potentiostat whose WE terminal 

is connected to the substrate and RE+CE terminal in electrical contact with the CP dispersion 

within the µpipette, aids in initiating the printing process by monitoring the current levels 

between the WE and the RE, thus providing an indication of contact which commences the 

automated print. During this process, as the meniscus radius varies with changing amount of 

CP dispersion within the µpipette, nanometric precision was required in moving the stage 

during the initial approach. Thus any blind movement of the µpipette along the z-axis 

(downward towards the substrate) by 1µm could lead to breakage of the fragile µpipette when 

it hits the substrate, rendering it useless and demanding the replacement with a fresh µpipette.  

For these reasons, the program is designed in such a way that during the approach 

command, the first sequence of movement is to “search” for substrate contact (positive 

potentiostat current flow). This is carried out by the z-axis of the NanoCube®, while the 
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Thorlabs z-axis stage stays stationary. Once the z-axis of the NanoCube® sweeps through 95 

µm along the z-axis, and if a “no contact yet” signal is obtained (a potentiostat current flow 

of 0 nA), the program commands the z-axis back to its zero position and then moves the 

entire   NanoCube® structure by 95 µm by moving the MTS25/M-28 z-axis stage down by 95 

µm. This process, schematically represented in Fig. 3.14, repeats until the contact is 

established after which the µpipette is collectively controlled by the Thorlabs stages and the 

NanoCube®. 

 
Fig. 3.14. Schematic representation of surface approach implemented in the printer software (Not to 

scale) 

The parameters that define the positive current flow, otherwise termed as threshold 

current, indicating minimum amount of current required to be flowing across the deposited 

CP, are also defined in the uploaded text file along with the applied electric potential from the 

potentiostat. Once printing commences the instructions from the text file are executed line by 

line until the EOF command is received by the printer where all the programmable values 

(incremental co-ordinates, step size, electric potential and threshold current) are read as 

zeroes. To differentiate the surface approach command in the uploaded text file from that of 

the plausible incremental step sizes, the approach step size is defined as 30 mm, which is 

greater than the maximum travel range of any stage. When this value is read, the program 

interprets the command as a surface approach command, thus allowing the surface approach 

to be programmed while printing patterns/structures at instructed distances apart from each 

other.  
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3.2.3. Printing state monitor 

During the printing process, the current between the electrodes is monitored and as 

long as there is a continuous deposition, the current will be greater than 0 nA (varies between 

different CPs) and during the movement of the stages where deposition is intentionally 

disconnected, for example to move to the next position for deposition of a new pattern, the 

current drops back to 0 nA which shouldn’t be interpreted by the software as a failed 

deposition. For this reason, the fail current parameter in the uploaded text file is typically set 

below the threshold current, typically 0 nA during printing process and –100 nA otherwise, as 

a break condition to abort the printing process in case of failed printing. During the printing 

process, several parameters can cause the print to fail due to the following: 

• Entrapment of air bubbles within the µpipette during the process of filling introduces 

an air gap sometimes completely cutting off electrical contact between the CP in the 

top section of the µpipette and the tip of the µpipette resulting in initial success in 

printing but preventing further deposition. 

• The deposition of solidified masses of CP greater than the orifice diameter peeling off 

from the electrode within the holder and falling down towards the pipette tip blocking 

further deposition. 

• Potentiostat voltage dropping due to reduction of electrical charge of the battery 

power supply resulting in current levels dropping below 0 nA, thereby stopping 

further printing and indicating a false print failure. 

All the above mentioned human-induced failures were rectified by carefully filling the 

µpipettes, ensuring no air was entrapped by visually examining under a microscope, proper 

cleaning of the reusable components in an ultrasonic bath with IPA to prevent contamination 

during next use and by ensuring a charged potentiostat is available at all times during the 

entire length of the printing process. However, uncontrollable factors have also been 

observed to cause printing failures. These are detailed in the next chapter. 
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Chapter 4 

3D printed Micro-hair flow sensor – Design and prototyping 
  

The developed 3D printer detailed in the previous chapter is primarily intended to 

fabricate hair-like microstructures for being employed as a means of sensing air flow. This 

chapter describes the printing process outlining the details of the process, followed by a 

detailed description of the proposed flow sensor design, its architecture, the initial prototype 

developed with the proposed designed and the observed sensor characteristics. 

4.1. 3D printing of micro-hairs 

4.1.1. Printing process 

The first step involved in the process of fabricating microstructures involves the 

preparation of the printing material, in our case the CPs. With a wide range of CPs available, 

the arguments discussed in Chapter 2 clearly indicate PEDOT:PSS and PPy as potential 

candidates for fabrication of microstructures. Once the CP/monomer solution is filled in the 

µpipette, the µpipette is then inserted into the electrode holder, with the RE+CE electrode 

submerged into the printing material. A Palladium wire was used as the RE+CE electrode, 

which is connected to the potentiostat via the shielded cable soldered onto the electrode 

holder end.  

After rough positioning of the µpipette over the printing substrate using the long 

range Thorlabs linear stages, the next step involves the surface approach where the Thorlabs 

z-axis stage and the NanoCube® z-axis stage work in unison (surface approach procedure as 

discussed in section 3.2.3) to approach and establish a contact with the substrate surface. 

Once the meniscus on the µpipette tip establishes contact with the substrate, the surface 

adhesion of the CP dispersion with the substrate and the increased ionic movement induced 

by the applied potential initiates the deposition process as shown in the schematic (Fig. 4.1) 

forming a contact with the substrate. Apart from acting as a base for deposition/printing of 

the micro-hair structures and acting as a WE connected to the potentiostat, the substrate 

material more importantly determines the extent of surface wettability during initial contact. 

Moreover, as CPs are intrinsically sticky, the printing substrate should have a higher 

substrate-CP adhesion than CP-CP adhesion; an essential criterion, which if not met, would 

result in weak bonding at the interface between the substrate and the micro-hair and failure to
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print. The substrates tested, listed in their decreasing order of adhesion with CP materials, are 

Glassy Carbon (GC) substrate procured from HTW Hochtemperatur-Werkstoffe GmbH 

(product name SIGRADUR® G), vacuum deposited gold, copper and borosilicate glass. 

Initial experiments establishing the printer capabilities were focussed on printing on GC 

owing to its fairly high strength of adhesion, but transition to gold substrate became more 

crucial during the initial stages of development of the flow sensor. 

In the case of printing from monomer solution, localized polymerization occurs at the 

contact region between the µpipette tip and the substrate and this CP still in liquid form 

(typically polymerized CP dispersed in water) is in a few picolitres of volume allowing rapid 

evaporation of the dispersion medium leaving just the polymerized solid on the surface. In 

the case of commercially available CPs, these are available either as dispersible pellets 

(which are then dispersed in a suitable medium at the required concentration) or as a pre-

dispersed liquid of specific concentrations. In either case, a state similar to electro-

polymerized monomer deposition is observed whereupon exposure of the CP dispersion to air 

at the µpipette tip; the dispersion medium evaporates leaving just the CP solids at the 

substrate-µpipette tip interface. When the µpipette is moved up, the CP-substrate and CP-CP 

adhesive forces work in unison, further pulling out liquid from the µpipette which locally 

solidifies, thereby creating 3D structures. This process of retraction of the µpipette away from 

the substrate depositing the CP material is herein referred to as pulling of micro-hairs (Fig. 

4.1). 

 
Fig. 4.1. Schematic representation of the CP deposition and printing process. 



4. 3D printed Micro-hair flow sensor – Design and prototyping 

57 
 

Once the required height of the micro-hair is pulled, the z-axis speed of the long range 

Thorlabs stage is increased to a value high enough to interrupt continuous deposition and 

solidification at the µpipette tip. This breaking speed was set at least 100 times the speed of 

the pull to ensure a clean break between the µpipette tip and the last deposited CP on the 

micro-hair. Using a 5 µm pipette (SEM image of the µpipette shown in Fig. 4.2), the printing  

 
Fig. 4.2. (a) SEM image of the µpipette after printing micro-hair structure (scale bar represents 20 

µm) and (b) µpipette as seen normal to the µpipette orifice (scale bar indicates 2 µm) 
 
 

 
Fig. 4.3. (Left) Printing process of micro-hair printed from pre-dispersed PEDOT:PSS CP and (right) 
as captured from Thorlabs microscope camera at different stages: (a) Surface approach, (b) surface 
contact & filleted CP base at the substrate, (c)-(g) during the pulling process at 20 µm, 100 µm, 150 

µm, 300 µm and 500 µm respectively, (d) and after breaking speed of 500 µm/s at which µpipette 
deposition stop is applied. The reflection of µpipette and micro-hair on the substrate can also be seen 

in each image. 
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process during different stages with CP as observed via the Thorlabs camera setup on the 

printer is shown in the Fig. 4.3. 

4.1.2. Initial trials of printing micro-hairs 

4.1.2.1. Printing micro-hairs from monomer solution 

Preliminary trials [186] were carried out using Py and EDOT monomer in a suitable 

electrolyte (50 mM of Py in TBAClO4 and 100mM EDOT in TBACF3SO3 respectively 

dispersed in 100 µl of Milli-Q water) chosen as material for deposition during 3D printing for 

fabricating electropolymerized micro-hairs. Following the printing procedure discussed 

earlier, with a constant potential of 1.2V applied by the potentiostat across the RE+CE and 

WE, electro-polymerized micro-hairs were fabricated.  

The in-situ polymerization at the µpipette tip created depositions of polymerized 

material whose concentration depends on the concentration of the monomer and electrolyte at 

that localized point. Though ultra-sonication of the mixture was carried out to ensure uniform 

mixing prior to printing, this localized electropolymerization was uncontrolled which lead to 

twisting and warping of the printed micro-hairs. Moreover, the printed structures, especially 

PPy structures, were extremely brittle and were prone to degradation as PPy structures in 

particular get oxidized and lose their conductivity over time [177]. Fig. 4.4 shows SEM 

images of fabricated structures from Py and EDOT monomer solutions. 

Taking these factors into consideration, the development of the flow sensor was 

subsequently purely based on commercially available CP dispersion and the rest of the thesis 

discusses structures made exclusively from this commercially available PEDOT:PSS 

dispersion. The PEDOT:PSS in its polymerized form is already dispersed, and lack of 

uncontrolled localized polymerization when using this dispersed CP liquid allows for a 

continuous and uniform deposition of CP material over the substrate, providing a better 

control of the structure being printed. 
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Fig. 4.4. SEM images of (a) polymerized Py micro-structures and (b) and polymerized EDOT 

structures printed by electropolymerization of Py and EDOT monomer respectively. Scale at the 
bottom right of SEM images represents 25 µm  

 

4.1.2.2 Printing of micro-hairs from CP dispersion 

Shifting to printing of micro-hairs from commercially available PEDOT:PSS 

dispersion, conductive grade 1.3 wt% PEDOT:PSS dispersion in H2O was procured from 

Sigma-Aldrich. This PEDOT:PSS has a slightly higher viscosity than water owing to the 

dispersed PEDOT:PSS. Moreover, the conductive grade PEDOT:PSS has a rated 

conductivity of 1 S/cm, which equates to even higher resistances when being printed as high 

aspect-ratio micrometric scaled structures. As pulling micro-metric structures larger than 95 

µm solely relies on the Thorlabs linear stage’s lowest possible speed of 1 µm/s, the initial 

trials on printing PEDOT:PSS at this speed over glassy carbon structures were highly 

unsuccessful owing to the comparatively high viscosity of the dispersion. 

To decrease the viscosity of the PEDOT:PSS dispersion, a secondary solvent, namely 

Dimethyl Sulfoxide (DMSO) was added to the dispersion. The intention of this addition of 
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DMSO to the dispersion, apart from being a means of reducing viscosity, was to further 

improve the conductivity of the fabricated micro-hairs, as previously reported by [187] where 

it was observed that addition of DMSO increased the conductivity of PEDOT:PSS by up to 5 

orders of magnitude. Moreover, it was observed that the addition of DMSO improved the 

adhesion of PEDOT:PSS to the substrate ensuring a strong substrate-PEDOT:PSS interface 

upon which further material could be deposited. 

However, the amount of DMSO added to the dispersion was critical in ensuring 

successful fabrication of the micro-hairs. With a higher concentration of DMSO in the 

µpipette, it was observed the deposited dispersion at the µpipette tip remained in the liquid 

state and towards complete evaporation and solidification for a proper 3D printing, thus 

demanding lowering deposition speeds, which were counterproductive towards addressing 

the problem at hand. Lower concentrations of DMSO in the dispersion had a lesser effect in 

reducing the viscosity of the dispersion. Seven different mixtures were prepared, each with 

200 µl, 250 µl, 300 µl, 350 µl, 400 µl, 450 µl, 500 µl of DMSO in 1000 µl of PEDOT:PSS 

dispersion respectively. It was observed that concentrations of 200 and 250 µl did not reduce 

the viscosity of the PEDOT:PSS dispersion, resulting in failed printing of structures, whereas 

concentrations of 450 µl and up did not solidify fast enough at the lowest possible pulling 

speeds of 1 µm/s. (Note: pulling speed is the speed with which the retraction occurs once 

surface contact is established with the NanoCube®, not the approach speed). All three 

concentrations 300 µl, 350 µl, 400 µl of DMSO in 1000 µl of PEDOT:PSS resulted in 

successful printing of the micro-hairs, owing to increased conductivity during the printing 

process and improved adhesion with the substrate. However, the concentration with 400 µl of 

DMSO in 1000 µl was chosen for further printing of micro-hairs at a speed of 1 µm/s owing 

to its better adhesion with the substrate and increased electrical conductivity. 

Though the orifice diameter primarily controls the fabricated structure’s diameter, 

some additional parameters also contribute to the dimensions of the 3D printed structure, 

which include the applied electric potential and more importantly the speed of µpipette 

movement. As the applied electric potential increases, the ionic movement increases, thereby 

reducing the surface energy allowing a greater amount of fluid to be dispensed once surface 

contact is established. The change in diameter of the printed micro-hair vs the applied voltage 

is shown in Table. 4.1. The table indicates that the dependence of the hair’s diameter on the 

applied potential is more profound in 2D lines than for 3D hairs. Hence the effect of this 

voltage was safely neglected during the printing of 3D micro-hairs and maintained at a 
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constant 1.2 V throughout the printing process for all PEDOT:PSS micro-hairs within the 

context of this thesis. The speed at which the printing of micro-hairs using the long range 

Thorlabs stage was observed to be successful and repeatable was 1 µm/s with the 400 

µl:1000 µl DMSO:PEDOT-PSS ratio. However, if the printing speed of these micro-hairs 

was reduced to 850 nm/s the diameter of the micro-hair increased to 10 µm even with the use 

of a µpipette with 5 µm diameter orifice. The reduced printing speed can be achieved by just 

using the NanoCube® alone.  An array of PEDOT:PSS micro hairs demonstrates the 

repeatability and accuracy of the 3D printing technique [186] and is shown in Fig. 4.5. 

Furthermore, towards analysing the limits of the developed 3D printer, It was observed that 6 

µm diameter micro-hairs of up to 8 mm could be successfully fabricated. However, these 

high aspect-ratios reduce the stiffness of the micro-hair structure causing them to fold upon 

Table 4.1. Variation of average thickness over 5 micro-structures with respect to 
applied potentiostat voltage 

Electric potential applied 
by the potentiostat (V) 

Average 2D-line width over 
5 samples (µm) 

Average 3D-hair diameter of 
5 micro-hairs samples (µm) 

0.9 2.52 4.95 
0.95 2.62 4.97 

1 2.78 5.01 
1.05 3.14 5.11 
1.1 3.24 5.07 
1.15 3.43 5.14 
1.2 3.9 5.21 

 

 

 
Fig. 4.5. SEM images of rectangular arrays of 3D printed PEDOT:PSS micro-hairs (scale bar in 

white represents 10 µm) 
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themselves after the printing is discontinued. Hence all the micro-hairs used towards 

development of the micro-hair flow sensor in the scope of this thesis were limited to an 

aspect ratio of 167 (diameter of 6 µm and height of 1000 µm). 

Although the printed micro-hairs demonstrated the repeatability of the printer, the 

success rate of the printer is not 100% due to other factors such as temperature, humidity, 

ambient air flow and CP dispersion in the µpipette itself. However, it is not the aim of this 

thesis to study how these factors affect the printing and it is beyond the scope of this thesis.  

The most common cause of the failure modes observed during the printing process 

traces back to the CP dispersion in the µpipette itself. For instance, during the process of 

filling the µpipette with the MicroFil needles, the introduction of air pockets into the µpipette 

at the µpipette tip, creates a discontinuity in the deposition thereby creating a failed print. 

Another mode of failure observed was when microscopic lumps of coagulated PEDOT:PSS 

separated from the dispersion medium and when they are sufficiently larger than the orifice 

diameter, block the orifice thereby stopping further dispensing of the CP material. 

4.2. Flow Sensor – Design and prototype development 

 The main practical application in this thesis is to implement these micro-hair 

structures as a potential means to detect low air flow rates. The ultimate goal is to replicate 

the mechanism of air flow sensing in Cricket Cercus, so the base of these micro-hair 

structures requires being on a flexible platform capable of rotational DOF normal to the 

direction of air flow. This demands the need for a custom built substrate base prepared prior 

to the printing process (further details in section 2.4.4 of this thesis) and resulting in a 

complex structure. However, as the target application for which the micro-hairs is intended is 

to be a disposable sensor to detect the low air flow rate of a resuscitator, a much simpler 

construction will be proposed here.  

4.2.1 Micro-hair response to air flow 

 To observe the behaviour of these micro-hairs created from 3D printed PEDOT:PSS, 

to the presence of air flow, a sample micro-hair 1000 µm tall and 5.5±0.5 µm was printed on 

a GC substrate. Air flow from a portable compressor was passed over the micro-hair in a 

controlled fashion via a Vögtlin red-y GSC-B thermal mass flow controller and the behaviour 

of the hair to this flow was captured under a Leica MZ75 optical microscope and the response 

is shown in Fig. 4.6. 
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Fig. 4.6. Response of PEDOT:PSS micro-hair when subjected to air flow. 

 

As seen from Fig. 4.6, the 3D printed PEDOT:PSS micro-hair behaves as an elastic 

upright cantilever structure which deflects under air flow and when this air flow is removed, 

the micro-hair reverts back to its initial upright position. It was also noticed that, when the 

mass flow controller was removed from the setup, the micro-hair was exposed directly to air 

from the compressor at 116 psi in an unenclosed condition from a 5 mm diameter nozzle 2 

cm away, it was still not enough to dislodge the hair from the substrate indicating high bond 

strength between the printed PEDOT:PSS micro-hair and the GC substrate. Similar levels 

were also observed with gold substrate but this type of strong adhesion was non-existent on 

bare glass substrates, which rendered printing on glass impossible. 

4.2.2. Micro-hair flow sensor design 

Inspired to create a design based on nature’s best flow sensing mechanism, i.e. hair-

like structures, as observed on Cricket Cercus, where the hairs on the insect are rigid columns 

that rotate about a flexible base whose rotational motion is then picked up by the neural 

receptors as a changing electrical signal, these PEDOT:PSS printed micro-hairs have an 

advantage of flexibility and elasticity over a large region of stress, which provides a potential 

opportunity for exploiting these large deflections as a means of determining air flow rates. 

With the amount of air flow being directly proportional to the observed deflection of the 

micro-hairs, introducing a means of measuring the deflection of these micro-hairs would thus 

be an ideal and straightforward means of measuring the amount of air flow. 
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 Though non-contact means of measuring the deflection of these micro-hairs are 

applicable, such as interferometry or confocal microscopy, when implementing these sensors 

in practical applications, in our case potentially being embedded within in a confined air tube 

connected to a resuscitator, the micro-hairs will be obscured by the surrounding medium, 

limiting the applicability of these non-contact measurement methods.  

This demands the distance measurement system to be embedded within the sensor in a 

micrometric scale. The PEDOT:PSS micro-hairs are conducting in nature, which further 

opens up opportunities for embedding a means of electrical measurement within the sensor 

architecture. CP sensors typically operate by calibrating the conductivity changes induced 

due to changes in ionic movement between the CP layer and the substrate to the applied 

stress. However, as these structures are free standing CP layers on a passive substrate, this 

mode of sensing the amount of stress, and in turn the amount of air flow, becomes 

impossible. 

The end application demands a low cost disposable sensor capable of monitoring if 

the air flow is within a particular range to ensure effective resuscitation and if not, providing 

indication to increase or decrease the resuscitator in-flow accordingly. For this reason, a 

signal in discrete format from the sensor becomes sufficient, which eliminates 

implementation of extensive methods to accurately measure the deflection of micro-hairs 

continuously with nano-metric precision levels. Towards developing a sensor which provides 

an indication of whether or not the flow is within the ideal resuscitation range, a digital 

approach was chosen. 

Towards a means of digital indication of the range of air flow, it can be observed from 

Fig. 4.6 that at any given rate of air flow the micro-hairs deflect to a certain extent. By 

placing a conductive medium at the maximum displacement point of these micro-hairs, along 

the direction of air flow, this would create a physical microscopic switch-like arrangement. 

When the air flows, these micro-hairs deflect and make a contact with conductive pads 

closing the insulating gap. By establishing a conductive track at the base of the CP micro-

hair, i.e., at the substrate, and a conductive pad, this switch arrangement would become 

complete. With the substrates employed during the printing process (GC, gold or copper) 

already being conductors, this criterion was easily met. 

By implementing a single micro-hair, it would only be possible to detect if the air 

flow is above or below a single flow rate. Taking into consideration the actual application, for 
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instance when the resuscitation must be monitored to be in the range of 4 ml/s, using a single 

hair that makes contact at just 4 ml/s would not be sufficient. This single micro-hair sensing 

introduces a lack of information as to how far above 4 ml/s the flow is at, once contact is 

established or how far below 4 ml/s the flow is at, when no contact is established. The 

amount of air flowing into the lung is highly critical, as large amounts of uncontrolled flow 

into the lungs would damage the tender neo-natal lungs and air flows in insufficient quantities 

would result in an unsuccessful resuscitation. Thus having multiple micro-hair structures 

becomes crucial so a minimum of three micro-hairs for the example above, that detect flows 

at 3 ml/s, 4ml/s and 5 ml/s becomes necessary, to have a clear indication of whether the flow 

is too far or just a little off the required flow towards making adjustments to the resuscitator 

unit and maintain the flow at the required level. Thus each micro-hair should be provided 

with their individual conductive pad at specific distances away from them across an 

insulating gap, so that each micro-hair would establish contact with their corresponding 

conductive pad when exposed to their designed flow rates.  

The use of a micro-switch-like arrangement for each flow rate, would be the initial 

thought. Each micro-switch consists of a thin micro-hair that will deflect with air flow and a 

thick micro-hair and a stiff micro-hair. The thicker PEDOT:PSS micro-hairs were 10±0.5 µm 

in diameter compared to the 5.0±0.5 µm deflecting micro-hair which made them stiffer and 

with very little or no deflection to air flow (Fig. 4.7a). The distance between the thin and 

thick micro-hairs determines the air flow rate it aims to detect. Initial trials, though successful 

with detection of contact being detected, as these PEDOT:PSS micro-hairs are intrinsically 

sticky with strong adhesive forces, using a second thick PEDOT:PSS as a contact point did 

not prove to be successful as an on-off micro-switch. Instead of having a pair of micro-hairs 

(made from a thick and a thin hair) for each flow rate, a configuration where a common 

horizontal conducting reference wire can be used as in Fig. 4.7b is proposed and the distance 

between each thin micro-hair to the reference wire determines the measured air flow rate for 

each hair. 
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Fig. 4.7. (a) Using secondary thicker micro-hairs as conductive contact points (b) using a common 

conductive reference contact point suspended in air creating an open state when no air flows over the 
sensing thinner micro-hairs 

 

Opting for a singular conductive reference wire with which all the micro-hairs can 

establish contact, the architecture of the flow sensor could be greatly simplified, while 

increasing the force exerted by the air on the micro-hair. Simple analysis on ANSYS CFX 

software shows using a thick micro-hair parallel to and behind the thinner micro-hairs moves 

the flow streamlines away from the thin micro-hairs along its entire curved surface (Fig. 

4.7a), whereas introducing a micrometric structure normal to the micro-hair orientation (Fig. 

4.7b) and air-flow direction, increases the drag force experienced by the micro-hairs 

significantly as seen from the graph in Fig 4.8. Thus by introducing a thin micrometric 

horizontal conductive wire (herein, simply referred to as reference terminal), while providing 

a current path also ensures a smooth air flow around its circular cross section. Conductive 

wires, commercially available in a wide range of gauge sizes, with diameters down to 80 µm 

(40 AWG) were a suitable candidate for being employed as a reference terminal. 
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Fig. 4.8. Variation in drag force experienced by the 5 µm sensing micro-hairs when placed 150 µm 
away from the reference terminal with varying diameters with the horizontal line showing the drag 

force experienced by a 10 µm thick micro hair placed parallel to the sensing micro-hair axis. 

 

The commercially available low cost wires are made of copper or aluminium, but as 

previously observed during the initial printing process, the adhesiveness of CP micro-hairs 

was still noticeable with materials like copper and aluminium, which meant that once contact 

was established, a strong air flow in the opposite direction was required to separate these 

micro-hairs from the reference terminal. As the proposed sensor was to be implemented in a 

situation monitoring flow in only one direction, it becomes imperative that the reference 

material chosen is non-sticky with PEDOT:PSS. Tests using platinum wire of 160 µm 

diameter, procured as a RE+CE electrode, found it to be less tacky to the CP micro-hairs and 

hence these wires were chosen to be implemented as the reference terminal. 

The design of the sensor thus includes multiple micro-hairs, a conductive substrate 

upon which the micro-hairs are printed and a reference terminal held in space with no contact 

to the conductive substrate. Towards differentiating between contacts established by 

individual micro-hairs, the substrate needed to be divided into multiple conductive pads with 

each of these pads insulated from the other. Though the substrate – micro-hairs bonding was 

the strongest when GC was used, since the SIGRADUR® G glassy carbon was procured as a 

homogenously conductive rectangular slab, fabrication of conductive tracks electrically 
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insulated from the adjacent track was not possible. This was the main factor for which gold 

was preferred as the substrate, as gold can be easily patterned on glass as required by the 

application. A schematic of the proposed prototype flow sensor architecture is shown in Fig 

4.9. 

 
Fig. 4.9. Cut section rendering of the proposed digital CP micro-hair flow sensor architecture  

 

As observed from the above architecture, the patterned gold substrate rests inside a 

confined flow channel with micro hairs printed at specific distances away from the reference 

terminal. The reference terminal is held at 600 µm above the substrate and clamped directly 

to the flow channel walls. When air flows over these micro-hairs, they bend towards the 

reference terminal and establish a contact. This reference terminal is connected to an external 

voltage source and the substrate is connected to the ground terminal of the voltage source. 

When a contact is established between a micro-hair and the reference terminal, current flows 

through the CP micro-hair from the reference terminal back to the ground via the gold 

substrate. These CP micro-hairs themselves are not metallic conductors with very high 

resistances so the current flow is limited by the resistance, thus eliminating the need for a 

series resistance in the circuit to prevent short circuiting the voltage source. By monitoring 

the amount of current drawn by individual current paths, it would be possible to establish if a 

contact has been made. 
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4.3. Micro-Hair Flow Sensor - Characterization and Testing. 

Prior to fabrication of an initial prototype, it was necessary to characterize the 

physical response of these PEDOT:PSS micro-hairs to estimate the exact distance at which 

they must be printed from the reference terminal. Available literature pertaining to 

PEDOT:PSS material properties varies across quite a large range with reports of Young’s 

modulus ranging from 900 MPa to 2.7 GPa [188, 189]. The wide range of measured Young’s 

modulus is attributed to various factors including difference in relative humidity, temperature 

and means of fabrication. Moreover, the addition of DMSO, as employed during the 3D 

printing process also contributes to modified material behaviour. Tensile testing on these 

micrometric structures as proposed by [190] demands the use of AFM tip inside of a SEM to 

monitor the deflection and in turn the stresses applied on the hair through a micro-

manipulator, which demands a great deal of modification to existing setups. 

4.3.1. Micro-hair characterization 

To characterize the physical properties, primarily to obtain the Young’s modulus of 

the 3D printed micro-hair structure to determine the deflection a specific flow rate, the 3D 

printer itself was again used. For the characterization purpose, a single micro-hair structure 

5.5±0.5 µm and 1000 µm tall was printed on a GC substrate. This substrate was then placed 

inside a rectangular flow channel with a cross sectional area of 25 mm × 2 mm fabricated 

from acrylic sheets with a 25 mm × 25mm × 3mm on the bed of the flow channel to provide a 

rigid means of holding the substrate as shown in Fig. 4.10a. 

Rather than opting for non-contact methods to estimate tip deflection, a physical 

contact based tip deflection measurement was implemented. For this purpose, a custom 

fabricated acrylic fixture to replace the electrode holder fixture on the PI NanoCube® was 

fabricated. The acrylic fixture consists of an inverted U-shaped bracket to securely and stiffly 

hold the platinum reference terminal between two sets of screws (Fig. 4.10b). 

Before securing the reference terminal in place, this reference wire is passed through 

the flow channel via the 2 mm × 1.5 mm windows provided on either side of the flow channel 

along the x-axis as shown in Fig. 4.10a.ii. The micro hair is printed in such a way that the y-

axis location of the hair on the substrate coincides with the bottom-left corner of the window. 

To avoid physical damage to the micro-hair on the substrate, the reference terminal was 
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placed at the top right extreme of the window and secured onto the bracket. The test rig 

created for this contact-type displacement measurement is shown in Fig. 4.10c.  

 
Fig. 4.10. (a) The flow channel assembled to create a controlled flow channel with a means of 

securely holding (i) the substrate and (ii) a 2mm x 1.5 mm window for moving the reference terminal 
(b) (i) adapter to connect (ii) bracket that holds the reference terminal (c) The test rig setup to 

characterize the sensor with the flow channel (i) connected to gas flow meter  

Using a custom written LabVIEW program, the reference terminal is manually moved 

to make contact with the tip of the top-right edge (when viewed on YZ plane) of the micro-

hair surface, which is detected when the potentiostat current level goes up. At this point the 

Thorlabs linear stage’s y-axis and z-axis coordinates are recorded and the reference terminal 

is then moved away 1.3 mm along positive x-axis. Once reaching the desired position, the 

LabVIEW control to turn on the Vögtlin controller is activated. At this stage, the micro-hair 

starts to respond to the air flow and bends to the extent corresponding to the air flow rate. 

With the air flow still on and controlled at that same rate, the sweep process for the reference 

terminal towards establishing physical contact is initiated. This sweep process starts with the 

reference terminal being moved along the negative y-axis by 1.3 mm (to its initially 

established contact position with that of the micro-hair). The micro-hair is now in its bent 

state as the reference terminal passes over the topmost point and hence will not establish a 

contact. When no contact is detected, the reference terminal fixture moves back 1.3 mm and 

then moves down by 25 µm (value chosen so as to decrease total volume sweep time). After 
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moving down by 25 µm the reference terminal fixture is again moved 1.3 mm along the y-

axis to detect the presence of the micro-hair. If an increase in current levels is encountered as 

a result of contact between the reference terminal and the micro-hair, the y-axis and z-axis 

coordinates at that instant are recorded. The reference terminal is then moved back to its 

sweep-start position (1.3 mm away and 1 mm up from the base of micro-hair for a 1 mm tall 

micro-hair structure) and the air flow is ramped to the next step and the whole sweep process 

begins again. A schematic representation of this contact estimation process is shown in Fig. 

4.11. 

 

Fig. 4.11. Schematic representation of the movement of the reference terminal controlled via the 3D 
printer’s movements to estimate contact points of the micro-hairs at different flow rates 

  

 With the Vögtlin gas flow meter’s inlet flow rate ranging from 600 ml/min to 6000 

ml/min, the flow rate was ramped starting at 1000 ml/min all the way to 5500 ml/min in steps 

of 500 ml/min. From the obtained y and z contact coordinates, it was observed that the z-axis 

deflection was less than 25 µm for flows up to 2.5 l/min and for better characterization of the 

micro-hair at these flow rates the sweep was again performed with a 1 µm step. The y-axis 
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and z-axis deflection corresponding to each flow rate, from the initial contact position of the 

micro-hair when there was no air flow (un-deformed state), with a correction factor of 

0.0019a2 + 0.3503a for the 600 µm offset, where ‘a’ is the recorded y-axis co-ordinate, are 

plotted in Fig. 4.12 with a 2nd order trend line. The response of the micro-hairs to the air flow 

at lower flow velocities indicate that the deflection along the z-axis is significantly large only 

for flows over 1.16 m/s and this z-axis value becomes more critical in establishing the 

mechanical properties of the PEDOT:PSS-DMSO micro-hair (discussed in Chapter 6).  

 
Fig. 4.12. Deflection of the micro-hairs with respect to flow velocities from 0.33 m/s to 1.83 m/s 

corresponding to flow rates from 1 l/min to 5.5 l/min in steps of 0.5 l/min 

 

Though the gas flow meter controls in terms of flow rate, the value of interest is the 

flow velocity, as for a given constant flow rate, the flow velocity changes with respect to the 

flow channel dimensions. For instance, at a flow rate of 1000 ml/min from the gas flow 

meter, the velocity at the mouth of the gas flow meter outlet (5 mm diameter) is 0.84 m/s 

whereas the velocity inside the 25 mm × 2 mm rectangular duct at the same flow rate is 0.33 

m/s. Towards developing the first prototype flow sensor, the data obtained from this 

mechanical characterisation test were used to position the micro-hair at specific distances 

away from the reference terminal depending on the required flow range to be measured with 

the subsequent section elucidating the printing and observed results of the developed sensor. 
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4.3.2. Prototype micro-hair flow sensor development 

Prototyping began with fabrication of the gold patterned substrate on glass slides. 

Microscope slides were first coated with chromium followed by a deposition of gold, using a 

TB200 vacuum metal evaporator. After the gold deposition, a layer of photoresist was spin 

coated and with a suitable mask, multiple gold patterns were etched on the glass. As the 

sensor was preliminarily designed to test the validity of the concept, multiples of these 

patterns were lithographed on the glass slide for repeated use of the same substrate at 

different locations. 

The large gold pads on the side of each of the four tracks were added during the 

lithography process to provide a large contact surface for establishing electrical connection to 

the external electronics, facilitating and measuring current levels during the printing and 

testing processes. Printing each hair at 1µm/s up to a height of 1000 µm takes 16.67 minutes 

and printing all four structures takes just over an hour to complete (including the µpipette 

surface approach sequences). Hence automated printing was chosen for this prototype sensor 

fabrication with printer co-ordinates (Appendix A2) fed into the software in the form of a text 

file. The micro-hairs are printed on the narrow section of the gold patterns further away from 

the contact pads so as to position the reference terminal just above the edge of the narrow 

gold patterns. This was done to avoid any failure induced accidental contact of the reference 

terminal onto the gold traces which may produce a false reading, as the reference terminal 

was placed just 600 um away from the substrate surface.  

To determine the positions of these micro-hairs, an arbitrary flow range was chosen as 

the target detection range of the prototype flow sensor. Since the Vögtlin gas flow meter 

utilized during the testing stages had a flow range of 600 ml/min to 6000 ml/min, a flow rate 

of 2000 ml/min to 3000 ml/min was chosen and this was divided into four discrete ranges (as 

there were four traces in each set of gold patterns). From the earlier obtained flow rate-tip 

displacement graph (Fig. 4.12), for developing a flow sensor capable of measuring flow rates 

within the target range, distances of 170 µm, 195 µm, 220 µm and 245 µm were extrapolated 

to measure flows between 2000 ml/min to 3000 ml/min in a 25 mm × 2 mm channel. Using 

the edge on the far side of the narrow gold patterns as a reference point, micro-hair structures 

were printed at the above mentioned distances so that the same edge could be used as a 

reference point while positioning the reference terminal. During the printing process, the WE 

magnetic clamp pins were made to be in contact with the corresponding pads of the traces 
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while the RE+CE electrode was dipped inside the µpipette containing PEDOT:PSS and 

DMSO. The potentiostats were fully charged prior to the printing process to ensure a constant 

voltage supply throughout the printing process. Fig. 4.13 shows the SEM image of the micro-

hairs after initial tests were concluded.  

 

 
Fig. 4.13. SEM images of 1000 µm tall, 5.5±0.5 µm PEDOT:PSS micro-hair printed on the narrow 
edge of the gold traces as observed at a 45° tilt (a) shows the 5 µm micro-hair printed 225 µm away 

and (e) 195 µm away from the reference terminal (Scale bar on (a) – (h) represents 200 µm, 5 µm, 10 
µm, 2 µm, 200 µm, 10 µm, 10 µm and 2 µm respectively)  
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4.3.3. Prototype micro-hair flow sensor test rig setup 

The gold patterned substrate over which the micro-hairs were printed was carefully 

placed inside a flow channel designed from acrylic sheets with a recess to hold this longer 

substrate. This flow channel was designed with the same cross sectional area as the flow 

channel previously used during the characterization process to ensure similar flow velocity 

conditions over the micro-hairs. Four grooves 180 µm deep running along the x-axis of (co-

ordinate axes as shown in Fig. 4.11) this channel 600 µm above the substrate surface were 

etched precisely using a laser engraver. These grooves were positioned in such a way that 

when the reference terminal was positioned across in this groove, they exactly passed above 

the edge the narrow end of the gold patterns on the substrate (Fig. 4.14a). 

As the micro-hairs were already printed onto the gold substrate, to avoid using solder 

that might heat up the traces and damage the micro-hairs, commercially available conductive 

glue was used to connect the gold pads to the ribbon cables. These ribbon cables were then 

connected to analog input ports AI0, AI1, AI2 and AI3 on the CB-68LP connector block so 

that the current flowing through the circuit when a contact is established can be picked up by 

the DAQ. The flow channel was provided with a slot to allow the ribbon cables to pass 

through them and this slot was then sealed using a piece of rubber pad to reduce leakage of 

air. A pair of wires from the ribbon cable were used to connect the reference terminal wire to 

the DAQ analog output port and a constant voltage of 1.5 V was applied to this reference 

terminal. The other end of the flow channel was connected to the Vögtlin gas flow meter to 

allow controlled flow of the air through the rectangular channel and to ensure ease of data 

collection, the Vögtlin gas flow meter control was integrated into another LabVIEW code so 

as to monitor the output flow rate across the sensor and at the same time monitor the output 

from the prototype flow sensor. The entirety of the setup (the flow channel and the flow 

meter) were then enclosed inside a secondary acrylic casing to avoid ambient disturbances 

introducing flow of air through the exit side (Fig. 4.14b). 

The LabVIEW program to control the air flow output from the Vögtlin gas flow meter 

was coded to control the flow rate from 6000 ml/min down to 0 ml/min over a span of 

multiple cycles in both manual and automated modes to observe the sensor’s performance 

over a prolonged period of use. A manual control mode was included in the software to allow 

testing of the sensor’s response over different ramp rate durations with sudden dips and crests 

to subject the sensor to varying air flow rates and conditions. The LabVIEW code records the  
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Fig. 4.14. (a) Flow channel with printed micro-hairs as observed under a microscope with the 

reference wire passing normal to the narrow edges of the patterned gold substrate (b) Test rig with (i) 
the flow channel and the prototype micro-hair sensor exposed to controlled air flow from (ii) Vögtlin 

gas flow meter and (iii) the sensor output connected to the DAQ inputs. 

 

Vögtlin gas flow meter’s readings and the corresponding data is read across each individual 

trace on which the micro-hairs were printed, and saves the values over time as a comma 

separated value (csv) file, while providing a graphical representation of these values in real-

time to the user. Initial trials with this setup proved to be unsuccessful as the current levels of 

interest were too low (in few hundreds of nanoamperes) to be measured directly by the DAQ. 

Instead, a 560 KΩ resistor connected in series between the trace and the ground terminal on 

the DAQ board was added and the voltage drop across this resistive load (millivolts range) 

was read by the DAQ. 

4.3.4. Output data analysis from prototype air flow meter 

 When the program starts up, the flow meter is set to control air flow at a rate of 0 

ml/min by default and a 1.2V signal is applied at the reference terminal and the air flow is 

manually ramped up and down. The observed behaviour from the designed prototype sensor 

is described below: 

• When the air flows over the micro-hairs, they start to deflect and as the flow reaches 

approximately 2000 ml/min the first micro-hair (channel AI0) makes contact with the 

reference terminal.  

• At this flow rate, the other three micro-hairs are in open state, as they are partially 

bent but not enough to establish contact with the reference terminal yet. 

• When the air flow is increased to near 2300 ml/min, the second micro-hair (channel 

AI1) establishes contact with the reference terminal and at 2600 ml/min step, the third 
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micro-hair (AI2) establishes contact. Finally, when the flow rate was increased near to 

3000 ml/min, the fourth micro-hair (channel AI3) made contact. 

• When the air supply is ramped down and falls below 3000 ml/min, the fourth micro-

hair breaks contact, followed by the third below 2700 ml/min and similarly the second 

micro-hair below 2300 ml/min. Finally, when air flow rate reaches below 2000 

ml/min all 4 micro-hairs were observed to be in an open state. 

The air flow was ramped up and down over 35 cycles using the LabVIEW code and the 

obtained csv file data were analysed. Fig. 4.15a shows the response obtained from the flow 

sensor (current scale along the left hand side y-axis) alongside the corresponding flow rates 

expressed in terms of flow velocity (right hand side y-axis). The data shows that over the 35 

cycles of ramping of the air flow, the micro-hairs were still intact to the substrate base and 

returned back to their initial state. Four of these cycles are also shown in better detail in Fig. 

4.15b with the noise from the instrumentation filtered out using a simple second order 

Butterworth filter. As observed from the waveforms, the four micro-hairs make and break 

contact above and below specific flow rates and are fairly repeatable in their responses. 

 
Fig. 4.15. (a) Prototype micro-hair sensor signal raw output from the LabVIEW software (filtering 
applied as a 3 point moving average) (b) Detailed current levels from 4 cycles (15th -18th ramping 

cycle) smoothed using a Butterworth 2nd order filter. 
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The data recorded from the prototype flow sensor test, were then analysed using a 

MATLAB script to check the flow rates at which the change in contact states between the 

micro-hairs and the reference terminal were observed (Fig. 4.16). The number of contacts 

made and broken during the testing cycle was higher than the total number of air-flow ramp 

cycles applied over the sensor, indicating the influence of fluttering of the micro-hairs near 

the contact flow rate. Thus the fluttering effect observed can be attributed to the losses 

induced due to the multiple vents in the flow channel of the prototype sensor causing 

uncontrolled air leaks at these vents. As these vents are introduced only for changing the 

location of the reference terminal during the initial prototype testing stages where micro-hairs 

are printed at different locations for initial trials, they can be removed to reduce the fluttering 

effect. 

 
Fig. 4.16. Flow rates at which changes in contact state between each micro-hair and the reference 

terminal occurs as an indication of average contact flow rate and maximum observed deviation. 

 

The prototype flow-sensor’s measurement resolution is approximately 320 ml/min but 

this resolution can be improved further as per the target application’s need by simply 

increasing the number of micro-hairs printed. As with any other sensor characterization, the 
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hysteresis of the prototype flow sensor is measured by estimating the difference between the 

average flow rates at which the micro-hairs make contact during the span of increasing air 

flow and the flow rates at which the micro-hairs break contact during the span of decreasing 

air flow. Table 4.2 shows the average flow velocities (calculated from the flow rate through 

the rectangular channel) at which each micro-hair makes contact and breaks contact with the 

reference terminal and the overall observed hysteresis. 

Table 4.2. Flow velocity at which contact state changes and corresponding hysteresis 

 

Average flow velocity 

at which contact is 

made (m/s) 

Average flow 

velocity at which 

contact ceases (m/s) 

Average 

hysteresis 

(m/s) 

Micro-hair 1 @ 170 um 0.653 0.677 0.022 

Micro-hair 2 @ 195 um 0.766 0.771 0.005 

Micro-hair 3 @ 220 um 0.86 0.863 0.003 

Micro-hair 4 @ 245 um 0.969 0.99 0.021 

 

The developed prototype sensor’s operating cycle lifetime was then established using 

the same LabVIEW program under automated ramp cycles. Two new micro-hair samples 

were printed to ensure that the stresses and fatigue, if induced during the previous tests, were 

not present prior to the testing stage. These micro-hairs were printed on a new substrate and 

at 175 µm away from the edge of the narrow gold traces. The flow limits were set between 

1000 ml/min and 6000 ml/min, the maximum number of cycles was set to 50000 and the test 

was run overnight. The collected data indicates the failure of the first micro-hair at 11,476 

cycles and the second micro-hair at 12,343 cycles after which the current levels obtained 

from the graph indicate a continuously closed-state of the micro-hair switches. When 

removed from the flow channel and observed under a microscope, these micro-hairs were 

found to be in a permanently deflected state, which was attributed to the continual stresses on 

the micro-hairs due to the uninterrupted air flow and the increasing effect of gravity over time 

once the initial stresses deflected the micro-hairs. Hairs that were printed and not exposed to 

external stresses were observed to have a shelf life of over three weeks with minimal 

deflections. To improve the micro-hairs’ life span over longer time periods, printed micro-

hairs were sometimes stored in an upside down position inside of plastic petri dishes to 

eliminate the gravity effect.  
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The shelf life and the thorough analysis of the changes in the electrical characteristics 

of the micro-hairs over time has not been extensively analysed but based on limited 

observation, the resistances over time were found to be minimal. Moreover, as these micro-

hairs are used as mechanical switches, the difference in their intrinsic resistance and changing 

resistance over time does not affect the sensor-characteristics. As the prototype sensor aimed 

at monitoring if the flow rate is in particular range is essentially a digital flow sensor, its 

digital output (on-off states) can be interpreted as an indicator of flow rate ranges and this is 

described in Table 4.3 for the tested prototype micro-hair flow sensor. 

Table 4.3. Micro-hair flow sensor digital output interpretation as corresponding flow 
rate 

Flow-rate ramp 
state 

Digital state (1 - Contact closed, 
0 - Contact open) of micro-hair Indicated flow range 

(l/min) Micro-
hair 1 

Micro-
hair 2 

Micro-
hair 3 

Micro-
hair 4 

Up 0 0 0 0 0 < flow range <1.97 

Up 1 0 0 0 1.97 < flow range <2.30 

Up 1 1 0 0 2.30 < flow range <2.58 

Up 1 1 1 0 2.58 < flow range <2.91 

Up 1 1 1 1 2.91 < flow range 

Down 1 1 1 0 2.97 > flow range > 2.59 

Down 1 1 0 0 2.59 > flow range > 2.39 

Down 1 0 0 0 2.32 > flow range > 2.03 

Down 0 0 0 0 2.03 > flow range > 0 
 

Though the sensor was designed to measure flow rates between 2000 ml/min to 3000 

ml/min in steps of 333.33 ml/min, the actual prototype flow sensor showed a large difference 

in the measured flow rate. The reasons for this noticeable difference in the flow rates 

measured could be attributed to: 

• The most potent and undeniable factor inducing the observed error is attributed to the 

human interaction during the placement of the reference terminal across the flow 

channel during the assembly process. Though maximum effort to ensure that the 

reference terminal was taut and perfectly normal to the air flow and at the exact 

distance from the micro-hairs, micrometric levels of ±10µm of deviation were 

unavoidable. 
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• The unequal current levels observed during the contact. It was observed that even 

when printed from same µpipette and under the same constant electric potential, their 

internal resistances were slightly different, which may be a result of uncontrollable 

nanoporosity in the micro-hair structures inducing variations in electrical 

characteristics and stiffness of same sized micro-structures. 

• The characterization process was primarily carried out in a way that the measured 

deflection was at the tip of the micro-hair furthest away from the micro-hair base, 

whereas the reference terminal in the prototype flow sensor establishes contact with 

the lateral surface of the cylindrical micro-hairs, which indicates the need for better 

modelling of the micro-hair characteristics. 

Thus towards a better and robust flow sensor design, manual adjustment and positioning 

during the assembly process, inducing micro-metric deviations needs to be avoided and a 

better micro-hair modelling process is needed. More importantly this micro-hair sensor, now 

capable of measuring flow rates in the range of 2-3 l/min, needs to be redesigned to be able to 

measure flow rates below 500 ml/min as observed during neo-natal resuscitation. 

4.4. Summary 

Capable of measuring flow rates from 1.973±0.23 l/min to 2.945±0.31 l/min 

(0.657±0.07 m/s to 0.981±0.1 m/s), with discrete digital outputs indicating the flow rate 

range, the prototype’s flow-sensor characteristics establish the suitability of employing these 

micro-hair sensors as a potential means of measuring flow rates in a neo-natal resuscitator. 

However, the flow rates in the neo-natal resuscitator are much lower (ranging from 60 

ml/min to 480 ml/min) than the measuring range of the designed prototype micro-hair flow 

sensor and towards creating a compatible CP micro-hair flow sensor, multiple methods were 

sought as a means of achieving the desired transition to lower flow rates. 

Towards achieving low flow rate measurement capabilities, the first approach and the 

simplest method was to position the reference terminal much closer (sub micro-metric 

distance) to the CP micro-hairs. The second approach involved scaling down the micro-hairs 

and printing CP structures in nanometric scales again imposing the criterion of using 

nanometric diameter reference terminal wire. A third method could involve introducing a 

means of increasing the incoming flow velocities so that these micro-hairs could respond to a 

higher velocity air flow, while the actual incoming air flow is still in the range of a few 

millimetres/second. 
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Chapter 5 

Ultra-low flow rate measurement with CP micro-hair flow 

sensor 
  

With the first prototype of the CP micro-hair flow sensor capable of measuring flows 

in the range of 0.66 m/s to 0.98 m/s (2 l/min to 3 l/min flowing across a 25 mm × 2 mm 

channel), the capabilities of the sensor to respond to very slow flow rates were also observed 

during the characterization process. As summarized in the previous chapter, the target 

application, i.e., implementation of a sensor to monitor the flow rate in a neo-natal 

resuscitator, demands flow sensing in the ranges of 60 ml/min to 480 l/min. To meet the 

demand of the end application’s needs, the CP micro-hair sensor needs to be redesigned for 

such low flow rates. With three possible approaches towards designing the sensor capable of 

measuring even lower flow rates, the upcoming section discusses the pros and cons of each 

approach. 

5.1. Transition to Ultra-low flow rates 

5.1.1. Distance control between CP micro-hairs and reference terminal 

 The minimum intended flow rates of 1 ml/s (60 ml/min) for the target application 

across the designed prototype flow sensor channel 25 mm × 2 mm in area exposes these 

micro-hairs to drag forces of fluid flowing at a velocity of 0.02 m/s which demands 

placement of the platinum reference terminal at a micrometric distance less than 1.5 µm 

(extrapolated value from the flow response graph) away from the printed PEDOT:PSS micro-

hairs. The reference terminal placed manually in a fully stretched state during the initial 

prototype testing still had deviations of ±5 µm which was acceptable as the flow sensing error 

due to this deviation from the characterization graph was just ±0.015 m/s while measuring 

flows of 0.66 m/s. For instance, measuring flow at 1 ml/s from a resuscitator tube 14 mm in 

diameter, the velocity over the micro hairs would be in the order of 0.0065 m/s. The target 

velocities are much lower than the measurement error of 30 mm/s induced by just 10 µm 

deviations in the reference terminal straightness. This demands nanometric precision 

placement of the reference terminal during the sensor assembly process, rendering the 
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distance control approach to transition to ultra-low flow velocity measurements impractical in 

an application where the sensor needs to be printed and assembled by the end user. 

5.1.2. Nano-scaled CP structures 

 The second approach of enhancing the sensitivity and responsiveness of the prototype 

flow sensor design involves printing the hair-like structures in nano-metric scales. The 3D 

microstructure printer was designed with capabilities of printing structures in nanometric 

scales by using just the PI NanoCube®. Trials on using laser pulled Quartz nanopipettes for 

3D printing nano-structures were unsuccessful as the orifice diameter of 200 nm was 

observed to be too small for the viscous CP solution to be dispensed through the orifice even 

with PI NanoCube® controlled pulling speeds as low as 3 nm/s.  Further experimentation on 

optimizing the CP solution towards printing nanometric structures was discontinued as using 

nano-structures for flow sensing demanded the use of a correspondingly nano-metric scaled 

reference terminal wire. This approach also becomes highly impractical when developing a 

disposable flow sensor to be easily assembled by a medical professional after each use. 

5.1.3. Flow velocity amplification 

 For the flow-sensor to be end-user friendly, the distance between the micro-hairs and 

the reference terminal was required to be sufficiently large (at least greater than 10µm) to 

ensure that the reference wire can be positioned precisely without any potential damage to the 

3D printed micro-hairs. Along these lines, the ideal option was to increase the velocity of the 

air flow around the vicinity of the micro-hairs as the viscous drag forces acting on the micro-

hairs inducing the tip deflection depends primarily on the velocity of the fluid field.  

5.1.3.1. Comparison of flow velocity amplification methods – Orifice Plate vs venturi 

A straightforward method of amplification of flow velocity is by introducing a 

constriction in the flow path. Following Bernoulli’s continuity equation, the velocity of air 

flow across a channel with varying dimensions is inversely proportional to its cross sectional 

area. This contraction of area can be easily implemented by implementing an orifice plate in 

the flow path.  The CP micro-hair flow sensor is to be implemented in a medical environment 

where the flow sensor integration should not produce a negative impact on the output flow, 

i.e., the output flow conditions from the flow sensor should be ideally the same as the inlet 

flow conditions. This demands that the pressure loss induced by introducing the micro-hair 

flow sensor to be minimum and the flow rate to be constant. Though the flow of fluid through 
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a tube of constant cross section still induces a head loss due to the wall roughness and 

viscosity of the fluid itself among other factors, the use of an orifice plate will further 

increase this head loss (Fig. 5.1). The presence of a sudden expansion, just after the orifice of 

the flow channel, creates a sudden drop in pressure inducing the formation of vortices. As the 

formation of vortices creates backflow of the air towards the centre of the vortex, it further 

increases the unrecoverable head-loss. Apart from increased pressure losses, the constriction 

in the orifice plate results in the accumulation of air on the inlet side. This build-up of air 

before the orifice plate increases the potential risk of failed resuscitation as the air flow 

during the resuscitation process should be uninterrupted. 

As a means of minimizing these losses, instead of introducing a sudden contraction, 

the use of venturi was proposed. To compare the performance of these two designs and their 

implications, two flow channels with inlet diameters of 50 mm: one with an 2mm thick 

orifice plate with a 10 mm opening and the second with a gradual converging-diverging 

nozzle shape (venturi) of same diameter of 10 mm, were created using CREO Parametric 3.0. 

These flow channels were then analysed using the ANSYS CFX software package to 

compare the pressure drop at similar flow conditions (air flowing at a velocity of 5 m/s from 

the inlet) alongside the pressure drop of the same channel without any constriction. The 

results of the average pressure and velocities along the length of the channels are plotted in 

Fig. 5.1. 

 
Fig. 5.1. Performance comparison between orifice plate and venturi channel design as a means of 

flow amplification 
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 As observed from the graph, the velocity amplification of the orifice is higher, with an 

amplification factor of 36.47, compared to a factor 23.48 of the venturi but the vena contracta 

of the orifice plate design is observed at 3 mm after the orifice plate along the flow direction. 

The average velocity along the length of the 2 mm thick orifice plate, however, is only 

132.44 m/s, which implies a realizable amplification factor of 26.48, which is comparable to 

the amplification factor of the same diameter venturi. Moreover, the flow channel with a 

venturi shaped contraction was observed to have a pressure drop of just 4.87% compared to 

the flow channel with the orifice where a pressure drop of 19.20% was observed. Although 

the expected amplification (ratio of areas at the inlet and at the throat section) at the throat 

section is obtained much closer owing to the gradual cross section change in the venturi 

channel, the difference in the outlet velocity from the expected 5 m/s is attributed to 

formation of vortices due to the Coandă effect as observed in Fig. 5.2. 

 
Fig. 5.2. Coandă effect observed due to formation of vortices induced in (above) the orifice plate and 

(below) the Venturi channel 

 

The Coandă effect is due to wall friction, which drags more and more streamlines 

towards the walls creating vortices, inducing back flow towards the centre of the vortices and 

in turn altering average flow velocity at the exit of the flow channel. The Coandă effect can 

be removed by properly designing the profile of the venturi channel. By integrating this 

venturi design with the micro-hairs and the reference terminal positioned inside of the throat 

section (the part of the venturi between the converging and the diverging sections of the 

venturi), the velocity of air flowing over the CP micro-hairs can be maximized. A properly 

designed venturi thus allows low velocity flows at the inlet to be amplified and still be 

detected by the micro-hairs positioned further away from the reference terminal through the 
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introduction of a venturi channel, whilst maintaining the flow profile at the outlet of the 

channel closer to that of the inlet. Hence, a second prototype sensor towards integrating with 

a venturi to detect flows at much lower velocities was designed, developed and tested to 

validate this concept. 

5.2. Venturi integrated micro-hair flow sensor for detecting ultra-low flow velocities 

 Taking into consideration the feasibility of integrating the venturi with the micro-hair 

flow sensor, the venturi shaped channel should allow the printing of these micro-hairs while, 

at the same time, ensuring a smooth velocity amplification. The outlet flow conditions were 

to be ideally the same as the inlet flow conditions, with minimal head loss. Though the 

introduction of the venturi channel possesses some losses as discussed in the previous 

section, the improved performance of the venturi in comparison to a same sized orifice can be 

attributed to the gradual contraction and expansion of the flow channel. However, the venturi 

used in the comparison process still possesses sharp angled corners at 48 mm, 98 mm, 100 

mm and 150 mm respectively creating localized vortices (Fig.5.2). The design of the venturi 

channel can be improved when the presence of the angled transition at the converging-throat 

section interface and at the throat-diverging section interface is removed. The Coandă effect 

observed in a basic venturi channel (Fig. 5.2) can be eliminated by implementing a smaller 

angle of divergence after the throat section towards minimizing the formation of vortices and 

thus preventing the streamlines towards the vortices and eventually the wall surface. Using 

these small divergence angles however, increases the overall length of the venturi. To reduce 

the length of the diverging section of the venturi channel while maintaining small divergence 

angles, implementing a spline shaped diverging section tangent to both the throat section and 

the outlet of the venturi was proposed.  

5.2.1. Venturi-integrated micro-hair flow sensor design 

As the venturi needs to be integrated with the micro-hair sensing mechanism, printing 

these micro-hairs and positioning of the reference terminal demands the presence of a flat 

surface area at the throat section where maximum velocity amplification is observed. The 

venturi channel must also allow a means of securely positioning the reference terminal wire 

along the y-axis. To enable printing of micro-hairs on the flat surface of the throat section, 

this surface should be accessible to the 3D printer demanding a two-piece design of the 

venturi channel. 
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 The printable area for the micro-hair structures was set at 5 mm × 5 mm square in the 

XY plane, with a minimum of 2 mm height along the z-axis to ensure a clearance of 1 mm 

above the tip of the micro-hairs. The 5 mm × 5 mm footprint was chosen to allow printing of 

multiple micro-hairs towards increasing the resolution of flow velocities at later stages once 

the detection of ultra-low velocity flows with venturi integration is validated. Commercially 

available medical resuscitators typically make use of air lines in diameters ranging from 10 

mm to 15 mm, of which a 14 mm inlet diameter was chosen as the inlet diameter for the 

venturi channel as pneumatic hoses of 14 mm ID were readily available for prototyping and 

initial testing. As the neo-natal resuscitator demands high levels of portability, the footprint 

of the venturi was to be minimal. Fixing 50 mm as the overall venturi length, the venturi-

integrated micro-hair’s design dimensions were established as follows: 

1) Overall length of the venturi channel – 50 mm 

2) Inlet and outlet diameter of the venturi – 14 mm 

3) Throat section 

1. Height – 2mm 

2. Footprint for printing micro-hairs – 5mm × 5mm 

4) Tangential splines connecting the throat sections to the inlet and outlet  

To ensure that the throat section dimensions do not possess any sharp edges, the 

throat section was rounded off with 2 mm diameter fillets on either side creating a 7 mm wide 

x 2 mm high rounded rectangular throat section. The above design criterion still allows 

multiple lengths of converging and diverging sections to be chosen. Smaller lengths of 

converging section introduce a sudden increase in velocity and inlet pressure, which can 

choke the free flow through the venturi channel, while smaller diverging sections minimize 

head loss recovery with reduced effectiveness in eliminating the Coandă effect. To observe 

the performance of different lengths of converging and diverging sections, multiple venturi 

channels with converging and diverging sections of lengths varying between 5 mm to 15 mm 

and 40 mm to 30 mm respectively, were designed and tested using ANSYS CFD software 

(CFX module) prior to fabricating the final venturi. Fig. 5.3a shows the variation in flow 

velocity and fluid pressure for the different venturi channels as observed from the CFD 

analysis. 
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Fig. 5.3. (a) Variation of flow velocities along the length of the venturi channels with different lengths 

of converging and diverging sections. (b) Venturi with smooth divergence angles towards reducing 
formation of vortices and eliminating the Coandă effect 

 

From the CFD analysis, it was also observed that the Coandă effect was completely 

absent due to the introduction tangential splines connecting the throat section to the channel 

outlet in all cases (Fig. 5.3b). The flow channel, a length of 9 mm converging section and 36 

mm diverging section, was observed to have the least deviation between the inlet and outlet 

flow velocities. With the dimensions of the venturi channel established, the design of the 

proposed venturi-integrated micro-hair flow sensor is shown in Fig. 5.4. 
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Fig.5.4. (a) Overall venturi integrated CP micro-hair flow sensor design. (b) Cut section showing the 

micro-hairs on the gold electrode and the reference terminal 

 

5.2.2. Prototype fabrication and testing 

As the initial experiments using this design were to ensure the validity of integrating 

the venturi to enable detection of ultra-low velocity flows, just three electrode pads were 

patterned on the venturi surface. The reference terminal is similarly positioned along the x-

axis of the flow channel, normal to both the flow direction (x-axis) and the 3D printed CP 

micro-hair axes (z-axis). The venturi-integration demands the deposition of gold electrodes 

directly onto the venturi surface upon which the micro-hairs can be 3D printed, and 

transparency of the venturi material allowing visual inspection of the micro-hairs after 

assembly of the two halves. Along these lines, PDMS was chosen as an ideal material from 

which to fabricate the venturi channel for the flow sensor owing to its high temperature 

resistance and transparency combined with ease of casting PDMS to any required shape. The 

use of PDMS allows designing the mouth of the venturi creating an air tight seal at the inlet 

to minimize further losses. Moreover, casting of PDMS allows preparation of multiple casts 

repeatedly at lower cost compared to 3D printing or machining of the venturi.  
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Using SLA manufacturing, the complex shape of the venturi channel was fabricated 

from UV curable white resin with a minimum layer thickness of 100 µm as two half-moulds 

in which the PDMS could be cast into (Fig. 5.5a). A two part (base and curing agent) Sylgard 

® elastomer kit, procured from Dow Corning Corp, was used for creating the venturi 

channel. The base and curing mixtures were thoroughly mixed in a ratio of 10:1 by weight 

and degassed using a vacuum enclosure for removing entrapped air bubbles created during 

the mixing process. The degassed PDMS was then poured into the two mould halves and 

cured at 50°C for 10 hours to prevent high temperature warping of the mould material. Fig. 

5.5b shows the PDMS cast venturi. 

 
Fig. 5.5. (a) Venturi mould half fabricated through SLA printing and (b) the PDMS cast obtained 

from the mould 

 

The PDMS cast was first coated uniformly with 2 µm thick Parylene-C using a 

Parylene coater prior to plasma treatment to improve metal adhesion to the surface of the 

Parylene-C. Following this plasma treatment, chromium and gold were deposited using a 

mask to create three electrode pads suitable for printing micro-hair structures. The three 

electrodes patterned on the surface were then connected to the external circuitry by inserting 

3 copper wires through the surface of the PDMS using a fine tip 26-gauge syringe needle. 

The needle was inserted adjacent to the deposited electrodes and through the orifice of the 

needle, the 200 µm thick copper wires were passed. After removal of the needle, the Cu wire 
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was securely held in place by the PDMS cast itself. The reference terminal was aligned 

parallel to the printing surface and 600 µm away from the surface, using a jig. The electrode 

contact wires and the reference wire were integrated into the venturi prior to the 3D printing 

process. Figure 5.6 shows the preparation process and the venturi channel prepared prior to 

micro-hair printing. 

 
Fig. 5.6. Preparation of PDMS for micro-hair printing (a -b) Parylene coating of PDMS cast to 
provide a barrier layer for metal deposition (c) Patterning of chromium and gold using metal 

evaporator (d) gold patterned PDMS venturi channel 

 

The integration of the reference terminal prior to the printing of the micro-hairs 

demanded the micro-hairs to be printed at a minimum of 120 µm away from the reference 

terminal to ensure that the already placed reference terminal did not interfere with the 

µpipette positioning during the printing process. To position the micro-hairs at an exact 

distance away from the reference terminal, the µpipette was moved manually until a contact 

was observed with the reference terminal and once this contact was detected, the µpipette was 

moved 135 µm away from the reference terminal along the y-axis towards the inlet section of 

the venturi (15 µm was added as a factor of safety to ensure enough clearance was present 

between the tapered surface of the µpipette and the reference terminal). Once positioned the 
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automated printing was initiated to print a 5.5±0.5 µm diameter, 1000 µm tall micro-hair with 

the next two micro-hairs 45 µm along the x-axis further away from the reference terminal. 

5.2.3. Sensor output from venturi-integrated micro-hair flow sensor 

Three micro-hairs were printed at 135 µm, 180 µm and 250 µm away from the 

reference terminal at the PDMS venturi channel (Fig. 5.7a), and placed in the test rig 

enclosure from previous experiments. The two cast PDMS halves of the venturi channel on 

which the micro-hairs were printed were also designed with a 10 mm long and 15 mm 

diameter mouth to ensure an air tight seal with the slightly larger pneumatic hose (17.5 mm 

OD, 14 mm ID). As both the pneumatic hose and the PDMS flow channel were flexible, a 

rigid piece of acrylic sheet was used to clamp them together at the inlet section for an air tight 

flow path between the gas flow meter and the flow sensor. The setup for the venturi 

integrated flow sensor’s performance test is shown in Fig. 5.7b. 

 
Fig. 5.7. (a) Flow sensor integrated with (i) the reference terminal and (ii) gold trace output bus 

connected via (ii) wires passing through PDMS bus to the DAQ (b) Flow sensor test rig setup with (i) 
the enclosed venturi integrated flow sensor, (ii) the gas flow meter and (iii) the signal transfer 

between sensor and DAQ. 
 

The Vögtlin gas flow meter was again used to ramp the flow from fully closed to 

3000 ml/min and back to fully closed state repeatedly and the results obtained in 50 cycles of 

flow ramp were analysed (Fig. 5.8 shows filtered output from one of the test cycles). As 

observed from Table 5.1, the contact flow velocities during the on and off flow ramp states 

indicates a much lower hysteresis in the response of the micro-hairs to air flow at flow 

velocities (28% lower than the observed hysteresis during the initial prototype development) 

owing to a completely sealed flow channel with minimal losses. Observing a similar trend of 

contacts made and broken near the contact flow velocities as in the initial prototype stage, the 
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average flow velocities at which the hairs make and break contact with the reference terminal 

were extracted and the obtained values are tabulated in Table 5.2. 

 
Fig. 5.8. Sensor output for the venturi integrated micro-hair sensor with respect to inlet flow velocity 

over a single cycle 
 

Table 5.1. Hysteresis as observed from a completely sealed venturi integrated prototype 
average over 50 ramp up-down cycles of air flow 

Output Channel Up 
[mm/s] 

Down  
[mm/s] 

Hysteresis 
[mm/s] 

Micro-hair 1 @ 135 µm 61.521 60.323 1.198 
Micro-hair 2 @ 180 µm 73.058 71.619 1.439 
Micro-hair 3 @ 225 µm 99.864 99.857 0.007 

 

Table 5.2. Venturi integrated flow sensor output averaged over 50 cycles with the 
corresponding digital output 

Flow Ramp 
Sensor Output Channel Flow Velocity 

[mm/s] 1 2 3 
Up 0 0 0 < 61.52 
Up 1 0 0 > 61.52 
Up 1 1 0 > 73.06 
Up 1 1 1 > 99.86 

Down 1 1 0 < 99.86 
Down 1 0 0 < 71.62 
Down 0 0 0 < 60.32 
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The flow velocities at the inlet of the venturi channel at which the contacts are made 

for the first and last micro-hairs are 0.065±0.004 m/s and 0.119±0.02 mm/s respectively. 

Comparing the micro-hairs’ distance away from the reference terminal with that of the 

previously determined flow response graph (Fig. 4.12), the velocities at which first and last 

contact of these micro-hairs occurred were close to 0.51 m/s and 0.78 m/s respectively 

(amplification factor of 7.87±0.5) though the numerical analysis of the flow channel with the 

micro-hair integrated into the 3D model shows a maximum flow velocity amplification of 

11.71 could be achieved at the vena contracta. However, in the actual device being tested, the 

flow velocity amplification factor was only 8.3. As numerical simulations do not take into 

account environmental factors, the observed error in the amplification factor during the actual 

testing process was within an acceptable range. With an estimated amplification factor of 

7.87±0.5 using a venturi channel, the micro-hair sensor’s sensitivity is now improved and can 

respond to flow rates of 0.60±0.036 to 0.914±0.2 l/min with a 14 mm diameter flow channel. 

5.3. Summary 

 With the concept of using a venturi to amplify inlet flow velocities to enable printing 

of micro-hairs at a manageable distance away from the reference terminal providing positive 

results, prior to further design modifications to develop a final prototype micro-hair flow 

sensor capable of monitoring flows as small as 1 ml/s and dimensionally compatible with the 

resuscitator fittings, a thorough understanding of the reason for the observed sensors errors 

and ways to minimize these errors became critical. 

A mathematical model to describe the flow pattern observed at these low velocity 

flows through the venturi channel and estimation of the mechanical response of the micro-

hairs under these conditions became necessary. From the experimental data gathered from the 

characterization test, the preliminary prototype sensor and the venturi integrated flow sensor 

prototype, the mechanical properties of the 3D printed PEDOT:PSS-DMSO micro hair 

structures could be estimated more precisely. The next chapter describes the mathematical 

model developed for this fluid-structure interaction analysis in detail. 

 



 

95 
 

Chapter 6 

Fluid-Structure Interaction simulation using Lattice 

Boltzmann Method & large deflection beam model 
  

Using CP micro-hairs as micro switches that respond to low velocity air flows and 

adapting the same architecture and integrating it with a venturi channel to detect ultra-low 

velocity flows has been demonstrated. With the capabilities of measuring flow velocities as 

low as 61±4 mm/s, further integration of this sensor to the neo-natal resuscitator demands a 

transition to flow measurement range of 1 ml/s to 8 ml/s via a 15 mm diaphragm valve. The 

velocities of interest now shift to a range of 5.65 mm/s to 45.27 mm/s. The characterization 

experiments, however, provided an insight into the micro-hair response with flows over 16.66 

ml/sec through a flow channel of 25 mm × 2 mm (velocities from 333 mm/s and up) and the 

venturi integration shows the possibility of using the velocity amplification factor to 

determine the response of the micro-hairs placed at the higher velocity throat region of the 

venturi. 

6.1. Mathematical model of fluid-structure interaction 

Understanding the behaviour of the micro-hairs within the venturi more thoroughly 

prior to the design of the final prototype for measuring flows in the range of a few tens of 

millimetres per second demands a robust mathematical model that characterizes the flow in 

this velocity regime and the deflection of the micro-hair structures in response to the 

estimated flow conditions. This demands a computational fluid dynamics model and a 

structural model to be implemented and integrated to provide a coupled fluid-structure 

interaction (FSI) model. 

The first half of the FSI model, in this case, is the fluid dynamics model that is the 

driving force for which the structural response is observed. There are numerous mathematical 

models available, namely the classical approaches of Finite Difference Methods (FDM), 

Finite Element methods (FEM), Control Volume Methods (CVM) etc. FDM, FEM, CVM 

and other classical methods could be simply described as methods through which the 

continuous medium is discretized into elements of finite shape and size on which the 

boundary conditions (BCs) are applied. For the applied BCs the macroscopic flow variables 
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(pressure, velocity, density etc.,) are iteratively applied until they satisfy the governing 

Navier-Stokes equations and the continuity equations with close tolerances at each of the 

elements. The commercially available CFD packages such as ANSYS CFD used to determine 

the flow velocity within the venturi uses these classical approaches for CFD simulations. 

6.1.1. Need for mathematical model 

For accurate output from these models, the number of finite elements that make up the 

continuous flow domain needs to be fairly high and evenly spaced. The severity of the 

resource demanded by the simulation software increases drastically with increase in 

number of elements on which the governing equations needs to be solved for, making these 

classical approaches to computational fluid dynamics extremely resource intensive. 

Simulations pertaining to the micro-hair sensor, on fluid domains with small features towards 

analysing the forces on these small structures demands a fine mesh with element sizes smaller 

than the micro-structure of interest. Using refined elements with small mesh size around the 

object of interest is an effective and proven way to improve calculation speeds. 

Implementing these methods for the analysis of the venturi integrated flow sensor channel, 

with features ranging from a few tens of millimetres to a few micrometres, though effective, 

still increases the total number of elements (refined elements around the feature of interest 

and the fluid channel walls with less finer elements away from the walls towards the axis of 

the flow channel). This increases the demand for processing power to solve the continuity 

equations. 

To implement the analysis of the venturi integrated flow sensor on a PC or a laptop, 

demands a robust mathematical model, which is much less resource intensive than 

commercially available software packages that demand the use of multiple processors of HPC 

clusters for the venturi integrated micro-hair sensor’s FSI simulation. 

A better and more robust mathematical model to simulate the fluid dynamics within 

the venturi channel that maintains the levels of accuracy as obtained from conventional 

methods of simulating Navier-Stokes equation was needed. The implemented mathematical 

model should also be fairly simple to program, allowing users to understand and modify the 

parameters to adapt the mathematical model to other applications/conditions, while at the 

same time minimizing the resources utilized for the computations. Hence, the increasingly 

popular Lattice-Boltzmann method (LBM) to simulate the dynamics of fluids was chosen. As 

the spatial dimensions of the actual micro-hair structure within the flow channel (venturi) is 
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very small (5.5±0.5 µm) compared to the largest dimension of the flow channel (50 mm) by 

four orders of magnitude, modelling the entirety of the flow channel demands a mesh of 

50000 × 15000 × 15000 to provide a minimum of 10 lattices to define the cylindrical 

curvature of the micro-hair structure. This demands a total of 1.125×1013 lattices and within 

the MATLAB environment demands an intense amount of computations for each time-step. 

To overcome this issue, the CFD simulation was split into 2 parts: (i) 2D simulation to 

establish the flow within the channel to estimate flow velocity at the throat section. (ii) Using 

the velocity obtained from 2D simulation, the obtained velocity profile is then implemented 

on a 3D geometry with the micro-hair modelled as a flow obstacle and calculating the drag 

force on this obstacle. The implementation of this dimensional transformation was aimed at 

minimizing the computational requirements and at the same time maintaining the simulation 

accuracy. The details of the mathematical model are discussed in the upcoming sections. 

6.2. Lattice Boltzmann Method 

 The appeal of the LBM over conventional methods stems from the treatment of a fluid 

domain as a discrete collection of particles rather than as a continuous medium. These 

particle interactions within the fluid medium are the phenomenon which defines the 

macroscopic aspects of flow such as the viscosity, velocity and pressure of the fluid flow. 

The conservation of these macroscopic phenomena defines the dynamics of the fluid under 

any given BCs. The mass conservation (Continuity equation) and the momentum 

conservation (Navier-stokes equation), which are the basis of conventional CFD models can 

also be realized by restricting the interactions of particles which make up the fluid domain 

through simple rules. 

Since the development of the LBM 20 years ago, the amount of research based on this 

LBM has been ever increasing and a detailed review of the number of publications over the 

last decade spans beyond the limitation of this thesis. The approach of treating the fluid 

domain as particles rather than a continuous medium – the basis of the LBM, simplifies the 

fluid dynamics model greatly and comprehensive studies on comparisons of LBM theory 

over traditional CFD techniques have been done [191]. As most dynamic phenomena in 

nature can be modelled as basic particle interactions, the LBM, which is based on the kinetic 

theory of these particle interactions, has not only been implemented for fluid flow modelling 

[192-197], but also has been demonstrated to be capable of simulating applications pertaining 

to thermodynamics [198-201], multiphase fluid flow [202-204] and magnetohydrodynamics 
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[205,206]. Prior to the implementation of the mathematical model, the development, 

principles and theory behind the LBM becomes essential to understand the appeal of this new 

method over conventional CFD methods. 

6.2.1. LBM from Lattice Gas Automaton 

 The principle concept of the LBM is derived from the Cellular Automaton, more 

specifically the Lattice Gas Cellular Automaton (LGA), designed to simulate dynamics of 

particles in the mid-1960s [207]. This LGA model describes the space as being divided into a 

regular repeating array of lattices and time is divided into equal finite time-steps. The 

architecture of the LGA model is particularly simple owing to the binary logic implemented 

in determining the dynamics of particles. Through this approach, the LGA model defines if or 

whether the particle exists in a particular lattice site at any given time-step. Population 

dynamics [208], traffic flow [209] and geological modelling [210] have been successfully 

demonstrated using this simplistic LGA model combined with a specific set of updated rules.  

In the mid-1970s, attempts to simulate particle interactions in a fluid flow were 

developed in which the lattice space where particle collisions take place was set as a square 

grid defined by four lattice points by Hardy et al., [207] called the HPP model. The lack of 

rotational invariance in the square lattice introduced anisotropy to the model and towards 

removing this anisotropy, a hexagonal grid was proposed by Frisch et al., [211]. A 

representation of the lattice developed by Frisch et al., commonly called the FHP lattice is 

shown in Fig. 6.1. The movement of the particle at any site in the grid is confined along the 

lattice link at unit velocity. As no two particles can occupy the same site, when one particle 

moves from one site (source) to another (target) based on the external input (pressure gradient  

 
Fig. 6.1. FHP Lattice structure showing the discrete lattice links along which particle movements are 

confined 
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in case of fluid flow), the particle from the target site is forced to move to a new site and an 

aggregation of these movements on the entire array of lattices used determines the dynamics 

of fluid flow. 

The seven sites, in which the particles can possibly reside, are denoted by the index i 

and the simplistic model of LGA to simulate fluid dynamics can be represented as shown in 

Equation 6.1. 

 𝑛𝑛𝑖𝑖(𝒙𝒙 + 𝒄𝒄𝒊𝒊, 𝑡𝑡 + 1) −  𝑛𝑛𝑖𝑖(𝒙𝒙, 𝑡𝑡) =  𝐶𝐶𝑖𝑖(𝑛𝑛) (6.1) 

where function ni, the population number, represents a simple Boolean variable which takes 

just 2 values, 1 or 0, to indicate the presence or absence of a fluid particle at any given lattice 

site x (spatial vector representing coordinates x, y in case of 2D lattice) at any given time t. 

The value 𝒄𝒄𝒊𝒊 is the unit velocity vector of the particle which is the local site update parameter 

whose value is defined by the orientation of the lattice link. The equation denotes the 

certainty of determining whether a particle undergoing a collision process will be present at 

site i, at time-step t+1 (time-step δt = 1) when the collision operator is applied on that lattice 

site at time t.  

The Boolean approach taken in this LGA model demands only a simple collision 

operator which takes a set of values from {1,0,-1} denoting addition of particle, no change in 

particle state and removal of particle at any given site respectively. By updating the collision 

operator, the particle interaction which takes place can be well defined and this would be 

limited to only a few possibilities. For instance, two particles forced to move from lattice 

sites 1 and 4 and colliding at site 7 could result in either of the two collision possibilities as 

shown in Fig. 6.2 with the 3rd possibility of them returning back to their original states 

implying no change in state is omitted. 

 
Fig. 6.2. Two particle collision in a hexagonal FHP lattice, with its possible outcomes demonstrating 

the simplicity of LGA model 



6. Fluid-Structure Interaction simulation using Lattice Boltzmann Method & large deflection beam 
model 

100 
 

The collision operator for the above can be derived from a simple sum of products 

Boolean algebra to determine the state of particles in the lattice sites at the next step. 

However simple to implement, and capable of simulating fluid dynamics to some extent as 

demonstrated by [212, 213], the LGA approach to FHP model implements binary variables 

which round off more critical information on a larger scale leading to reduced extent of 

recoverability of the actual fluid dynamics. This rounded off approach, when applied to 

derive the Navier-Stokes equation introduced additional terms [214, 215]. To overcome this 

noise (additional parameters creating unwanted changes to the actual fluid flow), the Boolean 

population number was replaced by a more accurate probability distribution function 𝒇𝒇𝒊𝒊, 

that determines the probability of finding a particle along a given velocity vector (the lattice 

links are used to confine these vectors’ orientation and magnitude) as given in Equation 6.2 

[216]. 

 𝑓𝑓𝑖𝑖(𝒙𝒙 + 𝒄𝒄𝒊𝒊𝛿𝛿𝑡𝑡, 𝑡𝑡 + 𝛿𝛿𝑡𝑡) − 𝑓𝑓𝑖𝑖(𝒙𝒙, 𝑡𝑡) = Ωi(𝒙𝒙, 𝑡𝑡) (6.2) 

where, as mentioned earlier, 𝑓𝑓𝑖𝑖  is the probability distribution function at a given lattice site 

located at position vector x at any given time t. The unit velocity vector 𝒄𝒄𝒊𝒊, similar to the 

LGA approach, updates the local lattice site. As the modified collision operator no longer has 

a discrete range of values (𝐶𝐶𝑖𝑖 𝜖𝜖 {1,0,−1}), but has real values (Ωi 𝜖𝜖 ℝ) to update the lattice 

site. This non-linear collision operator based on the Maxwell-Boltzmann probability 

distribution function was further simplified by Higuera et al., [217] by introducing a quasi-

linear expansion of the distribution function given by Equation 6.3. 

 Ω𝑖𝑖(𝒙𝒙, 𝑡𝑡) = −𝐴𝐴𝑖𝑖𝑖𝑖�𝑓𝑓𝑖𝑖(𝒙𝒙, 𝑡𝑡) − 𝑓𝑓𝑖𝑖
𝑒𝑒𝑒𝑒(𝒙𝒙,𝒖𝒖,𝜌𝜌, 𝑡𝑡)� (6.3) 

where, 𝐴𝐴𝑖𝑖𝑖𝑖 is a 2D scattering matrix and 𝑓𝑓𝑖𝑖
𝑒𝑒𝑒𝑒 is the probability distribution at equilibrium. 

The probability distribution function as defined in the equation is a function depending on the 

spatial coordinate vector x, the velocity vector u and the lattice density ρ at any given time t. 

The scattering matrix defines the possible particle interactions and this collision operator 

decides on how far away the distribution at any given time t, is away from the equilibrium 

state and updates the lattice site accordingly towards the next time-step. Further 

simplification on the scattering matrix was introduced when Bhatnagar, Gross and Krook 

introduced a single relaxation time (SRT) model towards defining the dynamic properties of 

the fluid, mainly the fluid momentum, which decides the scattering rate after collision. The 
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Lattice Bhatnagar-Gross-Krook model, more commonly called the LBGK model is given by 

Equation 6.4. 

 𝑓𝑓𝑖𝑖(𝒙𝒙 + 𝑐𝑐𝑖𝑖𝛿𝛿𝑡𝑡, 𝑡𝑡 + 𝛿𝛿𝑡𝑡) − 𝑓𝑓𝑖𝑖(𝒙𝒙, 𝑡𝑡) = −
1
𝜏𝜏
�𝑓𝑓𝑖𝑖(𝒙𝒙, 𝑡𝑡) − 𝑓𝑓𝑖𝑖

𝑒𝑒𝑒𝑒(𝒙𝒙,𝒖𝒖,𝜌𝜌, 𝑡𝑡)� (6.4) 

where, τ is the relaxation factor that defines the dynamics of the fluid. The above equation 

checks how far away the current distribution of velocities along each link is from the 

equilibrium distribution during the event of collision and updates the probability distribution 

for the next time-step (𝑡𝑡 + 𝛿𝛿𝑡𝑡) accordingly. This updated probability distribution function 

thus provides the probability distribution on which STR collision operator is applied during 

the next time-step to give the new probability distribution. This process of constantly 

updating the probability distribution every time-step is commonly referred to as 

‘streaming’. If the streaming and collision steps are simultaneously calculated using a single 

equation (Eqn. 6.4), valuable data such as energy transfer during the collision step (critical to 

compute drag forces as discussed in section 6.2.4 of this chapter) will be overwritten with the 

new distribution. Thus to recover data after each action, and to simplify the implementation 

of the mathematical model in a simple programming language demands Equation 6.4 to be 

split up into two steps as shown in Equations 6.5 and 6.6. 

Collision Step: 

 𝑓𝑓𝚤𝚤�(𝒙𝒙, 𝑡𝑡 + 𝛿𝛿𝑡𝑡) = 𝑓𝑓𝑖𝑖(𝒙𝒙, 𝑡𝑡) −
1
𝜏𝜏
�𝑓𝑓𝑖𝑖(𝒙𝒙, 𝑡𝑡) − 𝑓𝑓𝑖𝑖

𝑒𝑒𝑒𝑒(𝒙𝒙,𝒖𝒖,𝜌𝜌, 𝑡𝑡)� (6.5) 

Streaming Step: 

 𝑓𝑓𝑖𝑖(𝒙𝒙 + 𝒄𝒄𝒊𝒊𝛿𝛿𝑡𝑡, 𝑡𝑡 + 𝛿𝛿𝑡𝑡) = 𝑓𝑓𝚤𝚤�(𝒙𝒙, 𝑡𝑡 + 𝛿𝛿𝑡𝑡) (6.6) 

where 𝑓𝑓𝚤𝚤� is the intermediate probability distribution function. The simplified LBGK model 

with SRT collision operator has been reported to have stability issues, but with a properly 

chosen time-step δt, the fluid dynamics could be successfully recreated as demonstrated by 

[218-220]. Multiple relaxation time (MRT) collision operators though have been developed 

to overcome the stability issues for simulations involving multiphase flows and porous media 

flows, with the same model applicable for single phase flows as well [221-223], the 

implementation of MRT increases the number of computations per time-step. Furthermore, as 

the flow of interest has a Reynolds number in the range of 4 – 50 (laminar flows) at the inlet, 

the simpler SRT model was adapted to reduce the computational overheads of implementing 
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the much resource intensive MRT approach. To determine the time-step for simulating the 

fluid flow in a stable condition, the following equation based on the SRT model was used. 

 𝜈𝜈 = 𝑐𝑐𝑠𝑠2𝜌𝜌 �𝜏𝜏 −
1
2
� (6.7) 

where 𝑐𝑐𝑠𝑠 is the lattice sound speed and ν is the kinematic viscosity of the fluid under 

simulation. However, it should be noted that these physical variables such as density, 

velocity, viscosity and pressure do not represent the corresponding macroscopic values but 

the lattice specific values. That is, a density of 0.89 at a lattice site does not imply the density 

of the fluid is 0.89 ML-3, where M represents mass units and L represents length units, but it 

represents how high the probability of that particular lattice is for being fully occupied. The 

relation between these dimensionless lattice variables and the corresponding macroscopic 

variables is discussed in section 6.2.3 of this chapter and all reference to velocity, viscosity, 

density, pressure etc., represent the lattice scaled values and not the macroscopic values 

unless specified. 

Using a similar lattice approach as in LGA, multiple lattice grids have been developed 

and implemented [191] in both 2D and 3D spaces. These lattices are commonly stylized as 

DNQV, where N represents the spatial dimensions and V represents the number of discrete 

lattice vectors including the zero vector. For instance, the FHP hexagonal grid (Fig. 6.1) can 

be referred to as a D2Q7 lattice, which defines the particle movements in 2D space with 

seven discrete lattice velocities (unit vectors from the point 0 to each of the other 6 sites and 

the zero velocity vector). Commonly used configurations for fluid dynamics applications 

include D2Q7, D2Q9, D3Q15, D3Q19 and D3Q27. The increased number of lattice velocities 

increases the accuracy of the results but at the same time becomes resource intensive. Along 

these lines, as a balance between accuracy and speed, 2D fluid dynamics was modelled with a  

D2Q9 lattice grid and 3D simulations were based on D3Q19 lattices within the scope of this 

thesis and they are represented in Fig. 6.3. The regular repetition of these lattices makes up 

the fluid domain (including that of the obstacles and walls whose impact is discussed in 

section 6.2.2.2) 
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Fig. 6.3. Representation of D2Q9 and D3Q19 lattice models implemented with details of lattice site 

indices  

As observed from Fig 6.3, it can be noted that the lattice links (green arrows) denoting 

the velocity vector are not of equal lengths, which they should be as all these velocity vectors 

define a velocity of unit magnitude. For instance, the lattice link denoting particle movement 

direction along 9-1 is not the same as 9-5, in case of the D2Q9 lattice. This leads to loss of 

isotropy as observed in the HPP model. Unlike the LGA based HPP where the values are 

purely binary, the probability model allows values in real numbers and thus, this anisotropy is 

corrected by adjusting each vector with different weights, denoted by 𝑤𝑤𝑖𝑖. These weights are 

derived from all the commonly used lattice configurations [224] but as only D2Q9 and 

D3Q19 models are used, the corresponding weights for each lattice link is given by Equations 

6.8 and 6.9 respectively, following the lattice site numbering as assigned in Fig. 6.3. 

D2Q9 Lattice weights: 

 𝑤𝑤𝑖𝑖 = �
4/36
1/36

16/36
                  

𝑖𝑖 = 1, 2, 3, 4
𝑖𝑖 = 5, 6, 7, 8

𝑖𝑖 = 9
 (6.8) 

D3Q19 lattice weights 

 𝑤𝑤𝑖𝑖 = �
2/36
1/36

12/36
                   

𝑖𝑖 = 1, 2, 3, 4, 5, 6
𝑖𝑖 = 7, 8, 9, … 17, 18

19
 (6.9) 

 With the lattice weights defined, the rotational invariance can be once again 

established and the simplified localized probability distribution function 𝑓𝑓𝑖𝑖
𝑒𝑒𝑒𝑒 can be written 



6. Fluid-Structure Interaction simulation using Lattice Boltzmann Method & large deflection beam 
model 

104 
 

as shown in Equation 6.10 from the Taylor series expansion of Maxwell-Boltzmann equation 

for flows with low Mach number (incompressible). 

 𝑓𝑓𝑖𝑖
𝑒𝑒𝑒𝑒(𝒙𝒙,𝒖𝒖,𝜌𝜌, 𝑡𝑡) = 𝜌𝜌𝑤𝑤𝑖𝑖 �1 +

1
𝑐𝑐𝑠𝑠2
𝒄𝒄𝒊𝒊.𝒖𝒖 +

1
2
�
𝒄𝒄𝒊𝒊.𝒖𝒖
𝑐𝑐𝑠𝑠2

�
2
−

1
2𝑐𝑐𝑠𝑠2

(𝒖𝒖.𝒖𝒖)� (6.10) 

The lattice sound speed 𝑐𝑐𝑠𝑠 is a constant which varies with each lattice configuration 

and this value equals 1 √3⁄  for both the D2Q9 and D3Q19 lattices [224]. While 

implementing the mathematical model, the velocity vector 𝑐𝑐𝑖𝑖, can be defined for the D2Q9 

and D3Q19 lattice configurations as a set of directional vectors for each of the lattice sites. 

The row matrices, with column index starting at 1, shown in Equation 6.11 and 6.12 shows 

the column vector (2 elements in case of D2Q9 and 3 elements in case of D3Q19) for each 

lattice site in the numbering order represented in Fig. 6.3. 

Velocity vector (x, y components) row matrix 𝑐𝑐𝑖𝑖 for each lattice site i in D2Q9: 

 � 00  10  01 −1
0   0

−1  11  −1
1   −1

−1  1
−1 � (6.11) 

Velocity vector (x, y, z components) row matrix 𝑐𝑐𝑖𝑖 for each lattice site i in D3Q19: 

 �
1
0
0

 
−1
0
0

 
0
1
0

 
0
−1
0

 
0
0
1

 
0
0
−1

 
1
1
0

 
1
−1
0

 
1
0
1

 
1
0
−1

 
−1
1
0

 
−1
−1
0

 
−1
0
1

 
−1
0
−1

 
0
1
1

 
0
1
−1

 
0
−1
1

 
0
−1
−1

 
0
0
0

 � (6.12) 

With the constants of the probability distribution function defined, the unknown 

variables such as fluid density ρ, flow velocity vector u and pressure p can be determined 

from Equations 6.13, 6.14 and 6.15 respectively. 

 𝜌𝜌 =  �𝑓𝑓𝑖𝑖

𝑉𝑉

𝑖𝑖=1

 (6.13) 

   

 𝒖𝒖 =  
1
𝜌𝜌
�𝑓𝑓𝑖𝑖𝒄𝒄𝒊𝒊

𝑉𝑉

𝑖𝑖=1

 (6.14) 

   
 𝑝𝑝 = ρ𝑐𝑐𝑠𝑠2 (6.15) 

where V, the summation limit, represents the number of lattice speeds for the given DNQV 

lattice. Again, these variables are lattice scaled variables. With all the variables for the 

defining the fluid properties available, the mathematical model should be integrated with the 
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corresponding BCs for defining the inlet flow velocities, the shape of the fluidic channel and 

physical obstacles to the fluid flow. 

 As all the calculations are confined to localized lattice sites, the biggest advantage of 

LBM over traditional approaches can be attributed to this localization of calculations 

allowing a massively parallel implementation of the model to simulate large and complex 

fluid dynamics problems [191]. 

6.2.2. Boundary Conditions for the D2Q9 and D3Q19 lattices 

The fluid dynamics problem that we want to simulate using the LBM is basically an 

initial boundary value problem, where the inlet velocity at the venturi is known, the shape of 

the venturi channel or in other words, the fluid domain’s wall locations, are known and the 

outlet flow condition is known. Using these initial BCs the fluid dynamics needs to be 

simulated and a detailed discussion of how to integrate these BCs into the mathematical 

model becomes essential. Though multiple types of BCs can be applied to define a fluid 

dynamics problem such as velocity inlet, pressure inlet, normal flows, radial flows, free-slip 

walls, no-slip walls, moving walls, etc., within the scope of this thesis, only normal velocity 

inlets, no-slip walls and constant pressure outlets are discussed. 

Prior to moving forward, it should be noted that the axes in Fig. 6.3 represent the 

lattice orientation and these lattices make up the fluid domain in such a way that the fluid 

flow at the inlet is along the +x-axis in both D2Q9 and D3Q19 lattices. 

6.2.2.1. Inlet Velocity and Outlet Pressure Boundary Condition 

As with most cases in fluid dynamics problems, the velocity at the inlet face could be 

calculated and in our case the inlet velocities are calculated from the mass flow rate and the 

inlet area of the flow channel. Fig. 6.4 shows the given inlet conditions in terms of the known 

and unknown distributions for the D2Q9 lattice. As seen from Fig. 6.4, the inlet velocity at 

lattice sites 1, 3, 4, 5, 7 and 8 are given as one of the initial BCs. From this data, it becomes 

imperative that the rest of the unknown probability distributions for that lattice (along 2, 6 

and 9) are calculated so that adjacent lattices can be appropriately updated during the next 

time-step. 
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Fig. 6.4. Representation of known distributions (highlighted in green) and unknown distributions at 

the inlet face. 

A similar condition exists at the outlet of the fluidic channel where the distributions at 

sites 1, 2, 3, 5, 6 and 9 can be calculated form the constant pressure BC with distributions at 

4, 7 and 8 being unknown.  The same conditions are also present in the D3Q19 lattice (with 

the known and unknown lattice indices being different). Detailed derivation on obtaining 

these unknown distributions can be found in [225] and are listed for the D2Q9 lattice 

(Equations 6.16 – 6.21). 

D2Q9 Inlet distributions: 

 𝑓𝑓2 = 𝑓𝑓4 +
2
3
𝜌𝜌𝑖𝑖𝑖𝑖𝑢𝑢𝑥𝑥𝑖𝑖𝑖𝑖 (6.16) 

   

 𝑓𝑓6 = 𝑓𝑓8 +
1
2

(𝑓𝑓5 − 𝑓𝑓3) +
1
6
𝜌𝜌𝑖𝑖𝑖𝑖𝑢𝑢𝑥𝑥𝑖𝑖𝑖𝑖 +

1
2
𝜌𝜌𝑖𝑖𝑖𝑖𝑢𝑢𝑦𝑦𝑖𝑖𝑖𝑖 (6.17) 

   

 𝑓𝑓9 = 𝑓𝑓7 +
1
2

(𝑓𝑓3 − 𝑓𝑓5) +
1
6
𝜌𝜌𝑖𝑖𝑖𝑖𝑢𝑢𝑥𝑥𝑖𝑖𝑖𝑖 −

1
2
𝜌𝜌𝑖𝑖𝑖𝑖𝑢𝑢𝑦𝑦𝑖𝑖𝑖𝑖 (6.18) 

D2Q9 Outlet distributions: 

 𝑓𝑓4 = 𝑓𝑓2 +
2
3
𝜌𝜌𝑜𝑜𝑜𝑜𝑜𝑜𝑢𝑢𝑥𝑥𝑜𝑜𝑜𝑜𝑜𝑜 (6.19) 

   

 𝑓𝑓7 = 𝑓𝑓9 +
1
2

(𝑓𝑓5 − 𝑓𝑓3) −
1
6
𝜌𝜌𝑜𝑜𝑜𝑜𝑜𝑜𝑢𝑢𝑥𝑥𝑜𝑜𝑜𝑜𝑜𝑜 +

1
2
𝜌𝜌𝑜𝑜𝑜𝑜𝑜𝑜𝑢𝑢𝑦𝑦𝑜𝑜𝑜𝑜𝑜𝑜 (6.20) 

   

 𝑓𝑓8 = 𝑓𝑓6 +
1
2

(𝑓𝑓3 − 𝑓𝑓5) −
1
6
𝜌𝜌𝑜𝑜𝑜𝑜𝑜𝑜𝑢𝑢𝑥𝑥𝑜𝑜𝑜𝑜𝑜𝑜 −

1
2
𝜌𝜌𝑜𝑜𝑜𝑜𝑜𝑜𝑢𝑢𝑦𝑦𝑜𝑜𝑜𝑜𝑜𝑜 (6.21) 
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 It should be noted that the 𝒇𝒇𝟒𝟒, 𝒇𝒇𝟕𝟕and 𝒇𝒇𝟖𝟖 outlet face distributions in Equations 6.10-

6.21 are not the same as in Equation 6.16-6.18 as those are the known distributions at the 

inlet face. 

At the inlet face, the velocity components 𝑢𝑢𝑥𝑥 and 𝑢𝑢𝑦𝑦 are known (obtained from the 

actual macroscopic velocity) and from these values 𝜌𝜌𝑖𝑖𝑖𝑖 can be calculated from Equation 6.22. 

Similarly, the outlet pressure which is directly proportional to density 𝜌𝜌𝑜𝑜𝑜𝑜𝑜𝑜 is known and 

from this value, the outlet velocity components for use in Equations 6.19-6.21 can be 

calculated from Equation 6.23. As the flow velocity and pressure is normal to the 2D face 

only at the inlet and outlet faces respectively, the y-axis components have been omitted for 

brevity. 

 𝜌𝜌𝑖𝑖𝑖𝑖 =
1

1 − 𝑢𝑢𝑥𝑥𝑖𝑖𝑖𝑖
{𝑓𝑓1 + 𝑓𝑓3 + 𝑓𝑓5 + 2(𝑓𝑓4 + 𝑓𝑓7 + 𝑓𝑓8)} (6.22) 

   

 𝑢𝑢𝑥𝑥 =  −1 +
1
𝜌𝜌𝑜𝑜𝑜𝑜𝑜𝑜

{𝑓𝑓1 + 𝑓𝑓3 + 𝑓𝑓5 + 2(𝑓𝑓2 + 𝑓𝑓6 + 𝑓𝑓9)} (6.23) 

 The same approach was proposed and verified for the D3Q19 lattice configuration 

[226] and the unknown distributions can be calculated at the inlet and outlet faces from 

Equations 6.24 – 6.31. For the sake of brevity the subscripts in and out have been removed 

for the densities, velocity components and the distributions and should be interpreted as in or 

out as per their location in the flow channel. 

D3Q19 Inlet distributions (subscript in applies for all variables): 

𝜌𝜌 =
1

1 − 𝑢𝑢𝑥𝑥
�
𝑓𝑓3 + 𝑓𝑓4 + 𝑓𝑓5 + 𝑓𝑓6 + 𝑓𝑓15 + 𝑓𝑓16 + 𝑓𝑓17 + 𝑓𝑓18 + 𝑓𝑓19

+2 (𝑓𝑓2 + 𝑓𝑓11 + 𝑓𝑓12 + 𝑓𝑓13 + 𝑓𝑓14) � (6.24) 

   

 𝑓𝑓1 = 𝑓𝑓2 +
1
3
𝜌𝜌𝑢𝑢𝑥𝑥 (6.25) 

   

 𝑓𝑓7 = 𝑓𝑓12 +
1
6
𝜌𝜌�𝑢𝑢𝑥𝑥 + 𝑢𝑢𝑦𝑦� − 𝑁𝑁𝑦𝑦𝑥𝑥 (6.26) 

   

 𝑓𝑓8 = 𝑓𝑓11 +
1
6
𝜌𝜌�𝑢𝑢𝑥𝑥 − 𝑢𝑢𝑦𝑦� + 𝑁𝑁𝑦𝑦𝑥𝑥 (6.27) 

   

 𝑓𝑓9 = 𝑓𝑓14 +
1
6
𝜌𝜌(𝑢𝑢𝑥𝑥 + 𝑢𝑢𝑧𝑧) − 𝑁𝑁𝑧𝑧𝑥𝑥 (6.28) 
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 𝑓𝑓10 = 𝑓𝑓13 +
1
6
𝜌𝜌(𝑢𝑢𝑥𝑥 − 𝑢𝑢𝑧𝑧) + 𝑁𝑁𝑧𝑧𝑥𝑥 (6.29) 

D3Q19 Outlet distributions (subscript out applies for all variables): 

𝑢𝑢𝑥𝑥 = 1 −
1
𝜌𝜌
�
𝑓𝑓3 + 𝑓𝑓4 + 𝑓𝑓5 + 𝑓𝑓6 + 𝑓𝑓15 + 𝑓𝑓16 + 𝑓𝑓17 + 𝑓𝑓18 + 𝑓𝑓19

+2 (𝑓𝑓1 + 𝑓𝑓7 + 𝑓𝑓8 + 𝑓𝑓9 + 𝑓𝑓10) � (6.30) 

   

 𝑓𝑓2 = 𝑓𝑓1 +
1
3
𝜌𝜌𝑢𝑢𝑥𝑥 (6.31) 

   

 𝑓𝑓11 = 𝑓𝑓8 −
1
6
𝜌𝜌�𝑢𝑢𝑥𝑥 − 𝑢𝑢𝑦𝑦� − 𝑁𝑁𝑦𝑦𝑥𝑥 (6.32) 

   

 𝑓𝑓12 = 𝑓𝑓7 −
1
6
𝜌𝜌�𝑢𝑢𝑥𝑥 + 𝑢𝑢𝑦𝑦� + 𝑁𝑁𝑦𝑦𝑥𝑥 (6.33) 

   

 𝑓𝑓13 = 𝑓𝑓10 −
1
6
𝜌𝜌(𝑢𝑢𝑥𝑥 − 𝑢𝑢𝑧𝑧) − 𝑁𝑁𝑧𝑧𝑥𝑥 (6.34) 

   

 𝑓𝑓14 = 𝑓𝑓9 −
1
6
𝜌𝜌(𝑢𝑢𝑥𝑥 + 𝑢𝑢𝑧𝑧) + 𝑁𝑁𝑧𝑧𝑥𝑥 (6.35) 

where, 𝑁𝑁𝑦𝑦𝑥𝑥 and 𝑁𝑁𝑧𝑧𝑥𝑥 are used in the above sets of equations given by the Equation 6.36 and 

6.37 respectively. 

 𝑁𝑁𝑦𝑦𝑥𝑥 =
1
2

[𝑓𝑓3 + 𝑓𝑓15 + 𝑓𝑓16 − (𝑓𝑓4 + 𝑓𝑓17 + 𝑓𝑓18)] −
1
3
𝜌𝜌𝑢𝑢𝑦𝑦 (6.36) 

   

 𝑁𝑁𝑧𝑧𝑥𝑥 =
1
2

[𝑓𝑓5 + 𝑓𝑓15 + 𝑓𝑓17 − (𝑓𝑓6 + 𝑓𝑓16 + 𝑓𝑓18)] −
1
3
𝜌𝜌𝑢𝑢𝑧𝑧 (6.37) 

Using the distributions, at the inlet and outlet, the streaming step carries forward the 

non-equilibrium introduced at the inlet and outlet to the adjacent interior lattices inside the 

fluid channel. However, if these lattices are at the boundary where the fluid domain ends, 

they need a separate BC and the implemented BC is discussed next. 

6.2.2.2. Bounce Back BC 

The on-grid bounce back BC as its name suggests simply bounces back all the 

incoming distributions to the opposite direction during the streaming step simulating the 

presence of a solid obstacle. This BC is the simplest of the many BCs established, but yet is 
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capable of simulating fluid flows with second order accuracy [227]. Implementation of this 

BC can be represented mathematically through Equation 6.38. 

 𝑓𝑓𝑖𝑖(𝒙𝒙 + 𝒄𝒄𝒊𝒊, 𝑡𝑡 + 𝛿𝛿𝑡𝑡) = 𝑓𝑓𝑖𝑖(𝒙𝒙 + 𝒄𝒄𝒊𝒊̅, 𝑡𝑡) (6.38) 

where 𝒄𝒄𝒊𝒊̅ is the vector in the opposite direction of 𝒄𝒄𝒊𝒊. For instance, in D3Q19 the vector 𝒄𝒄𝟕𝟕� 

that is opposite to vector 𝒄𝒄𝟕𝟕 =  �
1
1
0
� will be equal to �

−1
−1
0
� which refers to vector 𝒄𝒄𝟏𝟏𝟏𝟏 as seen 

from Equation 6.12. Thus by simply reversing the direction of distribution, the effect of 

particles being distributed away from any solid surface was easily implemented. 

6.2.3. Scaling 

As mentioned in previous sections, physical macroscopic variables cannot be directly 

applied on lattice sites, as these lattice sites represent the distribution of speeds along each 

lattice link using the velocity vector (lattice velocity is implied here) from which the other 

variables such as density, pressure, viscosity etc., can be determined (again these variables 

are lattice variables).  

To simulate real world applications it becomes essential to convert the macroscopic 

variables to lattice specific variables. Moreover, towards implementing the physical flow 

channel, it becomes necessary to divide the physical channel into discrete lattices that make 

up the flow channel. Along these lines, the first step involves scaling the physical dimensions 

and representing these physical quantities by a dimensionless number. This conversion of 

physical quantities to a dimensionless number allows scaling of the geometry to lattice units 

(L.U) and once scaled, the corresponding lattice variables can be obtained using the 

dimensionless number to recreate the flow conditions. 

The most commonly used dimensionless number to characterize fluid flow is the 

Reynolds Number (Re) and can be easily obtained from Equation 6.39. 

 𝑅𝑅𝑅𝑅 =  
𝑢𝑢𝑢𝑢
𝜈𝜈

 (6.39) 

where L is the characteristic length and u is the free stream velocity. When the flow channel 

is created within the any program, its representation is always an array denoting where the 

boundaries are. For instance, a 0.5m × 2 m channel can be defined by any N × 4N matrix and 

an obstacle of 0.1 m diameter in the flow channel occupies N/5 cells. Using the calculated Re 
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and with the number of cells of implemented geometry’s characteristic length, by setting one 

of the two unknown lattice parameters (lattice velocity and lattice viscosity) the other 

parameter can be defined in L.Us. As the lattice viscosity needs to be defined in such a way 

that the relaxation time given by Equation 6.7, is greater than 0.5 for a stable solution (ν ≠ 0), 

by fixing the lattice viscosity, the velocity can be thus found out for simulating flow with the 

given Re. The time-step 𝛿𝛿𝑡𝑡 for the simulation can be obtained from the relationship 𝛿𝛿𝑡𝑡~𝛿𝛿𝑥𝑥2, 

[193] where 𝛿𝛿𝑥𝑥 is the lattice size given by 𝑢𝑢𝑝𝑝/𝑁𝑁 where Lp represents the physical length. 

Choosing the number of iterations however, depends on the duration for which the fluid 

flows in the channel and the physical time-steps. This introduces difficulties in carrying out 

steady-state analysis where the number of iterations required cannot be predetermined 

accurately, which for our case is relevant. As the velocities at every lattice point remain 

nearly constant once a steady state is reached, by checking the difference in velocities 

between consecutive time steps, a convergence check can be introduced. Using this 

convergence as a break-point variable, the simulation can be carried out until a steady state is 

achieved. Once the steady state is achieved, the corresponding velocities, pressure and other 

macroscopic variables can be obtained from their corresponding lattice variables. Converting 

variables between L.U and physical equivalent for some variables is given below in 

Equations 6.40 – 6.42 

 𝒖𝒖𝒑𝒑𝒑𝒑 = 𝒖𝒖
𝛿𝛿𝑥𝑥
𝛿𝛿𝑡𝑡

 (6.40) 

   

 𝜈𝜈𝑝𝑝ℎ = 𝜈𝜈
𝛿𝛿𝑥𝑥2

𝛿𝛿𝑡𝑡
 (6.41) 

   

 𝑝𝑝𝑝𝑝ℎ = 𝜌𝜌𝑐𝑐𝑠𝑠2 �
𝛿𝛿𝑥𝑥
𝛿𝛿𝑡𝑡
�
2

 (6.42) 

The equations defined above are only some of the few parameter relationships but all 

macroscopic variables can be related to their corresponding lattice variables through a similar 

scaling process, allowing conversion back and forth between physical and lattice units. Units 

in this literature are all lattice units unless otherwise specified with appropriate dimensions. 

6.2.4. Computation of viscous drag forces 

 When fluid flows over any obstacle, the particles of the fluid moving with a certain 

velocity collide with the obstacle surface and experience loss of a certain amount of energy. 
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These particles are carried by the fast moving stream of particles around the obstacles 

creating the streamlines as observed in Fig. 6.5. 

 
Fig. 6.5. Particle collision process around the obstacle creating the typically observed streamlines

  

As seen from Fig. 6.5, the particle-particle collisions and the particle-obstacle 

collisions are the basis for streamlines moving around the obstacle and these dynamic particle 

collisions are, as mentioned earlier, the basis for LBM. The second step shown in Fig 6.5, is 

the process where a collision step occurs and at this step, the colliding particle loses some 

kinetic energy, or in simpler terms, loses its momentum and this equates to a gain in 

momentum for the obstacle. This exchange of energy between the multitude of particles and 

the obstacle gives rise to the viscous drag force experienced by the obstacle. 

 This drag force or change in momentum can be estimated from within the LBM 

architecture in multiple ways and the two most commonly used and discussed methods are 

the Stress-integration method [228] and the Momentum exchange method [229]. As the name 

suggests, the Stress-integration method involves computing the forces integrating the 

pressure experienced by the obstacle and the stresses induced over the surface normal to the 

fluid flow, which is given by Equation 6.43: 

 𝐹𝐹 = �𝑛𝑛. ��𝑝𝑝𝑰𝑰 + 𝝈𝝈𝒊𝒊𝒊𝒊��𝑑𝑑𝐴𝐴 (6.43) 

where n is the outward normal vector of the obstacle with a surface area A, p is the pressure 

as obtained from Equation 6.15, and I is the identity matrix of size i × j. While all the terms 

in the equation can be easily obtained straight away from simple math, the 𝝈𝝈𝒊𝒊𝒊𝒊 or the 

deviatoric stress must be calculated by estimating the partial derivative of the discrete 

difference in velocity at each lattice grid over the entire fluid domain, making this approach 

to estimate the drag forces more resource intensive [230]. 

 The Momentum exchange method in contrast uses the variation in distribution after 

the collision step towards estimating the loss of particle momentum and in turn estimates the 
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gain in energy for the obstacle or in other words the net drag force acting on the obstacle. 

This transfer of momentum occurs exclusively at the interface between the solid and fluid 

lattices and thus this force calculation approach allows localized calculation of drag forces 

just at the solid-fluid interface. Using Equation 6.44, this momentum exchange approach can 

be mathematically represented. 

 𝐹𝐹𝑑𝑑 =
𝛿𝛿𝑥𝑥
𝛿𝛿𝑡𝑡
�� 𝒄𝒄𝒊𝒊�𝑓𝑓𝑖𝑖(𝒙𝒙𝑨𝑨 − 𝒄𝒄𝒊𝒊𝛿𝛿𝑡𝑡, 𝑡𝑡) + 𝑓𝑓𝚤𝚤̅(𝒙𝒙𝑨𝑨, 𝑡𝑡)�

𝐴𝐴∈𝛷𝛷

𝑉𝑉

𝑖𝑖=1

 (6.44) 

where 𝐹𝐹𝑑𝑑 is the viscous drag force, Φ denotes the location of solid-fluid boundary lattice 

locations, 𝑓𝑓𝑖𝑖 as given by Equation 6.5, is the intermediate probability distribution (just after 

collision before the particle streams to the next time-step) and 𝑓𝑓𝚤𝚤̅ represents the intermediate 

distribution in the direction opposite to the boundary. The velocity vector 𝒄𝒄𝒊𝒊 is accompanied 

by a negative sign to indicate that the drag force is along the direction of flow but opposite to 

the surface normal. As this drag force calculated from the distributions is an indirect 

indication for convergence of distribution, the calculated drag force can also be used as a 

convergence criterion for estimating when the simulation reaches a steady state. 

 As adjacent lattices (from solid and fluid lattices) are required for this approach, the 

parallelization of LBM is slightly impeded but the computational cost of implementation of 

this momentum-exchange method has been found to be still much less than the stress 

approach method. A thorough comparison of these two approaches has been performed [230] 

and a detailed analysis of this has been omitted for brevity. With all the initial conditions and 

BCs defined, the next section discusses the time-stepping and sequence of operations 

implemented to build a simple piece of program entirely in MATLAB. 

6.2.5. Time-stepping process within LBM framework 

Implementing the LBM framework, analytically calculating the probability 

distribution at each lattice site that makes up the fluid domain is possible but unlike the 

traditional Navier-Stokes approach, is tedious. To obtain a meaningful CFD solution by this 

method, programming languages can be used to implement the set of LB equations where the 

geometries, initial conditions and boundary conditions can all be defined and the obtained 

output can be visualized more easily. 
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Along these lines MATLAB was chosen as a suitable IDE, as this allows the set of 

LB equations to be implemented in a high-level programming language and at the same time 

visualizing the results in a GUI real-time. Along these lines the basic sequence of operations 

that needs to be performed was determined and is shown in Fig. 6.6 representing the process 

that takes place during every time-step of the simulation. The entire sequence is enclosed by a 

dotted line signifying that this sequence of steps is combined together as a single module 

which makes up one half of the programed FSI simulation. 

 
Fig. 6.6. Control flow within the MATLAB LBM based CFD module 

 

6.3. Structural Analysis 

With the FSI simulation’s fluid dynamics established, to obtain the response from the 

solid of interest, in our case, the PEDOT:PSS micro-hairs, a structural analysis model was 

required. Towards implementing this mathematical model, it was imperative to know the 
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material behaviour. Load-deflection behaviour of the PEDOT:PSS micro-hairs observed 

during experimentation is within the elastic limits and exhibits nearly linear material 

properties, as no plastic deformation was observed during the unloading process on the 

micro-hairs. Though large deflections are observed, the material is not considered hyper-

elastic in nature as these large deflections are purely observed due to the high aspect-ratio 

induced stiffness reduction of the quasi-linear material. In these lines, the characterization 

experimentation data and the data obtained from the first prototype and venturi integrated 

prototype (with amplification factor obtained from commercially available CFX package) 

were used to analyze the Young’s modulus (E) of the material through trial and error 

methods. Drag forces due to airflow over the micro-hairs were calculated using the flow Re to 

estimate the drag coefficient 𝐶𝐶𝑑𝑑 of a cylinder in a fluid flow using the graph from [231]. From 

the free stream flow velocities, and 𝐶𝐶𝑑𝑑 values, the drag forces were estimated using 𝐹𝐹𝑑𝑑 =

 1 2⁄ (𝜌𝜌𝐶𝐶𝑑𝑑𝑢𝑢02𝑑𝑑). These drag force contact velocities and the corresponding observed 

deflections were then used in ANSYS Mechanical with values of Young’s Modulus set as a 

variable parameter ranging between maximum and minimum values as determined in existing 

literature on PEDOT:PSS material properties [188, 189]. This variable parameter, Young’s 

module of PEDOT:PSS-DMSO material, was defined with values changing in steps of 0.05 

GPa, from 1 to 3GPa until the observed deflection for the calculated force was obtained. 

Table 6.1 shows the Young’s modulus obtained from each method.  

Table 6.1. Young’s Modulus data of PEDOT:PSS – DMSO micro structures 

Source Young’s Modulus Error 

Literature data of PEDOT:PSS (without DMSO) 1.9 ±0.9 

Characterization with moving reference terminal 2.85 ±0.10 

First prototype (flow through 25 mm × 2 mm) 2.65 ±0.15 

Venturi Integrated prototype 2.75 ±0.05 
 

From the observed values of Young’s modulus, the PEDOT:PSS with DMSO 

material exhibited a value of Young’s Modulus ranging between 2.5 and 2.95 GPa. With the 

venturi integrated prototype being the most air-tight arrangement of all the three setups 

(literature Young’s modulus was only used to define the range of possible Young’s modulus 

to define the trial-error parameter limits), with least deviation of the Young’s modulus, a 
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value of 2.7 GPa was set as the material, for further modelling. Moreover, large deflection 

analysis in ANSYS using an iterative solver, consumes a maximum of around 50 minute 

simulation time for one parameter set. It also becomes essential that the mathematical model 

to simulate large deflections is not only resource efficient but at the same time capable of 

estimating the large deflections at a much more rapid rate compared to commercial 

alternatives. 

To model the large deflection behaviour observed when the micro-hairs are exposed 

to air flow, the Euler-Bernoulli beam theory was used as the basis. The free-standing 

PEDOT:PSS micro-hair structures are construed as cantilever beams which are loaded non 

uniformly, with zero load at the base of the micro-hair structures and maximum load at the tip 

of the cantilever. These loads are the drag forces acting on the upright cantilever micro-hair 

structures, which are already available for the mathematical model from the implemented 

LBM based CFD model. The following section briefly describes the implementation of the 

large-deflection model and the equations that define this beam model that are programmed 

into the MATLAB environment. 

6.3.1. Large deflection model from Euler-Bernoulli beam theory 

 The Euler-Bernoulli beam theory states that the bending moment due to an applied 

normal force F at the free end of the cantilever beam as shown in Fig. 6.7, is directly 

proportional to the curvature 𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑⁄  of the beam with the constant of proportionality being 

equal to the product of Young’s Modulus (E) of the material and the area moment of inertia 

(I) about the neutral axis of the beam. The curvature 𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑⁄  is defined by the rate of change 

of angular deflection 𝑑𝑑 with respect to the arc length s. Equation 6.45 represents the above 

relation in mathematical form [232]. 
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Fig. 6.7.  Micro-hair structure represented as a cantilever beam undergoing large deflection 

 𝐸𝐸𝐸𝐸
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑀𝑀 = 𝐹𝐹(𝑢𝑢 − 𝑦𝑦 − ∆𝑦𝑦) (6.45) 

The bending moment at any point P(x, y) (shown in the Fig. 6.7) can be obtained from 

the product of distance and length, as shown in Equation 6.46. 

 𝐸𝐸𝐸𝐸
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑀𝑀 = 𝐹𝐹(𝑢𝑢 − 𝑦𝑦 − ∆𝑦𝑦) (6.46) 

where ∆𝑦𝑦 is the deflection along the y-axis. Towards estimating ∆𝑦𝑦, it becomes essential to 

estimate the angular deflection at the tip of the cantilever beam (𝑑𝑑0). Along these lines, 

Equation 6.47 is differentiated with respect to arc length s, and substituting cos (𝑑𝑑) = 𝑑𝑑𝑦𝑦/𝑑𝑑𝑑𝑑. 

 𝐸𝐸𝐸𝐸
𝑑𝑑2𝑑𝑑
𝑑𝑑𝑑𝑑2

= 𝐹𝐹 �−
𝑑𝑑𝑦𝑦
𝑑𝑑𝑑𝑑
� = −𝐹𝐹𝑐𝑐𝐹𝐹𝑑𝑑𝑑𝑑 (6.47) 

   

 𝐸𝐸𝐸𝐸
𝑑𝑑2𝑑𝑑
𝑑𝑑𝑑𝑑2

+ 𝐹𝐹𝑐𝑐𝐹𝐹𝑑𝑑𝑑𝑑 = 0 (6.48) 

To evaluate this non-linear equation for the angular deflection, the Equation 6.48 is 

integrated with respect to the arc length s, 

 𝐸𝐸𝐸𝐸
1
2
�
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
2

+ 𝐹𝐹𝑑𝑑𝑖𝑖𝑛𝑛𝑑𝑑 = 𝐶𝐶 (6.49) 

The constant of integration in Equation 6.49 can be estimated by substituting the 

following BC: at the tip of the micro-hair cantilever, the curvature is zero and the tip 
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deflection is 𝑑𝑑0, giving a value of 𝐹𝐹𝑑𝑑𝑖𝑖𝑛𝑛𝑑𝑑0 for the integration constant C. Substituting this 

value of C and rearranging Equation 6.49 we have. 

 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= �2𝐹𝐹(𝑑𝑑𝑖𝑖𝑛𝑛𝑑𝑑0 − 𝑑𝑑𝑖𝑖𝑛𝑛𝑑𝑑)
𝐸𝐸𝐸𝐸

 (6.50) 

 Rearranging Equation 6.50 and integrating between the limits 0 – s, to establish the 

relationship between arc length and 𝑑𝑑, and applying 𝑑𝑑 = 𝑑𝑑0 at 𝑑𝑑 = 𝑢𝑢, we have 

 � 𝑑𝑑𝑑𝑑
𝑠𝑠

0
= 𝑑𝑑 = � �

𝐸𝐸𝐸𝐸 𝐹𝐹⁄
2(𝑑𝑑𝑖𝑖𝑛𝑛𝑑𝑑0 − 𝑑𝑑𝑖𝑖𝑛𝑛𝑑𝑑)

𝜑𝜑

0
𝑑𝑑𝑑𝑑 (6.51) 

   

 𝑢𝑢 = � �
𝐸𝐸𝐸𝐸 𝐹𝐹⁄

2(𝑑𝑑𝑖𝑖𝑛𝑛𝑑𝑑0 − 𝑑𝑑𝑖𝑖𝑛𝑛𝑑𝑑)

𝜑𝜑0

0
𝑑𝑑𝑑𝑑 (6.52) 

   

 𝛼𝛼 = �𝐹𝐹𝑢𝑢
2

𝐸𝐸𝐸𝐸
= �

1
√2�𝑑𝑑𝑖𝑖𝑛𝑛𝑑𝑑0 − 𝑑𝑑𝑖𝑖𝑛𝑛𝑑𝑑

𝜑𝜑0

0
𝑑𝑑𝑑𝑑 (6.53) 

As shown in Equation 6.53, the dimensional quantity �𝐹𝐹𝑢𝑢2/𝐸𝐸𝐸𝐸 is represented by a 

non-dimensional parameter 𝛼𝛼. Towards integrating the above equation, 1 + 𝑑𝑑𝑖𝑖𝑛𝑛𝑑𝑑 is 

substituted by 2𝑘𝑘2𝑑𝑑𝑖𝑖𝑛𝑛2𝜃𝜃, where 2𝑘𝑘2 = 1 + 𝑑𝑑𝑖𝑖𝑛𝑛𝑑𝑑0. This substitution gives, 𝑑𝑑𝑑𝑑 =

2𝑘𝑘𝑐𝑐𝐹𝐹𝑑𝑑𝜃𝜃/�(1 − 𝑘𝑘2𝑑𝑑𝑖𝑖𝑛𝑛2𝜃𝜃) and the limits change from 0 𝑡𝑡𝐹𝐹 𝑑𝑑0 to 𝑑𝑑𝑖𝑖𝑛𝑛−1(1/2𝑘𝑘2) 𝑡𝑡𝐹𝐹 𝜋𝜋/2. For 

ease of representation, the lower limit of the new integral 𝑑𝑑𝑖𝑖𝑛𝑛−1(1/2𝑘𝑘2) = 𝜃𝜃1. The integral in 

Equation 6.53 now becomes, 

 𝛼𝛼 = �
2𝑘𝑘𝑐𝑐𝐹𝐹𝑑𝑑𝜃𝜃

√2�2𝑘𝑘2(1 − 𝑑𝑑𝑖𝑖𝑛𝑛2𝜃𝜃)√1 − 𝑘𝑘2𝑑𝑑𝑖𝑖𝑛𝑛2𝜃𝜃
𝑑𝑑𝜃𝜃

𝜋𝜋 2⁄

𝜃𝜃1
 (6.54) 

   

 𝛼𝛼 = �
1

√1 − 𝑘𝑘2𝑑𝑑𝑖𝑖𝑛𝑛2𝜃𝜃
𝑑𝑑𝜃𝜃

𝜋𝜋 2⁄

𝜃𝜃1
 (6.55) 

   

 𝛼𝛼 = �
1

√1 − 𝑘𝑘2𝑑𝑑𝑖𝑖𝑛𝑛2𝜃𝜃
𝑑𝑑𝜃𝜃

𝜋𝜋 2⁄

0
− �

1
√1 − 𝑘𝑘2𝑑𝑑𝑖𝑖𝑛𝑛2𝜃𝜃

𝑑𝑑𝜃𝜃
𝜃𝜃1

0
 (6.56) 

  

The above Equation 6.56 now represents the dimensionless parameter 𝛼𝛼 in terms of 

two elliptic integrals of the first kind. These elliptic integrals of first kind are represented by 

F(m,β) where m is the eccentricity and β is the amplitude of the elliptic integral. When the 



6. Fluid-Structure Interaction simulation using Lattice Boltzmann Method & large deflection beam 
model 

118 
 

limits are from 0 𝑡𝑡𝐹𝐹 𝜋𝜋 2⁄ , these elliptic integrals are referred to as complete elliptic integral 

and are represented by just F(m). 

 𝛼𝛼 = 𝐹𝐹(𝑘𝑘2) − 𝐹𝐹(𝑘𝑘2,𝜃𝜃) (6.57) 

 Thus with the value of 𝛼𝛼 obtained from the drag force, Young’s modulus and the area 

moment of inertia (for the micro-hairs of circular cross-section, the area moment of inertia 

can be calculated by, 𝐸𝐸 =  𝜋𝜋𝑟𝑟4 4⁄ , where r = radius of the micro-hair). An iterative process 

was implemented to evaluate the difference between the complete and incomplete elliptic 

integrals of the first kind, until the difference reached a value close to 𝛼𝛼 within a tolerance of 

10-12. To improve the computational speeds, in place of a sequential iterative search, a binary 

search was defined. From the evaluated k and 𝜃𝜃, value of 𝑑𝑑0 and 𝑑𝑑 was obtained. Using 

Equation 6.58 to establish a relationship between the x-coordinate and 𝑑𝑑, a relationship 

between the tip deflection along x-axis was obtained. 

 
𝑑𝑑𝑥𝑥
𝑑𝑑𝑑𝑑

=
𝑑𝑑𝑥𝑥
𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑑𝑑𝑖𝑖𝑛𝑛𝑑𝑑 (6.58) 

Substituting the relation for 𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 in Equation 6.58 we have 

 ∆𝑥𝑥= 𝑥𝑥𝑠𝑠=𝐿𝐿 � 𝑑𝑑𝑥𝑥
𝑥𝑥

0
= �𝐸𝐸𝐸𝐸

𝐹𝐹
�

𝑑𝑑𝑖𝑖𝑛𝑛𝑑𝑑
√2�𝑑𝑑𝑖𝑖𝑛𝑛𝑑𝑑0 − 𝑑𝑑𝑖𝑖𝑛𝑛𝑑𝑑

𝜑𝜑

0
 (6.59) 

Following same substitutions to rewrite φ in terms of θ, and simplifying Equation 

6.59, the simplified expression for ∆𝑥𝑥 can be written as in Equation 6.61. 

 ∆𝑥𝑥=
𝑢𝑢
𝛼𝛼
�

(2𝑘𝑘2𝑑𝑑𝑖𝑖𝑛𝑛2𝜃𝜃 − 1)
√1 − 𝑘𝑘2𝑑𝑑𝑖𝑖𝑛𝑛2𝜃𝜃

𝜋𝜋 2⁄

𝜃𝜃1
𝑑𝑑𝜃𝜃 (6.60) 

   

 ∆𝑥𝑥=
𝑢𝑢
𝛼𝛼

{𝐹𝐹(𝑘𝑘2) − 𝐹𝐹(𝑘𝑘2,𝜃𝜃) − 2[𝐸𝐸(𝑘𝑘2) − 𝐸𝐸(𝑘𝑘2,𝜃𝜃)]} (6.61) 

where E(m,β) is the elliptic integral of the second kind, 𝐸𝐸(𝑚𝑚,𝛽𝛽) =  ∫ �1 −𝑚𝑚. 𝑑𝑑𝑖𝑖𝑛𝑛2𝛽𝛽𝜃𝜃
0 𝑑𝑑𝜃𝜃. 

With the value of 𝐹𝐹(𝑘𝑘2) − 𝐹𝐹(𝑘𝑘2,𝜃𝜃) was already established to be equal to α, the simplified 

expression of Equation 6.61 is given in Equation 6.62. The deflection along the y axis was 

obtained by substituting Equation 6.50 in Equation 6.46 and applying the BC 𝑑𝑑0 = 0 @ 𝑦𝑦 =

0 which gives Equation 6.63. 

 ∆𝑥𝑥=
𝑢𝑢
𝛼𝛼

{𝛼𝛼 − 2[𝐸𝐸(𝑘𝑘2) − 𝐸𝐸(𝑘𝑘2,𝜃𝜃)]} = 𝑢𝑢 −
2
𝛼𝛼

[𝐸𝐸(𝑘𝑘2) − 𝐸𝐸(𝑘𝑘2,𝜃𝜃)] (6.62) 
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∆𝑦𝑦= 𝑢𝑢 �1 −

√2
𝛼𝛼
��𝑑𝑑𝑖𝑖𝑛𝑛𝑑𝑑 − �𝑑𝑑𝑖𝑖𝑛𝑛𝑑𝑑0 − 𝑑𝑑𝑖𝑖𝑛𝑛𝑑𝑑�� 

(6.62) 

 With the above set of equations determining the curvature of the micro-hair cantilever 

structure of Young’s Modulus E, radius r and length L under an applied load F, the large 

deflection structural model was implemented in the MATLAB IDE. The flow of process 

control of this model within the MATLAB code is shown in Fig. 6.8. 

 
Fig. 6.8. Flow control within the Euler-Bernoulli large deflection structural module 

 

6.4. Verification of implemented MATLAB FSI mathematical model 

 The implemented mathematical models within the MATLAB IDE for both the LBM 

CFD and the large deflection beam model needs to be verified before using the written 

modules to simulate the flow within the venturi and obtain the structural response of the 

PEDOT:PSS micro-hairs under the given flow conditions. As discussed in section 6.1.1, the 

LBM CFD implementation has three main segments: the CFD model in the 2D domain using 

the D2Q9 lattice to estimate throat velocity, the CFD for the 3D domain using the D3Q19 

lattice to determine the flow parameters around the hair and the momentum-exchange method 

to calculate drag force. Each of these models was verified by benchmarking them against 

analytical methods. 
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6.4.1. 2D LBM CFD – Benchmark against 2D Poiseuille flow 

 The 2D LBM CFD model used the D2Q9 lattice to make up the domain of interest. 

As a simple case of a 2D fluid dynamics problem, a flow of fluid between two stationary 

parallel plates chosen, whose flow velocity profile can be described by the Poiseuille 

equation, was chosen as a benchmark simulation. The Poiseuille equation gives the relation 

between variation of velocity across the width of the channel (y-axis) for fluid flowing along 

the x-axis as shown in Fig.6.9. The viscous forces near the wall reduce the velocity of fluid 

flow at the fluid-wall interface to near zero velocity and hence a parabolic velocity profile as 

shown in Fig 6.9 is expected. The velocities along the profile can be obtained theoretically by 

use of Equation 6.63. 

 
Fig. 6.9. Pressure gradient induced flow between two parallel plates separated by distance 2h units 

apart 

 

 𝑢𝑢𝑥𝑥𝑦𝑦 = −
1

2𝜇𝜇
∆𝑃𝑃
∆𝑥𝑥

(ℎ2 − 𝑦𝑦2) (6.63) 

where 𝜇𝜇 is the dynamic viscosity of the fluid, ∆𝑃𝑃 is the difference in pressure between the 

outlet and inlet faces of the flow channel. As discussed in the LBM architecture, the fluid 

flow dynamics can be studied both in steady and transient cases. As we are currently more 

interested in steady state drag forces, instead of each time-step representing the lattice 

equivalent of physical time units, the time-step was set at unity and the simulation was run 

until the difference in velocities between two consecutive iterations reached a value less than 

1×10-10. As the initial steps prior to collisions take place is defined with an equilibrium 

distribution, the difference between the first two steps itself provided a value less than 1×10-

10 indicating false convergence. To overcome initial checking, a secondary condition was 

added to the collision/streaming loop to make sure that at least 100 iterations have been 

carried out before convergence is checked.  
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The flow simulation was run with a constant pressure gradient of 4×10-3 Pa/m 

between the inlet and the outlet of the flow channel defined by two solid parallel plates 

separated by a distance 0.5m apart. To simulate the pressure driven flow between the parallel 

plates, the velocity generated by the pressure gradient (the causal effect of fluid propagation) 

at the inlet was defined at 0.3 and the simulation was run on a 100 × 500 sized array with 

each element in the array representing a single D2Q9 lattice. And as each lattice has 9 

individual sites, as shown in Fig. 6.10, each element in the 2D array holds an array of 9 

values. To recreate the geometry to define the location of the walls within the MATLAB, a 

second 2D binary array of the same size was used. This geometry array was used as a 

reference against which the BCs were checked every iteration. As shown in Fig. 6.10, the 

solid walls are represented by a binary equivalent of TRUE (1) (represented by black grids) 

and the lattices where the fluid has no obstruction is represented by FALSE or simply 0 

(represented by white grids). 

 
Fig. 6.10. Differentiation between solid and fluid lattice within MATLAB by setting arrays with 1’s 

and 0’s 

The various stages during the implemented MATLAB program where the fluid 

domain develops towards approaching convergence is shown in Fig. 6.11. Fig. 6.11a 

represents the first time-step where the entire domain is updated with equilibrium distribution 

with the inlet side of the flow channel updated with the BC. As the number of iterations  
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Fig. 6.11. Steps showing collision and streaming of probability distributions (a) initial state where the 

BCs are defined and the interior is at steady state (b) & (c) boundary conditions streaming and 
generating flow towards the interior of the fluid domain to update local distributions towards 

equilibrium from the implemented MATLAB code 

increases, the non-equilibrium introduced because of the inlet and outlet BC propagates 

inwards into the fluid domain and as the lattices between the inlet and outlet BCs get updated 

towards equilibrium distribution, the error between two consecutive iterations decreases. 

 When the collision and streaming steps updating the probability distributions at each 

lattice site towards equilibrium the fluid domain reaches equilibrium with that of the BCs and 

at this stage, the difference between two consecutive iterations reaches a minimum. This 

convergence criterion was set at 1×10-10, to ensure a near-steady state condition. The steady 

state condition is achieved with an error of 9.990045×10-11 for this benchmark simulation 

run. The observed flow profile at the end of convergence and the flow velocity vectors are 

shown in Fig. 6.12. As the benchmark flow velocity is set, it leads to a parabolic flow profile 

along the width of the channel as expected from the Poiseuille flow between the two parallel 

plates, as shown by the velocity vectors represented in Fig. 6.12b. For ease of comparison, 

the graph shows the velocity in terms of physical units. 
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Fig. 6.12. (a) Flow domain after convergence is achieved, showing both the contour plot and the 
velocity vector (b) a segment (from 50 to 55 girds) from the flow domain showing the contour and 

velocity vectors between two parallel plates (scale bar shows velocity in m/s) 

 

Using the Equation 6.63, a flow velocity profile was analytically established and the 

comparison between the obtained velocity profile and the difference between the analytical 

and mathematical model is shown in Fig. 6.13a. As seen from Fig. 6.12, the LBM CFD 

within MATLAB was implemented on a lattice defined by 100 × 500 elements. This lattice 

represents the physical channel 0.5m apart and 2.5 m long. To observe the effect of grid size 

on the accuracy of the observed velocity profile from the implemented LBM code, multiple 

simulations were carried out with a similar aspect-ratio grid but with less refinement. Grids of 

n × 5n with n values of 50, 40, 30, 20, and 10 were also carried out to obtain the trend of 

variation in computational accuracy with simulation grid size. 
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Fig. 6.13. (a) Velocity variation along the width of the flow channel obtained from the theoretical 
approach and the implemented 2D LBM MATLAB code along with the observed errors. (b) Absolute 
error as a function of grid scale factor n for meshes of size n × 5n. (c) relative error showing trend of 

decreasing error with increase in grid size. 

 

The observed errors and the trend in relative error shows that the accuracy level of the 

obtained results do increase with increasing mesh size, with acceptable results observed with 

meshes as coarse as 30 × 150. For coarser meshes, it was observed that though the profile 

was faithfully reproduced to some extent, the error levels observed for velocities near the 

wall section were more noticeable. The observed error in the calculated velocity, which is the 

basis for the drag force calculation during further analysis steps within the 3D LBM, needs to 

be minimal for an accurate estimate of drag forces. Hence, further discussed simulations were 

run starting with coarse meshes which run faster initially with a progressive increase in mesh 

sizes, until the difference between two mesh sizes was within acceptable levels. With the 

benchmark simulation showing the capability of the implemented MATLAB 2D CFD solver 

to simulate the dynamics of the fluid flow and provide reasonably accurate outputs, it was 

established that this D2Q9 lattice based LBM model could be further used for the first stage 

of FSI simulation to estimate the flow parameters within the venturi channel. The final 

version of the LBM CFD model for simulating the flow in the 2D domain using a D2Q9 

LBM lattice, implemented within MATLAB IDE can be found in Appendix B. 
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6.4.2. 3D LBM CFD – Benchmark against flow in a rectangular channel 

 A 3D flow within a rectangular channel was selected as a suitable analysis problem 

for benchmarking the implemented D3Q19 lattice based LBM, as the sharp right angled 

corners connecting the four lateral walls would aid in establishing the accuracy levels of the 

simulation. The physical flow channel defined is oriented with the flow direction through the 

rectangular duct parallel to the x-axis and the inlet and outlet faces are normal to the flow 

direction (YZ-plane) as defined within the implemented 3D LBM code. The physical flow 

channel is 50mm high and 100 mm wide. To estimate theoretically the flow profile within the 

flow channel, the following equations (6.64 – 6.66) given by [233] were used. 

 𝑢𝑢𝑥𝑥𝑌𝑌𝑌𝑌 =  𝑢𝑢𝑚𝑚𝑚𝑚𝑥𝑥 �1 − �
𝑦𝑦
𝑏𝑏
�
𝑖𝑖
� �1 − �

𝑧𝑧
𝑎𝑎
�
𝑚𝑚
� (6.64) 

   
 𝑚𝑚 = 1.7 + 0.5𝛽𝛽−1.4 (6.65) 
   
  𝑛𝑛 = � 2

2 + 0.33(𝛽𝛽 − 1/3)    𝑓𝑓𝐹𝐹𝑟𝑟 𝛽𝛽 ≤ 1/3
𝑓𝑓𝐹𝐹𝑟𝑟 𝛽𝛽 > 1/3 (6.66) 

where 𝑢𝑢𝑚𝑚𝑚𝑚𝑥𝑥 is the maximum inlet flow velocity along x-direction (normal to YZ plane), 𝛽𝛽 is 

the aspect ratio of the flow channel (in this case, 50 mm / 100 mm = 0.5). Based on the 

variation of the y and z coordinates along the width and height of the flow channel, the 

velocity variation across the plane normal to the fluid flow can be calculated and compared 

with that of the implemented 3D LBM code. For this benchmark test, a similar approach to 

the 2D benchmark was implemented. The maximum velocity was set as 0.15 m/s, the 

corresponding lattice velocity for the implemented 3D LBM analysis was 1.5×10-2 (L.U) with 

a relaxation factor of 0.83 for the 30 × n × 2n grid (n = 50 for the current set of lattice 

parameters). The obtained result from the LBM analysis, after a convergence criterion of 

1×10-10 was achieved, as compared to that of the theoretical value is shown in Fig. 6.14. The 

3D LBM was run against different mesh scale factors (n = 10 – 50) towards observing the 

error levels for each mesh size. 
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Fig. 6.14. (a)Velocity profile graph comparing the implemented D2Q19 LBM code and the theoretical 

values during flow through a rectangular duct and (b) the difference between the simulation and 
theoretical values for various mesh scale factors (n = 10, 20, 30, 40 and 50) 

 

 With a similar trend of variation in the obtained error for varying mesh sizes, as in the 

2D analysis, mesh sizes of greater than n = 30, were within acceptable levels (<2.5e-4 L.U) 

for the above benchmark simulation. With the implemented 3D LBM framework verified to 

be able to recreate the dynamics of fluid closer to theoretical values, the next stage of the 

CFD module, i.e. the implemented drag force calculation using momentum exchange method, 

needs to be verified against a benchmark test. The LBM CFD model for simulating the flow 

in the 3D domain using a D3Q19 LBM lattice written in MATLAB IDE can be found in 

Appendix C. 
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6.4.3. Drag Force Estimation – Momentum Exchange method benchmarking 

 As the drag force estimation demands the presence of an object within the flow 

domain on which the drag force is to be calculated, a simple solid model completely 

immersed within the fluid domain was modelled. To establish the capabilities of the 

implemented momentum exchange method the solid object was defined as a sphere of 

diameter ds. Estimating the drag force in this smooth object would provide a better 

understanding of the variation of estimated drag force when the smooth object is defined as a 

series of stepped lattices as established in Fig 6.15a. As the geometry of interest (micro-hairs) 

is also a curved object that would be represented as a series of lattice steps, this benchmark 

test is of particular importance. 

 
Fig. 6.15. Representation of (a) smooth objects as a series of grid steps and the geometry 

representation with respect to grid size (b) the physical benchmark used for modelling CFD 

  

The benchmark for this analysis was set as the calculated drag force on a perfect 

sphere of diameter ds = 8 mm within a rectangular flow channel 80 mm wide and 20 mm 

wide as shown in Fig. 6.15b. The flow velocity was set as 0.1 m/s with the fluid density and 

viscosity set at 1.183 kg/m3 and 1.835×10-5 Pa.s (the fluid is set as air) towards establishing a 

flow with Re of 50. As the drag coefficient 𝐶𝐶𝐷𝐷 of the sphere when placed in an air flow 

depends on the Re of the air flow, using the Equation 6.67 [231], the drag coefficient for a Re 

of 50 was estimated and substituted in Equation 6.68 to estimate the drag force on the sphere. 

 𝐶𝐶𝐷𝐷@𝑅𝑅𝑒𝑒=50 =
24
𝑅𝑅𝑅𝑅

[1 + 0.1935𝑅𝑅𝑅𝑅0.6305] (6.67) 

   
 𝐹𝐹𝑑𝑑 =

1
2
𝜌𝜌𝐶𝐶𝐷𝐷𝑢𝑢2𝐴𝐴 =

1
8
𝜌𝜌𝐶𝐶𝐷𝐷𝑢𝑢2𝜋𝜋𝑑𝑑𝑠𝑠

2 
(6.68) 

 The momentum exchange algorithm in the MATLAB code is defined only within the 

3D LBM code as the estimation of drag force to transfer to the structural module is only from 

the D3Q19 lattice defined LBM and the integration of these two can be noticed in the D3Q19 
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LBM based CFD code (Appendix C). To recreate the physical flow domain within MATLAB, 

a 20n × 4n × n mesh was defined with the number of grids representing the radius of a 

spherical object set as n/5. Using the array indices where the solid sphere grids are defined, 

the array indices adjacent and facing the outward normal are set as the boundary interfaces 

and these array indices are used in the momentum exchange method for computing the drag 

force on the object. The momentum exchange algorithm was executed, using three different 

mesh scale factors (n = 10, 15 and 20) to determine the difference in estimated drag force on 

the spherical object. Fig. 6.16a shows the streamlines from a section 100 × 20 × 10 around 

the spherical object as observed from the 300 × 60 × 15 3D grid. As discussed in section 

6.2.4, the estimated drag force was observed to verify its application as a convergence 

perimeter to check for steady-state. The drag force variation throughout the simulation was 

monitored and Fig. 6.16b shows these drag forces converging towards a constant value for 

each scale factor. The convergence of the drag force graph also shows the theoretical drag 

force against which the relative errors were measured for each mesh scale factor as shown in 

Fig. 6.16c. 

The drag force obtained from the momentum exchange method correlates closely with 

that of the theoretical drag force with an acceptable error of 0.6% (equating to 2×10-9 N) for 

grid density 400 × 80 × 20. With the smooth spherical object 8 mm in diameter represented 

as a stepped sphere with a four grid radius, the accuracy levels in drag force estimation were 

still within acceptable limits and established that the implemented momentum exchange can 

be used to successfully determine the drag force on curved objects. As observed from Fig. 

6.16b, the convergence of the drag force can also be employed as an indicator for the 

convergence of the fluid domain towards a steady state for laminar flows. Observed from the 

error trend, the increase in grid resolution of the step-like geometry matrix in the bounce-

back model yields a closer to accurate value and at the same time becomes more memory 

intensive as noticed from the number of iterations taken to achieve convergence. Considering 

the target application, the error levels obtained using this bounce-back model on a sufficiently 

large mesh curvature represented by just 8 grids was observed to be well within acceptable 

limits. The drag force on the micro-hairs within the venturi integrated final prototype for 

measurement of ultra-low velocity flows can thus be estimated using the MATLAB 2D/3D 
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Fig. 6.16. (a) The streamlines around the sphere extracted from the 300 × 60 × 15 D3Q19 analysis 

(b) Momentum exchange drag force vs theoretical drag force and (c) relative error between the 
weighted average and theoretical drag forces for n = 10, 15, 20 for a 20n × 4n × n grid geometry 

 

LBM based CFD analysis functions. Moreover, all the benchmark simulations were 

run on a low-end laptop and these analysis took no more than a maximum of 10 hours to be 

completed. Detailed analysis on performance comparison and resource utilization between 

the implemented MATLAB CFD functions and commercially available packages are beyond 

the scope of this thesis, but the overall performance of the MATLAB code with 750,000 

D3Q19 lattice elements takes only a maximum of 2.5 seconds for each iteration. 
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6.4.4. Large deflection structural model benchmarking 

 With the forces from the CFD model now obtainable within acceptable tolerances, the 

ability of the coded large deflection structural model to replicate the behaviour of the micro-

hairs under these conditions needs to be analyzed. A simple cantilever beam 20 mm wide, 10 

mm thick and 1m long (with the fixed end and free ends having faces 20 mm × 10 mm in 

area) was modelled within MATLAB, with a load of 2N applied on the free end. The 

Young’s Modulus was defined as being 650 MPa and the implemented program was 

executed. As the large deflection model is tedious to solve analytically, as a benchmark 

against which to compare the implemented model, the commercially available ANSYS 

Mechanical module was used. A similar sized geometry of the same material was created in 

ANSYS Design Modeler and the obtained results from the ANSYS and MATLAB large 

deflection models are compared as shown in Fig. 6.17. 

 
Fig. 6.17. Comparison of large deflection analysis values for tip deflection measurement between 

(left) ANSYS and (right) MATLAB (geometry origin at 100, 0) 

 The MATLAB deflections of 570 and 146 grids (1 grid equivalent to 1mm) along the 

x and y-axes from its initial origin at the 100th and 0th grid faithfully recreates the deflections 

observed from a commercial package (470.36 mm along x-axis and -146.96 mm along y-

axis). As the MATLAB model is written in such a way that it needs to define the geometry in 

a binary grid defined by discrete indices 𝜖𝜖 ℕ, the calculated deflections were required to be 

rounded off to the nearest natural number towards negative infinity. This rounding off error 
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occurs in the very last step of the FSI simulation and is still acceptable, as this error is not a 

highly critical factor affecting the rest of the simulation. In case of simulating micro-hairs, 

this error would result in acceptable levels of accuracy with just the loss of nanometric 

precision. The major advantage of the implemented MATLAB model over using traditional 

FEA techniques can be attributed to the solving speeds. Simulations for large deflections, 

about 0.65 times the length of the beam, takes a maximum of 25 seconds to complete as 

opposed to FEA results from ANSYS Mechanical that take over 30 minutes to solve with 

similar levels of accuracy. With the individual modules verified and benchmarked, the final 

prototype’s FSI was to be simulated and analyzed next. As most details of implementing each 

model have been elucidated already, only the differences and obtained results are discussed in 

detail in the upcoming section. The MATLAB code for large deflection analysis can be 

found in Appendix D. 

6.5. FSI analysis using LBM based CFD and large deflection model 

  The FSI analysis begins with preparation of the geometry for the MATLAB program. 

As the response of the micro-hairs to fluid flow is based on the force estimated in the D3Q19 

lattice based 3D analysis, the inlet velocity for this 3D analysis, which is the velocity profile 

at the throat section of the 2D analysis, was needed. Unlike the geometry for the 3D analysis, 

which can be programmatically generated by filling a binary array with 1’s to represent a 

rectangular channel with a cylindrical geometry along the z-axis representing the micro-hair 

and a larger cylindrical geometry along the y-axis of the channel representing the reference 

terminal, the geometry for the 2D analysis cannot be easily defined within MATLAB by 

simple array assignments. To define the spline-driven venturi geometry, PTC CREO software 

was used to create a 2D drawing and this drawing was converted into a black and white 

bitmap image. When imported into the MATLAB environment, this bitmap image was used 

to define the venturi channel. Fig. 6.18 shows the vector plot obtained from the 2D analysis 

once the steady state was reached. 
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Fig. 6.18. Fluid flow simulation on a 2D D2Q9 lattice based venturi with the geometry imported into 
MATLAB as a monochrome bitmap image. (Top) overall flow within the venturi and (Bottom) closed 

up flow profile at the throat section of the venturi. 

 

 As seen from Fig. 6.18, though the imported geometry consists of well-defined steps, 

as these steps represent a single lattice, the backflow due to these steps is negligible as the 

adjacent cells also represent a single lattice. Moreover, as observed from Fig 6.18, the micro-

hair was omitted within the 2D geometry because basically a 2D analysis is always carried 

out assuming the geometry is symmetric along the z-axis. If this micro-hair was modelled 

within the 2D geometry, these 1 mm tall structures would be construed as a slender 

rectangular flap which allows flow of air only above the tallest point (1mm above the base of 

the throat) rather than cylindrical structures which allow flow around their curved surface 

area. As the micro-hair is a cylindrical slender structure, which is four orders of magnitude 

smaller than the biggest dimension, the micro-hair could be safely neglected for the 2D 

analysis.  
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6.5.1. Dimensional Transformation 

While the 2D simulation geometry represents the midsection of the designed flow 

channel, the BCs applied correspond to a planar symmetry simulation as typical to any other 

CFD solvers such as ANSYS CFX, Fluent etc. The obtained velocity profile from the 2D 

simulations thus represents the velocity profile of an infinitely wide flow channel with the 

defined 2D cross section as shown in Fig. 6.19a. As the 2D simulation’s velocity at the throat 

section can be obtained by Eqn. 6.69, with the planar symmetry conditions replacing the area 

ratios with width ratios, and the velocity at the throat section for the 3D geometry can be 

obtained by Eqn. 6.70, towards converting the velocity profile between the 2D and 3D 

simulation Eqn. 6.71 was used. 

 
𝑉𝑉𝑜𝑜ℎ𝑟𝑟𝑜𝑜𝑚𝑚𝑜𝑜2𝐷𝐷 𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑜𝑜⁄ =

𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑜𝑜2𝐷𝐷
𝐴𝐴𝑜𝑜ℎ𝑟𝑟𝑜𝑜𝑚𝑚𝑜𝑜2𝐷𝐷

=
𝑢𝑢𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑜𝑜2𝐷𝐷
𝑢𝑢𝑜𝑜ℎ𝑟𝑟𝑜𝑜𝑚𝑚𝑜𝑜2𝐷𝐷

 
(6.69) 

   
 

𝑉𝑉𝑜𝑜ℎ𝑟𝑟𝑜𝑜𝑚𝑚𝑜𝑜3𝐷𝐷 𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑜𝑜⁄ =
𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑜𝑜3𝐷𝐷
𝐴𝐴𝑜𝑜ℎ𝑟𝑟𝑜𝑜𝑚𝑚𝑜𝑜3𝐷𝐷

 
(6.70) 

   
 

𝑉𝑉𝑜𝑜ℎ𝑟𝑟𝑜𝑜𝑚𝑚𝑜𝑜3𝐷𝐷 = 𝑉𝑉𝑜𝑜ℎ𝑟𝑟𝑜𝑜𝑚𝑚𝑜𝑜2𝐷𝐷 ×
𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑜𝑜3𝐷𝐷
𝐴𝐴𝑜𝑜ℎ𝑟𝑟𝑜𝑜𝑚𝑚𝑜𝑜3𝐷𝐷

×
𝑢𝑢𝑜𝑜ℎ𝑟𝑟𝑜𝑜𝑚𝑚𝑜𝑜2𝐷𝐷
𝑢𝑢𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑜𝑜2𝐷𝐷

 
(6.71) 

where, V corresponds to velocity, A represents area and L represents width, with suffixes inlet 

and throat representing the physical parameters at these locations of the flow channel for both 

2D and 3D geometries. Using Eqn. 6.71 to transform the obtained velocity profile between 

2D and 3D profiles, a correction factor of 1.959 was then applied to the obtained 2D velocity 

profile. 

To observe the error induced due to the omission of the micro-hair during 2D LBM 

analysis, a 3D geometry was also designed within ANSYS CFX software and Fig. 6.19b 

shows the error between the velocity profiles at the inlet section between the ANSYS and 

MATLAB simulations. These error values were in the range of ±6×10-3 m/s, with the 

maximum error observed around 1mm along the y-axis above the base of the throat where the 

presence of the micro-hair creates a sudden transition of velocity. This gives an average error 

of 3.42 × 10-4 m/s at the inlet of the throat between the transformed 2D profile from the LBM 

model and the 3D profile from the ANSYS CFX software. 
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Fig. 6.19. (a) Need for velocity transformation between 2D and 3D analysis shown through the 

difference between the analysed geometries (b) Difference between transformed velocity profile along 
the y-axis between the 1000 × 150 D2Q9 LBM grid and the 3D ANSYS CFX at the inlet of the throat 

section 

 

As the final prototype was to be designed with 8 micro-hairs to estimate flow rates in 

a range of 1 ml/s to 8 ml/s through an inlet of 15 mm diameter, the corresponding venturi 

inlet velocities applied to the 2D geometry and respective 1D throat inlet velocity profiles 

were obtained. 
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6.5.2. Use of cluster for simulation 

2D velocity profiles for the inlet and outlet BCs for the 3D analysis were obtained by 

replicating the 1D array, obtained from the dimensional transformation step, 300 times within 

the MATLAB for the 2502 × 300 × 1002 3D geometry. The lattice grid size was chosen at 

this level of refinement as the micro-hair which is 6 µm in diameter (5.5±0.5 µm 

approximated to 6 µm for ease of scalability) could be represented by a series of steps three 

grids wide. As this lattice size demands a total of 7.5×108 array elements each for the 

geometry, velocity vectors along x, y and z are 19 times the array size for each site of the 

D3Q19 lattice. As this demanded a minimum of 4 GB of memory space, the use of HPC was 

sought out. With access to the NeSI cluster made available with University of Auckland 

credentials, the MATLAB simulation was offloaded to the cluster. As the cluster-run 

simulations do not allow access GUI interface of the MATLAB environment, the submitted 

jobs were initialized and executed using a slurm file and the obtained results during each 

iteration were saved programmatically during each iteration resulting in accessibility of 

results from just the last step of the loop iteration (when steady state is reached) for 8 

individual inlet velocity BCs.  

As a means of visualizing the simulated fluid domain around the micro-hair and 

reference terminal, a scaled down 3D geometry was also analyzed directly on a low-end PC 

with a mesh size of 252×101×30. The micro-hair and the reference terminal were also 

programmatically generated within MATLAB and Fig. 6.20a shows the 3D geometry that 

defines the flow domain and the solid obstacles. The simulation results for a flow velocity of 

4.52×10-2 m/s at the venturi inlet (average throat inlet velocity obtained from 2D analysis 

equals 0.579 m/s) corresponding to a flow rate of 8 ml/s through the venturi inlet on this 

scaled geometry is shown in Fig. 6.20b. 

Using the force values obtained from the HPC cluster analysis for the D3Q19 lattice 

based grid, the deflections were calculated using the structural analysis module within 

MATLAB environment. The structural deflection obtained from MATLAB module for the 

last value of inlet flow velocity (4.52×10-2 m/s) is shown in Fig. 6.20c. The forces and 

deflection levels and their corresponding flow velocities at the venturi inlet are tabulated in 

Table 6.2. As a means of comparison, the results from the HPC ANSYS CFX are also 

tabulated in Table 6.2. The drag forces computed within the 3D LBM based CFD were 
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transferred to the large-deflection structural model and the obtained results are also compared 

with ANSYS Mechanical for large deflection analysis results as shown in Table 6.2. 

 

 
Fig. 6.20. (a) 3D binary array of 252×101×30 elements created in MATLAB to represent the flow 
domain, reference terminal and micro-hair. (b) Velocity vectors (black arrows) superimposed over 
surface plot (white – highest velocity black- lowest velocity) over the 3D geometry at a flow velocity 

of 4.52×10-2 m/s at the sensor inlet and (c) deformed micro-hair geometry after control transfer to the 
MATLAB structural analysis module. 
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Table. 6.2. Obtained drag forces and deformation from MATLAB LBM FSI compared 

with commercial ANSYS package for each of the 8 discrete velocities of interest. 

Venturi 

inlet 

velocity 

(mm/s) 

Drag force on micro-hair (Fd) Error in 

Drag 

Force 

(%) 

Tip deflection 

MATLAB 

LBM D3Q19 
ANSYS CFX 

MATLAB 

(1 grid = 1 µm) 

ANSYS 

Structural 

(×10
-9

) N (×10
-9

) N Y(grids) X(grids) Y(µm) X(µm) 

5.6588 3.3595 3.4923 3.80 13 1 14.698 0.18525 

11.318 7.6344 7.7086 0.96 30 1 31.766 0.77829 

16.977 12.528 12.374 1.24 50 2 49.376 1.7099 

22.635 16.934 17.402 2.69 67 3 68.921 3.1597 

28.294 22.026 22.743 3.15 88 5 88.775 5.1437 

33.953 27.681 28.355 2.38 110 8 108.64 7.4606 

39.612 33.529 34.208 1.98 132 11 132.88 11.488 

45.271 39.648 40.306 1.63 155 15 157.18 14.771 

 

 The large difference between the deflections estimated using the LBM and 

conventional CFD technique can be attributed to the error levels observed in the estimated 

drag force. The primary reason for the large difference in the drag force estimation can be 

attributed to the finite sized elements employed in the MATLAB code. Moreover, the error 

from the 2D and 3D LBM based CFD that are carried through also contribute to a significant 

portion of the observed error during the estimation of the drag forces. As the deviation in 

estimated deflection is only in the order of a few µm, these error levels are well within 

acceptable limits as the additional uncontrollable environmental factors cannot be completely 

simulated. As the main purpose of this mathematical model is to understand the dynamic 

response of the sensor and to allow estimation of the sensor’s design parameters while 

providing quick simulation times in a lightweight package, the errors during actual 

fabrication and assembly processes are not simulated. The observed error levels of a few µm 

results in a measurement difference of ±0.75 mm/s or in terms of flow rate a difference of just 

±0.135 ml/s. To reduce this error during assembling the sensor components during the final 

flow sensor design, a means of adjusting the distance between the micro hairs and the 

reference terminal is needed. 
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6.6. Summary 

 A resource efficient mathematical model was established within the MATLAB IDE to 

simulate the FSI problem of determining the micro-hair response to air flow. The LBM based 

CFD and large deformation models that make up the FSI model have been tested to yield 

results which are closely comparable to the results obtained from commercially available 

software packages, with much lower computational costs. The closeness of the developed 

model to the results from the commercial software package could be attributed to the fact that 

the LBM architecture can be used to fully recover Navier-Stokes flow, the numerical analysis 

approach that the computational fluid dynamics software implements The obtained drag force 

from the momentum-exchange method implemented on boundaries with full-bounce back has 

a relatively higher level of error, which can be attributed to the finite lattice sizes employed. 

Though further grid refinement would improve the accuracy at the expense of computational 

performance, the obtained forces are within acceptable tolerance levels pertaining to the 

target application. Moreover, introducing the MRT model instead of the currently 

implemented SRT model would greatly improve the stability of the mathematical model and 

would allow simulations of transitional flows and to some extent turbulent flows as well. 

With the obtained results from this simplistic LBM based FSI simulation, the final design of 

the flow sensor can now be optimized much more quickly and easily by adjusting a few 

parameters that define the geometry and the fluid dynamics within the implemented 

MATLAB FSI framework. 
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Chapter 7 

Portable Ultra-low Velocity Flow Sensor with Integrated 

Electronics 
 

 Developing and implementing the LBM based FSI model capable of defining the flow 

domain and estimating the response of the cantilever structure to the fluid flow now allows 

ease of determining the flow sensor’s design parameters, i.e., the distance between the 

PEDOT:PSS micro-hairs and the reference terminal. Taking into account the objective of this 

research, a flow sensor for an automated neo-natal resuscitator (KM Medical’s Next Step™) 

that can measure flow rates ranging from 1 ml/s to 8 ml/s from a 15 mm flow inlet, was now 

required to be designed. This resuscitator-integration ready flow-sensor design must be a 

portable version without any bulky PC or DAQ devices accompanying the sensor and at the 

same time be disposable between each use to meet the hygiene and medical standards. By 

using the MATLAB FSI model, low velocity flows corresponding to those experienced 

during neonatal resuscitation were simulated and the 8-channel micro-hair flow sensor’s 

design parameters were estimated in Section 6.5.1 of this thesis.  This chapter discusses the 

design, development and testing of a refined and portable version of the PEDOT:PSS micro-

hair flow sensor integrated with electronics capable of displaying flows ranging from 1 ml/s 

to 8 ml/s. 

7.1. Portable flow sensor design 

 With the resolution of the micro-hair flow sensor set at 1 ml/s, which was deemed 

sufficient to indicate the flow rate deviating from the target 4 ml/s during the resuscitation 

process [2], 8 micro-hairs were required, each indicating a step of 1ml/s. The distances 

between these 8 individual micro-hairs and the reference terminal were determined using the 

mathematical model and tabulated in Table 6.1.  

 Towards refining the flow-sensor’s design and developing a disposable sensing 

medium (the micro-hairs that act as micro-switches), the micro-hair printing substrate design 

was required to be improved. Moving away from direct deposition of the gold traces on the 

PDMS cast, a disposable substrate on which the micro-hairs could be printed was sought out. 

Ease of assembling and disassembling this disposable substrate with the portable flow-sensor 
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architecture after each use was a requirement, with this substrate still allowing a feasible 

means of electrical contact with that of the sensing electronics. With these requirements to be 

met, the flow sensor’s design was updated as shown in Fig. 7.1 and upcoming sections detail 

the design criteria for each component briefly. 

 
Fig. 7.1. Exploded view showing the basic design and components of the portable flow sensor 

 

7.1.1. Flow-sensor channel 

 Towards maintaining the dimensions of the convergent-divergent flow channel 

designed to amplify the inlet flow velocity and at the same time have a disposable sensor 

substrate, a refined flow channel design was required. Fig. 7.2, shows the modification to the 

flow sensor channel that satisfies the above criterion. 
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Fig. 7.2. Modified flow channel with a recessed base at the throat section and the disposable sensor 

substrate that fits within the recessed area 

 

As seen from Fig, 7.2, by introducing a recessed base at the throat section of the 

venturi channel to accommodate a disposable sensor substrate on which the micro-hairs can 

be printed, the flow channel’s dimensional integrity after assembly can still be maintained. 

This design allows the sensor substrate to be removed from the flow channel after each use 

introducing a level of disposability to the flow-sensor architecture. 

With the disposable sensor substrate’s footprint constrained to a maximum of 5 mm × 

5 mm, the dimensions of the traces for each of the micro-hairs to be printed were to be 

defined. The disposable sensor substrate was also required to be capable of establishing an 

electronic interface with the sensing electronics, which are to be integrated in the portable 

flow sensor, once assembled. Furthermore, the sensor substrate now being a disposable part 

of the flow-sensor, it should be both cost and time effective to fabricate, justifying the 

introduced disposability. 

7.1.2. Disposable sensor substrate 

 The primary requirement of the disposable sensor substrate design is to have a means 

of electrical continuity between the individual micro-hair bases and the sensing electronics. 

Towards eliminating any interference to the flow channel path during introduction of this 

electrical continuity, the disposable sensor substrate was to be designed such that the 

electronic interface passes through the solid PDMS cast. Along these lines, an interconnected 
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top and bottom layer design approach, as shown in Fig. 7.3a, was chosen. As the top and 

bottom layers are now interconnected by using a suitable connecting cable that passes 

through the PDMS cast, the flow channel’s dimension can be retained. 

 As this interconnection between the top and bottom layer can be easily achieved by 

means of PCB manufacturing processes, the entirety of the disposable substrate could be 

manufactured as a two-layer PCB. To ensure compatibility of the designed disposable sensor 

substrate (herein referred to as sensor substrate PCB) with the commercially available 

connecting cables that can be passed through the PDMS cast (Fig. 7.3b), the pitch and trace 

widths of the sensor substrate PCB are chosen to match that of the connecting cable. 

 

Fig. 7.3. (a) Sensor substrate design manufactured as PCB (modelled with transparency for better 
visualization) (b) sensor substrate integrated with the flow channel PDMS cast with a flexible 

connecting cable to establish electrical contact with sensor electronics 

 8-pin, 152 mm long Flat-flex cables (FFC) with a pitch of 0.5 mm and trace width of 

0.3 mm were procured from Würth Elektronik to be used as the connecting cable. The sensor 

substrate PCB was designed using Altium designer software with the 8 pads matching the 

dimensions of the Würth Elektronik FFC’s pitch and trace width.  

To adhere to the design constraints of the manufacturer, the 8 traces were designed to 

be 2.5 mm long and 300 µm wide with a pitch of 500 µm between adjacent traces. Through 

vias, with the via hole diameter of 0.3 mm, were used to connect the top and bottom layers. 

As the annular rings around the vias were to be no less than 1 mm (manufacturability 

criteria), the PCB was designed with staggered via holes to enclose both the gold traces, on 

which the micro-hairs are to be printed, and the via holes, within a PCB footprint limited to 5 

mm × 5 mm (to match the area of the throat’s flat surface). The PCB was designed using an 

Altium designer suite, and fabricated at Circuit Labs, NZ. 100 of these sensor substrate PCBs 

were fabricated with the cost for a single 2-layer sensor substrate PCB being just under $1.33 
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(NZD) (cost can be reduced further if the PCBs are fabricated in larger quantities). To ensure 

similar levels of strong adhesion between the micro-hairs and their substrate, the PCBs were 

immersion gold coated and Fig. 7.4 shows these fabricated PCBs. Prior to printing on these 

sensor substrate PCBs, less than 0.05 mm of the immersion gold coating on these PCBs was 

milled off (Fig. 7.4c shows the difference between the stock and surface treated sensor 

substrate PCB) to provide a flat, smooth surface over which the micro-hairs can be printed. 

 

 
Fig. 7.4. Fabricated disposable sensor substrate PCB showing the 8 gold traces. (a) The sensor 
substrate PCB next to a 50c coin and (b) the PCB under an optical microscope. Top and bottom 

layers of the PCB are not shown individually as they are both identical. (c) Comparison of the PCB 
before and after surface preparation 

 

7.1.2. Transition to a tuneable flow sensor 

 The initial prototype of the venturi integrated flow sensor was integrated with the 

reference terminal passing through the PDMS cast making this reference terminal a part of 

the structural element of the venturi which reduces the modularity of the sensor. Taking a 

similar approach of making the reference terminal a structural element for this disposable 

flow sensor design limits the ease of removing and replacing the sensor substrate PCB. 

Making this reference terminal a movable part of the sensor design allows moving the 

reference terminal away from the sensor substrate PCB during replacement after each use and 

at the same time introduces a level of tuneability to the flow sensor. By adjusting the position 

of the reference terminal with respect to the printed micro-hair, the velocities at which these 

micro-hairs establish contact changes, thereby altering the range of flow velocities measured 

by the flow sensor. 

Positioning this reference terminal to tune the flow sensor’s measurement to a 

particular range, however, needs to be done with high precision. Implementation of a Standa 
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manual linear stage that allows micrometric movements with a maximum sensitivity and 

resolution of 1µm and 10 µm respectively was chosen as a means for introducing a controlled 

linear movement of the reference terminal. To allow a smooth linear translation of the 

reference terminal above the throat section of the venturi, the SLA printed venturi mould was 

also required to have a 200 µm × 2 mm window along the y-axis of the flow channel (co-

ordinate axis follows the orientation of flow channel defined in Chapter 6). A fixture that is 

capable of holding the reference terminal in place with a pair of screws at the exact height 

matching the position of the slotted window within which the reference terminal movement is 

constrained was also designed as shown in Fig. 7.5. 

  
Fig. 7.5. Figure showing the reference terminal being held in position to be moved within the 200 µm 

× 2 mm window in the PDMS flow channel (the base fixtures that hold the PDMS flow channel in 
place are hidden from view for better clarity) 

 

7.1.3. Sensor design 

To create a PDMS cast with a recess for integrating the disposable sensor substrate 

and the window for the movable reference electrode, a new mould was designed and SLA 

printed. The two halves of the venturi moulds are now asymmetric with the sensor half of the 

mould with a recess for positioning the disposable sensor substrate. The SLA mould is shown 

in Fig. 7.6a with the recess for the sensor substrate and the movable reference electrode 

window highlighted. The 0.5mm pitch FFC that connects the sensor substrate PCB to the 
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external electronics was required to be integrated within the venturi cast. To provide a 

pathway for this FFC, a thin aluminium strip was bent to shape and positioned adjacent to the 

sensor substrate recess on the SLA mould and held in place by a clamp-on vice (Fig. 7.6b). 

The 10:1 PDMS curing agent mixture was then poured into this mould and allowed to cure 

overnight. Once cured, using IPA as a means of reducing friction induced damage to the 

PDMS cast in the FFC pathway, the bent aluminium strip was carefully removed from the 

PDMS cast. Any discontinuities at the interface between the recess and the FFC pathway can 

be easily removed by using the FFC to tear through the thin PDMS discontinuities during the 

assembly process. 

 
Fig. 7.6. (a) Sensor half of the SLA printed mould showing (i) the recess for sensor substrate PCB and 

(ii) the extrusion for creating a 200 µm × 2 mm window. (b) The PDMS filled mould with the 
aluminium strip for creating a pathway for the FFC cable. 

 

 The flow channel fixture was designed to hold the two halves of the venturi in place. 

Slotted holes at the bottom of this flow channel fixture were provided for the reference 

terminal fixture and the FFC cable to pass through. The 3D CAD design detailing the overall 

assembly of this portable and tuneable sensor arrangement with the components discussed in 

the above sections is shown in Fig. 7.7. 
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Fig. 7.7. A 3D model showing the basic design and components towards a tuneable and portable 

sensor design. (a) The venturi shaped channel of the flow sensor enclosed within (b) the flow channel 
fixture. (c) The fixture to hold the moveable reference terminal moved by (d) the micrometric manual 

linear stage. (e) Fixture to hold the micrometric stage, reference terminal and the flow channel in 
place. 

 

7.2. Sensor electronics 

7.2.1. Sensing circuit 

 The electrical output of this micro-hair flow sensor, as discussed in Chapters 4 and 5 

of this thesis, are discrete digital outputs, the level ‘high’ (or) ‘1’ signifying electrical 

continuity as the micro-hairs bend and establish contact with the reference terminal and level 

‘low’ (or) ‘0’ as the contact is broken and the air gap between the reference terminal and the 

micro-hair introduces a discontinuity. This digital approach to flow measurement as 

discussed in Chapter 2, was to simplify the flow measurement mechanism and at the same 

time, the overall architecture and accompanying electronics. In place of the bulky, PC 

interfaced electronic interface used thus far, which includes the potentiostat, SCBs, DAQ 

card and the PC, a more compact and direct means of identifying the electrical contact to 

make this micro-hair flow sensor portable was to be developed. 



7. Portable Ultra-low Velocity Flow Sensor with Integrated Electronics 

147 
 

 As these conductive micro-hairs are essentially micro-switches which open and close 

contact with the reference terminal in response to fluid flows, an electronic circuit that 

comprises op-amp buffers that buffer the voltage converting the low levels of current at the 

input and additional op-amps that are configured as comparators that compare the buffered 

voltage to a pre-set voltage level (20% of the maximum voltage as observed from the op amp 

buffer’s output). The comparator output can be visualized in real-time by turning LEDs on 

and off corresponding to the micro-hair contacts being made and broken with the reference 

terminal respectively. Thus by routing the sensor electronics to illuminate the LEDs in a 

sequential order, the closed and open states of individual micro-hair circuits can be better 

visualized, The 8 individual micro-hairs, each requiring a buffer and a comparator, demand a 

total of 16 op-amps capable of working with low levels of input current.  

Towards selecting a low input bias current op-amp, a quad channel zero drift op-amp 

from Analog devices (ADA4522-4) was identified and procured. This rail-to-rail op amp is 

unity-gain stable making it ideal for being employed as a voltage buffer. Initial tests on using 

this op-amp on break out boards as a voltage buffer were successful and validated the use of 

this op-amp as a voltage comparator as well. For the comparator to detect rise in voltage 

levels as the micro-hairs make contact with the reference terminal, the comparator’s reference 

voltage (voltage at the op-amp’s inverting input) is set by a pair of resistors (1.82 KΩ and 

471 Ω) forming a voltage divider on this sensor output PCB. An interface between the sensor 

output PCB and the FFC soldered on to the sensor substrate PCB was established using a ZIF 

(Zero-Insertion Force) Connector as labelled in Fig 7.8b. 

To ensure minimization of the error induced due to external electrical noise, the 

entirety of this sensor output PCB was designed extensively with surface mount components. 

Use of surface mount components allows minimizing the size of the sensing electronics and 

designing the sensing electronics as multi-layer PCBs, further minimizing the PCB footprint. 

Altium Designer suite was used to design and route the PCB and its fabrication was 

outsourced to Circuit Labs, NZ. The schematic of the implemented electronic circuit (for a 

single micro-switch detection circuit as the circuits for the remaining 7 micro-switches are 

the same) and the fabricated PCB with the surface mount components soldered is shown in 

Fig. 7.8 
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Fig. 7.8. (a) The schematic for the sensor output PCB (micro-switch detection circuit) showing four 
low-current quad op-amps and (b) Sensor output PCB with surface mount components soldered (top 

layer on the left and bottom layer on the right) 

 

7.2.2. Power supply circuit 

 To supply power to the sensor PCB, a low cost single sided PCB was fabricated 

within the university facilities. This PCB is designed to be a regulator circuit which converts 

a 7 V potential from a rechargeable NiMH battery to a constant 5 V buffered power supply 

for the op-amp ICs and a buffered 1.03 V power supply to the reference terminal. Pull down 

resistors of 4.4 MΩ for each of the 8 micro-switch circuits were added to this PCB to prevent 

floating state from creating false positive contacts read-out during the open-state of the 

micro-switches. The reason to add these 8 pull down resistors in this PCB as opposed to 
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placing them on the sensing PCB itself was to minimize the total number of high impedance 

components on the surface mount sensing PCB which increases electronic noise and more 

practically as a means to easily alter the pull-up resistor size without prolonged soldering and 

desoldering on the more sensitive sensing circuit PCB. A common ground is ensured for 

these three circuits (micro-hair micro-switches, sensing electronics circuit and power supply 

circuit). By integrating this PCB with that of the sensing electronics PCB and the tuneable 

sensor design, a portable and tuneable flow sensor was realized and details of the same are 

discussed in upcoming section. 

7.3. Portable and Tuneable Micro-hair Flow Sensor 

 To integrate the sensing electronics with the proposed portable flow sensor design in 

Section 7.1.3, the fixture design was slightly modified to accommodate the PCBs and the 

power source in place. The fixture was fabricated from largely from PMMA and aluminium 

and prior to testing of this portable sensor, the micro-hairs are to be printed on to the 

disposable substrate. Initial trials of placing the disposable sensor PCBs physically over the 

FFC proved to be unreliable as any movement of the cable induced residual stresses during 

flexing the FFC to establish contact with the sensor electronics, creating discontinuities in the 

electrical contact with the sensor substrate. To provide a more secure and permanent contact 

between the FFC and the sensor substrate, the FFC was soldered to the sensor substrate PCB 

(Fig. 7.9). This sensor substrate PCB with the FFC is inserted into the PDMS venturi cast and 

the micro-hairs are printed directly on this surface (Fig. 7.9) 
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Fig. 7.9. PDMS venturi sensor half with the Flat-Flex Cable (FFC) soldered to the sensor substrate 
PCB passing through the PDMS cast. Inset Figure showing the FFC soldered sensor substrate PCB 

prior to assembly with the PDMS cast.  

  

The micro-hairs are printed on the gold PCB traces with the first micro-hair located at 

an arbitrary position, closer to the via holes on the traces, and the adjacent micro-hairs printed 

at distances with the first micro-hair’s position as their local origin. The relative distances are 

deduced from Table 6.1 and the automated printing was initiated (automated printing file 

input for printing the 8 micro-hairs can be referred to in Appendix A2). 

7.3.1. Assembled portable & tuneable micro-hair flow sensor 

The design of the portable sensor assembly displayed in Fig. 7.7 was slightly 

modified during the fabrication stage, where the base fixture was made longer to 

accommodate the sensing circuit and the power supply PCB along with the rechargeable 

battery. Fig. 7.9 shows the entire assembled state of the portable micro-hair flow sensor. The 

structural elements of this portable micro-hair flow sensor comprise aluminium and PMMA 

sheets to provide support and rigidity to the flow channel, reference terminal fixture and the 

manual linear stages. 

The sensor half of the venturi is first assembled in a same sized rectangular slotted 

fixture to hold this PDMS half during the printing process. To establish a closed electrical 

contact between the µpipette (RE+CE) and the micro-hairs’ substrate PCB (WE), the free end 

of the FFC cable was temporarily shorted (wire taped over the exposed FFC pads connecting 
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across all the 8 pads) to make continuous printing possible without having to move the WE to 

each individual trace. Once the micro-hairs were printed, the temporary short was removed 

and this venturi half was integrated into the portable flow sensor assembly. Prior to 

integrating the sensor half of the venturi channel with the micro-hairs over the sensor 

substrate PCB, the reference terminal’s position was moved beyond the envelope of the 

micro-hairs on the sensor substrate PCB. The soft and flexible nature allows the venturi half 

to be flexed and assembled into the fixture ensuring that the micro-hairs are not damaged in 

the process.  With the reference terminal positioned within the 200 µm × 2 mm window in 

the venturi cast (Fig 7.10), further away from the micro-hairs, the top half of the venturi cast 

is then assembled and secured in place with the fixture arrangement shown in Fig. 7.11. 

 
Fig. 7.10. Positioning the reference terminal within the 200 um x 2 mm window using the manual 

micrometric stage 
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Fig. 7.11. The portable micro-hair flow sensor showing the list of components. (a) Flow channel 

fixture (b) PDMS cast making up the flow channel (c) reference terminal connected to 1.03 V power 
port (d) base fixture (e) sensor output PCB (f) power button (g) FFC connecting sensor substrate 

PCB to pull down resistor and to sensor output PCB (h) Reference terminal fixture (i) linear 
micrometric stage (j) sensor output PCB power bus (k) voltage regulator & pull down PCB (l) Power 

supply. 
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7.3.2. Test setup of the portable micro-hair flow sensor 

The sensor electronics are turned on and the reference terminal is moved towards the 

printed micro-hairs using the linear micrometric stage manually. When the reference terminal 

reaches the first micro-hair, and establishes an electrical contact, the first LED (LED 

numbered 1) lights up which indicates that the distance between the first micro-hair and the 

reference terminal is 0 µm. Using this as an indicator, the reference terminal is then moved 

away from this micro-hair by a distance of 5 µm (first micro-hair distance rounded as 

obtained from Table 6.1) As the design of the portable and tuneable sensor is developed 

specifically with the inlet and outlet port dimensions (15 mm ID, 1.5 mm step at the inlet side 

and 15 mm ID, 3.5 mm step at the outlet side) to be compatible with the valve dimensions of 

the intended KM Medical’s Next Step™ resuscitator (18 mm and 22 mm OD at inlet and 

outlet respectively), towards establishing the capabilities of the developed portable sensor, a 

readily available tubing was used with PDMS to seal the pathway at the inlet was used. The 

same Vögtlin gas flow meter used in the previous test was used for this test setup and was 

connected at the inlet side of the portable micro-hair flow sensor as shown in Fig. 7.12. 

 
Fig. 7.12. Portable flow sensor test setup replacing the resuscitator unit with the Vögtlin gas flow 

meter for ramping the flow output to a set value with flexible tubing connecting the flow meter with 
the portable micro-hair flow sensor 
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As shown in Fig. 7.10, the established setup supplies air from a compressed air source 

to the inflow side of the gas flow meter. To control the amount of air at the outlet of the flow 

meter, a Laptop PC is connected with the flow controller software installed. The flow rate of 

air from the controller is then adjusted from 50 ml/min (equivalent to 0.833 ml/s) all the way 

up to 500 ml/min (8.33 ml/s). As the flow increases, each micro-hair bends towards the 

reference terminal and as they make contact with the reference terminal, the circuit closes and 

allows current to flow to the sensing circuit. A pair of low-input bias current quad op-amps 

on the output circuit PCB converts the low current input (50-200 nA) to a high current output 

at the same potential. This buffered voltage is then compared against a reference voltage 

created by the voltage divider circuit on the output PCB.  

The reference voltage for the 8 comparator op-amps obtained from the voltage divider 

circuit on the sensor PCB, was set at 98.03 mV and the micro-hair pull-down resistors for 

each of the micro hairs creates a voltage of 314.28 mV when the micro-hair micro-switches 

close, the comparator output, a voltage equal to the rail voltage (5V) is then used to turn on a 

single LED. When the micro-hair breaks contact with the reference terminal as the flow 

velocity reduces, the comparator input is pulled-down to GND level by the 4.4 MΩ resistors 

on the power supply PCB. This state turns off the comparator and in turn turns off the 

corresponding LED. By observing the LEDs turning on and turning off, the micro-hair 

contact states and hence the flow velocity is deduced. Fig. 7.13 shows the outputs obtained 

from the flow sensor and the corresponding flow rates observed on the Vögtlin flow meter 

(inset). 
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Fig. 7.13. (a) Flow sensor at initial flow state (flow rate 56 ml/min all micro-hairs in open state). (b) 
to (i) Flow sensor outputs showing the number of micro-hairs making contact vs the corresponding 

flow meter reading shown top and bottom of each state. 
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7.3.3. Flow sensor output analysis 

 With the observed output from the portable micro-hair sensor setup, the performance 

of this portable flow sensor setup was studied. The observed and expected flow rates 

corresponding to each micro-hair contact as observed during the testing stage of this portable 

flow sensor are shown in Fig 7.14. 

 
Fig. 7.14. Estimated vs observed flow rate measurement of the portable micro-hair flow sensor during on and off 

ramps with error bars showing observed deviation over four air flow cycles  

As seen from the graph, the deviation between the expected and the observed flow 

rates measured from this micro-hair flow sensor is observed to be a maximum of 32 ml/min 

with an average error of 12 ml/min across the measured flow range. The maximum observed 

error can possibly be attributed to any imperfections in the straightness of the reference 

terminal. The error level observed across the flow range can be compensated by fine-tuning 

the sensor, i.e., by moving the reference terminal closer to the micro-hairs to minimize the 

deviation and calibrating accordingly. The obtained result from the flow sensor provides a 

close correlation with the developed mathematical model, even with the large observed 

deviation between the observed and estimated flow rates. This level of deviation could be 

attributed to the unaccounted air flow loss due to the introduction of the 200 µm × 2mm 

window within which the reference terminal is moved. Moreover, the inability of 

incorporating real-world losses and disturbances within the mathematical model, though a 

close estimation of the micro-hair–reference terminal distances, can be used to design the 

flow sensor. Once fabricated the sensor needs to be calibrated before use each time a new set 

of design parameters are used. 
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7.4. Summary 

 A portable micro-hair flow sensor capable of estimating the flow rate in the range of 1 

ml/s to 8 ml/s has been designed and developed. Using 8 micro-hairs that act as microscopic 

switches that respond to fluid flow towards developing a digital output flow meter with 

capabilities to measure ultra-low velocity (> 5.6 mm/s) air flows was demonstrated. With the 

ability to fine-tune and shift the measurement range manually with the micro-metric stage, 

the portable micro-hair flow sensor exhibits potential to be integrated with the neo-natal 

resuscitator. The mathematical model developed aids in estimating the micro-hair–reference 

terminal distance prior to micro-hair printing reducing the tuning time required to set the 

sensor’s flow range. With the discussed literature in Chapters 2 & 3 supporting the 

biocompatibility of PEDOT:PSS and DMSO, the developed flow sensor theoretically is 

suitable for medical applications. Extensive medical study would further provide a stronger 

validation of this micro-hair flow sensor as a suitable sensor for integrating with the neonatal 

resuscitator. 
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Chapter 8 

Conclusion & outlook 
  

With other undergoing research works on using CPs as thin films towards exploiting 

the potential of the CPs as viable alternatives to conventional electronic (semiconductor and 

conductor) applications, the potential for use of CPs as printable structures in a novel MEMS 

sensor was demonstrated in this research work. This chapter of the thesis summarizes the 

research undertaken and its outputs with respect to the objectives discussed in Chapter 1. 

Furthermore, proposals on future improvements and other novel applications that can make 

use of the developed research platform are also outlined in this chapter. 

8.1 Research Outcomes 

 Novel contributions towards advancing the existing methods of processing and 

fabricating CPs, specifically PEDOT:PSS in DMSO dispersion and integrating the prepared 

CPs into everyday electronic applications was accomplished by means of demonstrating the 

use of these CPs as a potential ultra-low velocity flow sensor. A brief discussion of the main 

advances made to the existing state of art and the tasks undertaken towards realizing the 

research goals is detailed in the upcoming sections. 

8.1.1. Improve CP Material processability – Controlled fabrication 

To further the potential application of CP materials as a sensing medium, the primary 

objective outlined as a goal in Chapter 1, that is to develop a flow sensor, demanded a means 

of developing a controllable material processing environment. Along these lines, a viable and 

robust means of fabricating controlled three-dimensional structures in micrometric scale was 

developed. Using a set of motorized linear stages with micrometric resolution as a means for 

controlled deposition of CP material, the capabilities of producing 3D micro-structures was 

demonstrated. 

The developed printer platform’s capability to fabricate micro-structure from viscous 

CP dispersion was demonstrated through fabrication of micro-metric scaled hair-like 

structures. Preference for using polymer dispersions rather than electropolymerized 

monomers was to establish these fabricated CP structures as a suitable means of sensing 

medium.
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 A user-friendly GUI was developed using the LabVIEW environment providing 

access to all the hardware components of the micro-structure printer. An automated printing 

option with fail-stop functionality was also set up as a means to provide un-monitored 

printing capabilities. 

 Integration of the nanometric-precise NanoCube® alongside the long range 

micrometric-precise linear stages allowed not only a greater reduction of µpipette tip 

breakage but at the same time allowed controlled movement within a three dimensional 

nanometric space. This nanometric 3D printing potential of the printer, though not fully 

exploited and explored within the scope of this research, opens up a gamut of possible 

applications to be conceived with the developed 3D printer platform. This additive 

manufacturing based CP material processing technique with demonstrated ability to create 

micro-structure and potential to develop nanostructures can be construed as a step towards 

advancing the potential use of varied CP structures in the field of modern every-day 

electronics. 

8.1.2. Development of CP Flow sensor 

 A straightforward approach of implementing these CPs as a means of detecting air 

flow levels was an essential research milestone towards demonstrating the potential 

applications of CPs which are fabricated into controlled 3D structures. As discussed earlier, 

though numerous research has been done on using CP thin films in electronic applications 

such as flexible OLED displays, this means of using thin films constrains the applicability of 

CPs within a narrow environment. However, to demonstrate the endless potential of CPs 

when fabricated in specific 3D forms, development of a low velocity flow sensor was chosen 

as an ideal application to showcase the same. 

 A timely life-saving medical procedure of resuscitation becomes highly critical; 

particularly in case of neo-natal care where a potentially un-safe over-resuscitation/under-

resuscitation condition can result in serious consequences. Medical devices such as Next 

Step™ and Neo Puff™ [1, 2] resuscitators purely rely on a controller level manually set by 

the medical procedure administrators. Towards providing a reliable means of measuring the 

tidal volume (volumetric flow rates in and out of the lungs during resuscitation), an ultra-low 

velocity flow sensor was in demand. With this application set as a target, a novel flow sensor 

design that made use of micrometric scaled CP structures; more specifically PEDOT:PSS 

structures, was proposed, designed and developed. 
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 Using an array of highly sensitive, high-aspect ratio CP micro-hairs structures (1000 

µm long and 6 µm in diameter) that structurally respond to air flows, an array of micrometric 

electrical switches, providing an output in discrete digital format was demonstrated. 

Characterization of these micro-hairs was carried out prior to prototype fabrication to 

determine the mechanical properties of the PEDOT:PSS in DMSO micro-hairs. To introduce 

a difference in the switching states of individual micro-hairs with respect to air flow, the 

contact distance between the micro-switch was altered systematically. The initial prototype 

that demonstrated the validity of using the micro-hairs as micro-switches that respond to air 

flow was developed with a flow measurement range from 1.973 l/min (0.657 m/s) to 2.945 

l/min (0.981 m/s). 

Towards further refining the sensitivity of the developed sensor prototype to measure 

the low flow velocities experienced during the neo-natal resuscitator process (1 ml/s – 8 ml/s 

from a 15 mm flow channel), a means of amplifying the flow velocity of inlet air was opted 

to preserve the micro-structural scale and the disposability needs of this medical flow sensor. 

A convergent-divergent venturi channel was designed and fabricated by casting PDMS to 

create a flow channel for the development of a second prototype. A velocity amplification 

factor of 7.87 was observed with the designed prototype, making the approach of increasing 

the sensitivity through venturi integration lucrative. 

8.1.3. Understanding and modelling the sensing mechanism 

 Towards understanding the micro-hair response to fluid flow, a mathematical model 

based on the computationally efficient Lattice Boltzmann approach (LBM approach) was 

implemented entirely within MATLAB to recreate the fluid flow domain within the venturi 

channel. 

 The compact architecture of the LBM framework enabled defining the CFD 

problem’s BCs and the modified equilibrium distribution equations within the MATLAB IDE 

with just a few lines of code. Using a bounce-back BC based architecture for both 2D and 3D 

CFD solvers with a momentum exchange method based drag force estimator, a multitude of 

analytical models for standard problems was used to test the accuracy levels of each 

component of the LBM CFD solver. This LBM solver was then coupled with Euler-Bernoulli 

beam theory based structural solver which used the forces obtained from the LBM CFD 

solver on the standing micro-hair structures as upright cantilever beams with a varying 

distributed load applied along the length of the micro-hair. The final flow channel and 
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obstacle (micro-hairs and reference terminal) geometries were created within the MATLAB 

as a binary array and this allowed visualizing of the flow and estimating the structural 

response of the micro-hairs (upright cantilevers) in an efficient fast-solving FSI module. 

8.1.4. Transition to disposable medical flow-sensor 

 The overall objective of this research was realized by developing a low-cost portable 

CP micro-hair based flow-sensor that was designed to work within the flow rates of 1 ml/s to 

8 ml/s through a 15 mm inlet channel that could be potentially integrated with the Next 

Step™ neonatal resuscitator. This portable flow sensor had a more modular architecture with 

a few design changes compared to the second prototype, where the micro-hairs could be 

printed on disposable substrates (immersion gold coated PCBs with a footprint of 5 mm × 5 

mm). This 8 channel sensor substrate PCB allowed an array of 8 micro-hairs, which acted as 

micro-switches, to be fabricated on the PCB and integrated with the venturi flow channel.  

To improve ease of assembly and disassembly for disposing the sensor substrate PCB 

after each use, the reference terminal was made as a movable unit. By controlling the 

movement of the reference terminal by means of a micrometric linear stage, a level of 

tuneability was introduced into the portable design of the micro-hair flow sensor. Although 

the tuneability of the sensor was introduced, in-depth analysis of variation in the measured 

flow range with respect to the tuned position was not within the aims of this research. 

8.2. Research summary 

This dissertation contributes the following state of art innovations towards advancing 

and broadening the processability and application areas of CPs. A CP fabrication technique to 

produce 3D micro-structures has been developed and implemented. A novel micro-hair based 

disposable flow sensor was designed and developed. A mathematical model for FSI analysis, 

based on LBM has been established in order to allow the design of devices of this type. 

Finally, a disposable ultra-low velocity flow sensor has been designed and developed as a 

portable prototype ready for integration with Next Step™ neo-natal resuscitator.  

8.3. Future Work 

 A means of developing a processing technique for CPs was demonstrated alongside a 

practical application instance of these materials through this research. As the potential of the 

3D printer could be extended far beyond printing just micro-structures and the applications of 
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micro-structures printed is not just limited to on/off switches, the potential research work that 

could stem from the research presented is vast. Examples of future research following some 

improvements that could be made to the developed flow sensor are outlined in the upcoming 

section. 

8.3.1. Future improvements to current sensor design 

 The robust printer platform developed for fabricated 3D micro-structures through 

additive manufacturing could be further optimized, allowing increased productivity. 

Some examples are listed below: 

o Currently the printer architecture allows a means of printing only one 

microstructure at any given time with a single µpipette dispensing the CP 

(PEDOT:PSS) dispersion. Impracticality of using a fixture to hold multiple 

µpipettes at the same time arises due to the µpipettes that are laser pulled, not 

being of the exact same length. By introducing a design as portrayed in Fig. 

8.1, the process of printing multiple micro-structures at the same time can be 

realized. By fabricating multiples of these printer heads through a micro-

machining process and laser etching to create the micro-orifices and 

selectively filling individual channels, multiple patterns can be fabricated at 

same time massively improving the efficiency of the printer. 

 

Fig. 8.1. Micro-machined µpipette array printer head 

o Use of a AC powered low-noise potentiostat to apply a constant voltage while 

printing would reduce the down-time for charging the rechargeable battery 

powered potentiostat. 
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 The flow-sensor designed, though capable of detecting flow rates less than 10 ml/s 

through a 15 mm inlet diameter venturi, could be improved in certain areas, listed 

below: 

o As the prototype development was primarily to elucidate and validate the 

functionality of the sensor device, the sensor design could be made more 

compact and self-contained by replacing the bulky manual micrometric linear 

stage with a compact motorized linear stage. For instance, a M-122 linear 

positioning stage (Physik Instrument) or 9061-X-P-M stage (Newport) 

combined with the appropriate controllers could offer a compact flow-sensor 

architecture. 

o Integration of the sensor output PCB and the power supply PCB would allow 

reduction of one FFC cable that connects the sensor output PCBs to the pull 

down resistor array on the Power supply PCB. 

o Integration of the motorized stage and redesigning the sensor output PCB and 

integrating with a micro-controller (Arduino/Raspberry Pi) that controls the 

motorized stage input and converts the digital signal to the flow rate loaded 

into a look up table would allow direct read out of the flow rate in ml/s. 

 The developed FSI solver’s LBM module can only applied for a low Reynolds 

number (<5000) and becomes unstable for turbulent flows and much research into this 

could advance the state of the art in the LBM. Moreover, exploiting the full potential 

of GPUs for simulating the LBM could reduce the computational overheads 

drastically. 

8.3.2. Future applications 

 With the groundwork established with this research work, numerous possibilities, 

some of these with the similar hair-like structures used in this research, envisioned during the 

course of the research work have been outlined below. 

8.3.2.1. Micro-hair based vibration sensors 

 Creating the micro-hair structure with a small mass on the tip of the micro-hairs, as 

shown in Fig 8.2., using the developed printer would act as a basic vibration sensor. When 

the base of the micro-hair (the printing substrate) vibrates at an unknown frequency, the 

amplitude  
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Fig. 8.2. Micro-hair vibration sensor design proposal 

of oscillation in the micro-hair would be a maximum when the unknown frequency reaches 

the resonance frequency of the micro-hair. Thus, by designing the micro-hairs with specific 

dimensions, and point masses, and integrating an optical sensor that measures the amplitude 

of vibrations of these micro-hairs, a vibration sensor could be realized. 

8.3.2.2. Micro-hair based analog pressure/strain sensors 

 The micro-hairs currently printed have their entire base (substrate to micro-hair 

interface) over a conductive surface, as discussed in Chapter 4. Towards further advancing 

the printing methods to create an analog output from these micro-hairs, a possible approach is 

suggested that could be explored in future research. Printing on a substrate with an insulating 

gap smaller than the diameter of the micro-hair, as schematically shown in Fig. 8.3a, does not 

provide a significant level of strain induced resistance change, as the maximum strain occurs 

at the outer surface with least strain at the substrate to micro-hair interface. Thus by using a 

micro-hair printed as shown in Fig. 8.3b, with a secondary flexible core material (printed 

through same technique with multi-barrel pipettes) enclosed between the conductive 

PEDOT:PSS layer would experience a greater strain and the resistance change measured 

would be more significant. This resistance change with respect to deflection could then be 

calibrated and read out as an analogue read out. 
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Fig. 8.3. Micro-hair based analog strain sensor design (a) arrangement with least resistance path 

generating insignificant resistance change vs (b) more efficient sandwiched arrangement. 

 

8.3.2.3. Sensor integrated actuator micro-hair structures 

 Using an electroactive polymeric (EAP) material as the core material, the same 

architecture discussed in section 8.3.2.2 could also be used as a combined sensor-actuator 

pair. As the applied voltage across the core material deflects the EAP core, a strain is induced 

on the surrounding PEDOT:PSS which can be measured to read out the deflection of the 

actuator, thus creating a controllable micro-actuator with feedback. 

8.3.2.4. Micro-hair based artificial hair cells/ear implants 

 The most ideal biomedical application that could potentially be exploited from the 

undertaken research is in the field of artificial biomimetic hearing implants. Humans’ ability 

to hear depends on the electrical signals generated from the flexing of hundreds of 

microscopic bundles of hair-like structures. Sounds that humans hear are in essence just 

pressure waves of varying amplitudes and frequencies that travel through the air medium 

from the acoustic source. As these waves propagate through the cochlear regions of the ear, 

they are amplified and picked up by the hair bundles, called as stereocilia, (similar stereocilia 

in rat cochlea shown in Fig. 8.4a) and through a chemical transduction means, the pressure 

waves are converted to electrical signals.  
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Fig. 8.4. (a) Stereocilia within the mammal ears responsible for auditory sensing [234] (b) Substrate 

design on which individual analogue micro-hairs of varying thickness respond to particular wave 
frequencies 

As the waves propagate, the pressure induces a deflection on these hair bundles, and 

as the hair bundle bends towards the taller rows, the tip link opens up cationic channels in the 

shorter stereocilia causing chemical depolarization of ionic media surrounding the stereocilia 

[234]. 

For the hearing impaired with unresponsive stereocilia bundles, artificial hair-like 

structures created using the developed platform could be arranged as an array of hair-like 

structures (nanometric scaled which are capable of responding to acoustic pressure waves) 

with varying thickness and lengths. Using a flexible two-sided substrate, such as depicted in 

Fig. 8.4b, but more densely packed, to print micro-hairs with a central core would allow each 

hair-like structure to resonate to sound waves of specific frequencies to apply electrical 

impulses that to the auditory neurons. Though a preliminary ideology is proposed with this 

proposal, further research work could validate the possibility of such artificial hair cells in the 

future. 

A more immediate application of these CP polymer based micro-hair structures would 

be implementing them as the substrate for biosensors and controlled drug release media. With 

a greater surface area, these micro-structures can provide an increased sensitivity to external 

stimuli and a larger binding area for DNA/RNA growth for drug release applications. These 

proposed future works are not exhaustive and are only based on similar hair-like structures 

demonstrated within the scope of this research (with the structures modified for each 

proposed application). The other printable forms, including 3D structures (conductive arch, 

helical coils), 2D patterns (lines, dots) and both combined, potentially open up endless 

possibilities that could provide a starting point for a wide range of future research. 
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APPENDIX A: Hardware and printer parameters 
 

A1. Parameters used for preparation of borosilicate glass µpipettes 

The µpipettes for were fabricated using a Sutter Instruments P-2000 laser puller from 

borosilicate glass capillaries. The borosilicate capillaries used were 1.0 mm in OD, 0.58 mm 

in ID and 75 mm in length (Harvard Apparatus part number 30-0018). The pulling 

parameters entered into the Sutter Instruments P-2000 laser puller for fabricating the 

µpipettes to create the micro-hairs discussed within this thesis are as follows 

• Heat = 350. 

• Filament Type = 4. 

• Velocity = 30. 

• Delay = 200. 

• Pull = 0. 

A2. User input file for the printing of micro hairs 

The contents of the text file uploaded to the LabVIEW code for user defined 

automated printing of micro-hairs are shown below for the first prototype (4 micro-hairs) 

(Fig. A2.1) and the portable flow sensor prototype (8 micro-hairs) (Fig. A2.2) respectively. 

 The displacements and velocities input to the text file are all in µm and µm/s. The 

surface approach current and the fail currents denoted as ‘SurfI’ and ‘FailI’ in the file (Fig. 

A2.1 and Fig. A2.2) are in µA. Prior to switching to the automated printing mode, the 

µpipette is manually moved to the desired position a few hundred micrometres above the first 

trace on which the first micro-hair is to be printed on. The instructed 30000 µm travel is 

construed as surface approach command as the overall stage travel is only 25 mm. This out of 

range value then initiates the combinatorial movement of the Thorlabs linear stage and the 

NanoCube® movement as discussed in Section 3.2.2. The x-axis and the y-axis translations 

are relative distances and not absolute distance from the initial position. The Notes added to 

the text appear on the GUI to assist monitoring the current state of the printer. The input file 

is read line by line and the program stops when the parameters are all defined as 0 (EOF 

criteria) 
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Fig. A2.1. Text file uploaded to micro-structure printer for printing 4 micro-hairs 

 
Fig. A2.2. Text file uploaded to micro-structure printer for printing 8 micro-hairs 
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APPENDIX B: MATLAB code for 2D LBM flow simulation  
 

The 2D LBM based fluid dynamics model that recreates the fluid flow is coded 

entirely in MATLAB. The function defined in MATLAB is shown in Section B1. The 

function takes in values of pressure gradient estimated from flow conditions (in lattice units), 

the inverse of SRT constant and the 2D geometry as a logical binary array. 

When invoked just as lbm2D without any arguments, the simulation is set to run on 

default values unless changed within the code. However this needs the monochrome bitmap 

file of the 2D flow channel’s profile to be present in the current directory. To enable readers 

to simulate without the bitmap file of the flow channel, a secondary MATLAB code (Section 

B2) in which the 2D geometry is hardcoded as a decimal matrix is also provided. This also 

invokes the lmb2D function directly with all arguments passed. 

B1. MATLAB function for 2D flow simulation using D2Q9 lattice 

function u = lbm2D(presgrad, reltime, geometry) 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%     Simulates 2D flow domain (venturi channel & reference terminal)     % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Simulation tool to visualize/estimate throat velocity for 2D analysis 
% Arguments : presgrad - A scalar of presgrad equivalent to inlet vel; 
%           : reltime - Single relaxation time constant (Inverse) 
%           : geomeetry - 2D logical (binary) array representing flow 
%           channel 
%   
%  NOTE     : Execute "loadGeom.m" prior to function call for importing 
%           scaled 2D geometry for which the parameters have been defaulted 
%           to. 
%           Otherwise function will look for a monochrome bitmap file of 
%           size 1250 x 376 in the current directory named'2dgeom1250.bmp'; 
% 
%           Running thie function without any arguments assumes 
%           default parameter values 
% 
% Flow channel orientation definition 
% x - axis => parallel to the fluid flow direction 
% y - axis => parallel to the upright micro-hair 
%-------------------------------------------------------------------------- 
%% Define geometry and flow parameters;     
    clc; 
    % Check if any arguments provided during function call 
    % if all three arguments provided proceed with user input else revert 
    % to defaults 
    switch nargin 
        case 3                      % assign user defined if all parameters 
            Pgrad = presgrad;       % available 
            omega = reltime; 
            geom2D = geometry; 
        case 2                      % Pr. grad and omega are user defined. 
            disp('Reading from Bitmap image'); 
            Pgrad = presgrad; 
            omega = reltime; 
            try 
                geom2D=(imread('2dgeom1250.bmp'))'; % Read from .bmp file 
                geom2D=~geom2D;     % Invert to make flow channel as 0's 
                disp('imread done');% If success 
            catch
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                warning('imread failed');   % Throw warning 
            end 
        otherwise                   % All defaults 
            Pgrad = 0.0325292;      % Calculated from first inlet velocity 
            omega = 0.82;           % Caluclated from the first velocity 
            try 
                geom2D=(imread('2dgeom1250.bmp'))'; % Read from .bmp file 
                geom2D=~geom2D;     % Invert to make flow channel as 0's 
                disp('imread done');% If success 
            catch 
                warning('imread failed');   % Throw warning 
            end 
    end 
     
    % Simualtion constants; 
    rho=1;  % Density in lattice equivalent 
    Vavg=1; % Average velocity for checking convergence 
    ts=0;   % Timestep starts at t = 0; 
  
    [nx,ny] = size(geom2D); % Obtain geometry size 
  
    f=repmat(rho/9,[nx ny 9]);  % generate initial propability distribution 
    fEq=f;                      % initalize feq to f  
    error = 1;                  % Set default error to 1        
    meshsize=nx*ny;             % Calculate total mesh size 
    ci=(0:meshsize:meshsize*7); % generate lattice velocities 
    bbRegion=find(geom2D);      % Find bounceback nodes 
     
    % Definition of incoming and opposite directions 
    % Method will suffice for 2D but change in 3D 
    incoming=[bbRegion+ci(1) bbRegion+ci(2) bbRegion+ci(3) bbRegion+ci(4)... 
        bbRegion+ci(5) bbRegion+ci(6) bbRegion+ci(7) bbRegion+ci(8)]; 
    opposite=[bbRegion+ci(5) bbRegion+ci(6) bbRegion+ci(7) bbRegion+ci(8)... 
        bbRegion+ci(1) bbRegion+ci(2) bbRegion+ci(3) bbRegion+ci(4)]; 
    totalNodes=sum(sum(1-geom2D)); 
     
    %% D2Q9 lattice constants 
    t   = [1/9, 1/36, 1/9, 1/36, 1/9, 1/36, 1/9, 1/36, 4/9]; 
    cx  = [  1,    1,   0,   -1,  -1,   -1,   0,    1,   0]; 
    cy  = [  0,    1,   1,    1,   0,   -1,  -1,   -1,   0]; 
  
    %% Main analysis cycle to update probability distributions based on BCs 
    figure(1); 
    colormap (jet); 
    while (ts<300000 && 1e-10<error) || ts<200  % Check for convergence 
                                                % only after 200 iterations 
        axis image; 
        inittime = cputime;                     % initialize timer; 
        fbb=f(incoming);                        % store dist for bounceback 
         
        % Update the inlet distributions from the macroscopic variables 
        rho=sum(f,3); 
        ux=(sum(f(:,:,[1 2 8]),3)-sum(f(:,:,[4 5 6]),3))./rho; 
        uy=(sum(f(:,:,[2 3 4]),3)-sum(f(:,:,[6 7 8]),3))./rho; 
         
        % update inlet and wall velocities 
        ux(1,1:ny)=ux(1,1:ny)+Pgrad; 
        ux(bbRegion)=0; 
        uy(bbRegion)=0; 
        rho(bbRegion)=0; 
        % simualte collision step 
        for i=1:9 
            cu = 3*(cx(i)*ux+cy(i)*uy); % Cs^2 = 1/3 in the next line 
            fEq(:,:,i) = rho.*t(i).*(1+cu+1/2*(cu.*cu)-3/2*(ux.^2+uy.^2)); 
        end 
        % obtain intermediate equilibirium distribution 
        f=omega*fEq+(1-omega)*f; 
         
        % Update bounced back distributions 
        f(opposite)=fbb; 
         
        % Check for convergence 
        LastAvg=Vavg; 
        Vavg=sum(sum(ux))/totalNodes; 
        error = abs((LastAvg- Vavg)/Vavg); 
        eltime = cputime-inittime; 
        message = ['elapsed time is ',num2str(eltime), ... 
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            's for loop iteration ', num2str(ts),... 
            ' with RMS error of ',num2str(error,'%10.5e')]; 
        disp(message); 
         
        % Find resultant velocity for visualization 
        u = sqrt(ux.^2+uy.^2); 
        pause(0.02) 
        imagesc(u'); 
         
        % Update probability distributions to simulate streaming step 
        for i=1:9 
             f(:,:,i) = circshift(f(:,:,i),[cx(i),cy(i),0]); 
        end 
        ts=ts+1; 
    end 
    %% Display velocity vector; 
    figure(2); 
    colormap('gray'); 
    image(2-geom2D'); 
    hold on; 
    axis image; 
    quiver(2:nx,1:ny,ux(2:nx,:)',uy(2:nx,:)'); 
end 

 

B2. MATLAB script that defines the geometry via decimal array and invokes the 

‘lbm2D’ function with the necessary arguments for visualizing 2D flow 

%% Script to load geometry via 2D decimal array equivalent 
  
% This code is for loading in a 500 x 151 sized bitmap image whose 
% numerical equivalent is defined below; This size is chosen for running 
% the simulation on low-end PCs. This also invokes the lbm2D function with 
% the defined geometery; 
  
clear; 
close all; 
value = [33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431;33554368,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,63;33553920,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,2097151,0;33550336,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,255,0;... 
    33538048,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,3,0;33488896,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    262143,0,0;33423360,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,4095,0,0;32505856,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,31,0,0;32505856,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,0,0,0;29360128,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,524287,0,0,0;25165824,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,32767,0,0,0;0,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,255,0,0,0;0,... 
    33554430,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,31,0,0,0;0,33554428,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,16777215,0,0,0,0;0,33554424,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,1048575,0,0,0,0;0,33554416,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,32767,0,0,0,0;... 
    0,33554400,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,4095,... 
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    0,0,0,0;0,33554368,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,127,0,0,0,0;0,33554304,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,15,0,0,0,0;0,33554176,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,16777215,0,0,0,0,0;0,33553920,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,2097151,0,0,0,0,0;0,33553408,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,65535,0,0,0,0,0;0,33553408,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,8191,0,0,0,0,0;0,... 
    33552384,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,255,0,0,0,0,0;... 
    0,33550336,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,31,0,0,0,0,0;... 
    0,33546240,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,1,0,0,0,0,0;0,... 
    33538048,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,4194303,0,0,0,0,0,0;0,... 
    33521664,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,262143,0,0,0,0,0,0;0,... 
    33521664,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,32767,0,0,0,0,0,0;0,... 
    33423360,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,1023,0,0,0,0,0,0;0,... 
    33423360,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,127,0,0,0,0,0,0;0,... 
    33292288,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,7,0,0,0,0,0,0;0,... 
    33030144,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,0,0,0,0,0,0,0;0,... 
    32505856,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,2097151,0,0,0,0,0,0,0;0,... 
    31457280,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,262143,0,0,0,0,0,0,0;0,31457280,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,8191,0,0,0,0,0,0,0;0,29360128,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,1023,0,0,0,0,0,0,0;0,25165824,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,63,0,0,0,0,0,0,0;0,16777216,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    1,0,0,0,0,0,0,0;0,0,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,16777215,0,0,0,0,0,0,0,0;0,0,... 
    33554430,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,524287,0,0,0,0,0,0,0,0;0,0,33554428,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    65535,0,0,0,0,0,0,0,0;0,0,33554428,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,4095,0,0,0,0,0,0,0,0;... 
    0,0,33554424,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,255,0,0,0,0,0,0,0,0;0,0,33554416,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,15,0,0,0,0,0,0,... 
    0,0;0,0,33554400,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,1,0,0,0,0,0,0,0,0;0,0,33554368,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,2097151,0,0,... 
    0,0,0,0,0,0,0;0,0,33554304,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,262143,0,0,0,0,0,0,0,0,0;0,0,33554176,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    8191,0,0,0,0,0,0,0,0,0;0,0,33553920,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,511,0,0,0,0,0,0,0,0,0;0,0,... 
    33553408,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,15,0,0,0,0,0,0,0,0,0;0,0,33552384,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,1,0,0,0,0,0,0,0,0,0;... 
    0,0,33550336,33554431,33554431,33554431,33554431,33554431,33554431,... 
    1048575,0,0,0,0,0,0,0,0,0,0;0,0,33546240,33554431,33554431,... 
    33554431,33554431,33554431,33554431,131071,0,0,0,0,0,0,0,0,0,0;... 
    0,0,33538048,33554431,33554431,33554431,33554431,33554431,33554431,... 
    4095,0,0,0,0,0,0,0,0,0,0;0,0,33521664,33554431,33554431,33554431,... 
    33554431,33554431,33554431,255,0,0,0,0,0,0,0,0,0,0;0,0,33423360,... 
    33554431,33554431,33554431,33554431,33554431,33554431,3,0,0,0,0,0,0,... 
    0,0,0,0;0,0,33292288,33554431,33554431,33554431,33554431,33554431,... 
    8388607,0,0,0,0,0,0,0,0,0,0,0;0,0,33030144,33554431,33554431,... 
    33554431,33554431,33554431,65535,0,0,0,0,0,0,0,0,0,0,0;0,0,32505856,... 
    33554431,33554431,33554431,33554431,33554431,2047,0,0,0,0,0,0,0,0,0,... 
    0,0;0,0,29360128,33554431,33554431,33554431,33554431,33554431,15,0,... 
    0,0,0,0,0,0,0,0,0,0;0,0,16777216,33554431,33554431,33554431,33554431,... 
    16777215,0,0,0,0,0,0,0,0,0,0,0,0;0,0,0,33554430,33554431,33554431,... 
    33554431,16383,0,0,0,0,0,0,0,0,0,0,0,0;0,0,0,33554424,33554431,... 
    33554431,33554431,255,0,0,0,0,0,0,0,0,0,0,0,0;0,0,0,33554368,... 
    33554431,33554431,1048575,0,0,0,0,0,0,0,0,0,0,0,0,0;0,0,0,... 
    33553920,33554431,33554431,511,0,0,0,0,0,0,0,0,0,0,0,0,0;0,0,0,0,0,... 
    0,0,0,0,0,0,0,0,0,0,0,0,0,0,0;0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,... 
    0,0;0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0;0,0,0,0,0,0,0,0,0,0,0,... 
    0,0,0,0,0,0,0,0,0;0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0;0,0,0,0,... 
    0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0;0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,... 
    0,0,0;0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0;0,0,0,0,0,0,0,0,0,0,0,... 
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    0,0,0,0,0,0,0,0,0;0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0;0,0,0,0,0,... 
    0,0,0,0,0,0,0,0,0,0,0,0,0,0,0;0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,... 
    0;0,0,0,0,0,6,0,0,0,0,0,0,0,0,0,0,0,0,0,0;0,0,0,0,0,6,0,0,0,0,0,0,0,... 
    0,0,0,0,0,0,0;0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0;0,0,0,0,0,0,0,... 
    0,0,0,0,0,0,0,0,0,0,0,0,0;0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0;0,... 
    0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0;0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,... 
    0,0,0,0,0;0,0,0,33553920,33554431,33554431,4095,0,0,0,0,0,0,0,0,0,0,... 
    0,0,0;0,0,0,33554400,33554431,33554431,8388607,0,0,0,0,0,0,0,0,0,0,0,... 
    0,0;0,0,0,33554428,33554431,33554431,33554431,511,0,0,0,0,0,0,0,0,0,... 
    0,0,0;0,0,0,33554430,33554431,33554431,33554431,65535,0,0,0,0,0,0,0,... 
    0,0,0,0,0;0,0,16777216,33554431,33554431,33554431,33554431,33554431,... 
    0,0,0,0,0,0,0,0,0,0,0,0;0,0,29360128,33554431,33554431,33554431,... 
    33554431,33554431,31,0,0,0,0,0,0,0,0,0,0,0;0,0,32505856,33554431,... 
    33554431,33554431,33554431,33554431,4095,0,0,0,0,0,0,0,0,0,0,0;0,0,... 
    33030144,33554431,33554431,33554431,33554431,33554431,131071,0,0,0,... 
    0,0,0,0,0,0,0,0;0,0,33423360,33554431,33554431,33554431,33554431,... 
    33554431,8388607,0,0,0,0,0,0,0,0,0,0,0;0,0,33488896,33554431,... 
    33554431,33554431,33554431,33554431,33554431,3,0,0,0,0,0,0,0,0,0,... 
    0;0,0,33521664,33554431,33554431,33554431,33554431,33554431,33554431,... 
    255,0,0,0,0,0,0,0,0,0,0;0,0,33538048,33554431,33554431,33554431,... 
    33554431,33554431,33554431,4095,0,0,0,0,0,0,0,0,0,0;0,0,33546240,... 
    33554431,33554431,33554431,33554431,33554431,33554431,262143,0,0,0,... 
    0,0,0,0,0,0,0;0,0,33550336,33554431,33554431,33554431,33554431,... 
    33554431,33554431,2097151,0,0,0,0,0,0,0,0,0,0;0,0,33552384,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,3,0,0,0,0,0,... 
    0,0,0,0;0,0,33553408,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,31,0,0,0,0,0,0,0,0,0;0,0,33553920,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,1023,0,0,0,0,0,0,0,0,0;... 
    0,0,33554176,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,8191,0,0,0,0,0,0,0,0,0;0,0,33554304,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,262143,0,0,0,0,0,0,0,... 
    0,0;0,0,33554368,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,2097151,0,0,0,0,0,0,0,0,0;0,0,33554400,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,1,0,... 
    0,0,0,0,0,0,0;0,0,33554416,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,15,0,0,0,0,0,0,0,0;0,0,33554424,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,511,0,0,0,0,0,0,0,0;0,0,33554428,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,4095,0,0,0,0,... 
    0,0,0,0;0,0,33554430,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,131071,0,0,0,0,0,0,0,0;0,0,33554430,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,1048575,0,0,0,0,0,0,0,0;0,0,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,16777215,0,... 
    0,0,0,0,0,0,0;0,16777216,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,7,0,0,0,0,... 
    0,0,0;0,25165824,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,127,0,0,0,0,0,0,0;... 
    0,29360128,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,2047,0,0,0,0,0,0,0;0,31457280,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,16383,0,0,0,0,0,0,0;0,31457280,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,262143,0,0,0,0,0,0,0;0,32505856,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,2097151,0,0,0,0,0,0,0;0,33030144,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,0,0,0,0,0,0,0;0,33292288,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,15,0,... 
    0,0,0,0,0;0,33423360,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,255,0,0,0,0,... 
    0,0;0,33423360,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,2047,0,0,0,0,0,0;0,... 
    33521664,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,65535,0,0,0,0,0,0;... 
    0,33521664,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,262143,0,0,0,0,0,0;... 
    0,33538048,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,8388607,0,0,0,0,0,0;0,... 
    33546240,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,1,0,0,0,0,0;... 
    0,33550336,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,63,0,0,0,0,0;... 
    0,33552384,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,511,0,0,0,0,... 
    0;0,33553408,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,8191,0,0,0,0,0;... 
    0,33553920,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,65535,0,0,0,0,... 
    0;0,33553920,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,2097151,0,0,0,... 
    0,0;0,33554176,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,16777215,0,0,0,... 
    0,0;0,33554304,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,15,0,0,... 
    0,0;0,33554368,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,127,0,... 
    0,0,0;0,33554400,33554431,33554431,33554431,33554431,33554431,33554431,... 



Appendix B 

188 
 

    33554431,33554431,33554431,33554431,33554431,33554431,33554431,4095,0,... 
    0,0,0;0,33554416,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,65535,0,... 
    0,0,0;0,33554424,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,2097151,... 
    0,0,0,0;0,33554428,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,0,0,0,0;0,33554430,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,31,0,0,0;16777216,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    511,0,0,0;25165824,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,65535,0,0,0;29360128,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,1048575,0,0,0.... 
    ;32505856,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,1,0,0;33030144,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,63,0,0;... 
    33423360,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,8191,0,0;33488896,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    524287,0,0;33538048,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,7,0;33550336,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,511,0;33554176,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,8388607,0;... 
    33554416,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,4095;33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431,33554431,33554431,33554431,... 
    33554431,33554431,33554431,33554431]; 
  
for i = 1:1:20 
    geom2D([((i*25)-24):(i*25)],:) = (de2bi(value(:,i)'))'; 
end 
  
  
colormap('gray'); 
imagesc(geom2D); 
axis image; 
disp('recreated geometry'); 
pause (2); 
close all; 
lbm2D(0.0325292,0.82,geom2D); 

 

 
Fig. B2.1. Equivalent geometry that is originally imported as a monochrome BMP file. 
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APPENDIX C: MATLAB code for 3D LBM model using 

D3Q19 lattice for drag force estimation via momentum-

exchange method 
 

This function definition enables estimation of the drag force acting on the micro-hair 

structure by using a 3D binary array that recreates the geometry. This 3D geometry is 

hardcoded within the function by means of simple repmat commands and conditional update 

of cells based on the dimensions of physical flow domain. This function takes in the 

dimensionally transformed velocity profile (in lattice units), the inverse of relaxation time 

and the geometry scale 

The Scale factor is a critical argument that defines the scale to which the geometry is 

defined. A Scale of 1 should only be used when the simulation is run on HPC clusters for 

sufficient memory. A scale of 10 is set to default for the readers to visualize fluid flow in 3D 

domain in normal workstations. The MATLAB function is as below. 

function ForceX = lbmdragforce(velprofile,reltime,scl) 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%% Simulates flow in 3D domain (with micro-hair and reference terminal)%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Simulation tool to aid visualize and calculate drag forces in 3D geometry 
% Arguments : velprofile - A 2D array of velocities along x-axis (size must 
%                          match that of the geometries scale; 
%           : reltime - 1/Single relaxation time constant 
%           : scl - Sets the scale of 3D geometry to 1 for HPC simualtion 
%   
%  NOTE       Scale value should not result in floating point values; 
%             Scale should be set to 1 only for HPC uploads; 
%             Scale of 10 is set as default; 
% Has been generated with a default geometry with rectangular duct 
% representing a volume within venturi throat with the reference wire and 
% the micro-hair defined 
% Flow channel orientation definition 
% x - axis => parallel to the fluid flow direction 
% y - axis => parallel to the upright micro-hair  
% z - axis => parallel to the reference terminal wire 
  
  
    %% Define the 3D geometry as a binary array 
    switch nargin 
        case 3 
            scale = scl; 
        otherwise 
            scale = 10; 
    end 
  
    % length values and co-ordinates used are in um; 
    wiredia = 160/scale;% diameter of the reference terminal (RT); 
    offset = 160/scale; % adjust reference terminal offset from micro-hair; 
    lenx = 5000/scale;  % length of the fluid flow domain under analysis;



Appendix C 

190 
 

    leny = 2000/scale;  % height of the fluid flow domain under analysis; 
    lenz = 600/scale;   % width of the fluid flow domain under analysis; 
  
    hairx = 3500/scale; % micro-hair's x-coordinate; 
    hairy = 1000/scale; % micro-hair's y-coordinate; 
    hairz = lenz/2;     % micro-hair's z-coordinate; 
  
    wirex = hairx+offset+wiredia/2; % wire's x-axis co-ordinate; 
    wirey = 650/scale;              % wire's y-axis co-ordinate; 
  
    [y,x] = meshgrid(1:leny+2,1:lenx+2);            % 2D plane for Ref.ter; 
    vol = (x-wirex).^2 + (y-wirey).^2 <= wiredia^2; % 2D Ref.ter extrusion; 
    vol(1:lenx,1) = 1;                              % Top wall; 
    vol(1:lenx,leny+2) = 1;                         % Bottom wall; 
    vol3d = repmat(vol,[1,1,lenz]);                 % extrude along z-axis; 
  
    for i = hairy+1:-1:1            % Generate micro-hair; 
        vol3d(hairx,i,hairz) = 1;   % Set True - represent solid microhair; 
    end; 
    obst = vol3d;                    
    [nx,ny,nz] = size(obst);        % Extract 3D geometry dimensions; 
  
    %% Cleanup unwanted variables to free up memory; 
  
    clearvars -except obst nx ny nz hairx hairy hairz velprofile reltime; 
  
    % Define constants 
    in = 1;     % define flow inlet location through array index; 
    out = nx;   % define flow outlet location through array index; 
    tolzone = 5;% Tolerance zone for drag force estimation; 
  
    %% Find Fluid - Solid (F-S) Interface Cell coordinates; 
  
    bbRegion = find(obst);              % Find bounce-back regions for LBM; 
    SolidEdge = false(size(obst));      % Array for F-S interface coords; 
  
    % For any given cell, check its 26 other surrounding cells to see if 
    % its a solid cell. If yes - it is not the F-S Interface, else it is a 
    % boundary of the solid => F-S interface is true; 
  
    for i=3:nx-2 
        for j = 3:ny-2 
            for k = 3:nz-2 
                if(obst(i,j,k)==1)&&...             %0 - Cell of interest 
                        ((obst(i+1,j,k)==0)||...    %1 - Surrounding cell 
                        (obst(i-1,j,k)==0)||...     %2 
                        (obst(i,j+1,k)==0)||...     %3 
                        (obst(i,j-1,k)==0)||...     %4 
                        (obst(i,j,k+1)==0)||...     %5 
                        (obst(i,j,k-1)==0)||...     %6 
                        (obst(i+1,j+1,k)==0)||...   %7 
                        (obst(i+1,j-1,k)==0)||...   %8 
                        (obst(i-1,j+1,k)==0)||...   %9 
                        (obst(i-1,j-1,k)==0)||...   %10 
                        (obst(i+1,j,k+1)==0)||...   %11 
                        (obst(i+1,j,k-1)==0)||...   %12 
                        (obst(i-1,j,k+1)==0)||...   %13 
                        (obst(i-1,j,k-1)==0)||...   %14 
                        (obst(i,j+1,k+1)==0)||...   %15 
                        (obst(i,j+1,k-1)==0)||...   %16 
                        (obst(i,j-1,k+1)==0)||...   %17 
                        (obst(i,j-1,k-1)==0)||...   %18 
                        (obst(i+1,j+1,k+1)==0)||... %19 
                        (obst(i-1,j+1,k+1)==0)||... %20 
                        (obst(i+1,j-1,k+1)==0)||... %21 
                        (obst(i-1,j-1,k+1)==0)||... %22 
                        (obst(i+1,j+1,k-1)==0)||... %23 
                        (obst(i-1,j+1,k-1)==0)||... %24 
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                        (obst(i+1,j-1,k-1)==0)||... %25 
                        (obst(i-1,j-1,k-1)==0))     %26 
                    SolidEdge(i,j,k) = true;        %Mark F-S int locations 
                end 
            end 
        end 
    end 
    %-----------------------End of Geometry definition--------------------% 
  
    %% ================================================================= %% 
    %  ===========================LBM ANALYSIS==========================  % 
    %%===================================================================%% 
  
    % D3Q19 lattice constants ci vector defining lattice link orientation 
  
    %val= [   1,    2,    3,    4,    5,    6,    7,    8,    9,   10,   11,   12,   
13,   14,   15,   16,   17,   18,   19]; 
    t   = [1/18, 1/18, 1/18, 1/18, 1/18, 1/18, 1/36, 1/36, 1/36, 1/36, 1/36, 1/36, 
1/36, 1/36, 1/36, 1/36, 1/36, 1/36,  1/3]; 
    cx  = [   1,   -1,    0,    0,    0,    0,    1,    1,    1,    1,   -1,   -1,   
-1,   -1,    0,    0,    0,    0,    0]; 
    cy  = [   0,    0,    1,   -1,    0,    0,    1,   -1,    0,    0,    1,   -1,    
0,    0,    1,    1,   -1,   -1,    0]; 
    cz  = [   0,    0,    0,    0,    1,   -1,    0,    0,    1,   -1,    0,    0,    
1,   -1,    1,   -1,    1,   -1,    0]; 
    opp = [   2,    1,    4,    3,    6,    5,   12,   11,   14,   13,    8,    7,   
10,    9,   18,   17,   16,   15,   19]; 
  
    % Initialize D3Q19 lattice array (3D array with 19 lattices @ all xyz) 
    fIn = zeros(19,nx,ny,nz); 
    fOut = fIn; 
    fEq = fOut; 
  
    %% Fluid Flow parameters 
  
    VelInlet = 0.15502719;  % dimensionally transformed velocity 
    Re =50;                 % Reynolds number 
    rho = 1;                % Density 
    obst_r = nz/5;          % Radius of obstacle 
    nu = VelInlet * 2.*obst_r / Re; % Calculate kinematic viscosity 
    omega = 1/(3*nu+1/2);           % Calculate timestep rel.f (1/tau); 
    maxT = 4000;    % maximum number of timesteps for analysis to be done; 
    ForceX = zeros(1,maxT);     % Initialize drag force over time to zero; 
  
    % If velocity profile not uploaded use the InletU for a parabolic 
    % profile using poiseuille equations; 
    lscale = ny-2;          % Length scale for the poiseuille profile gen; 
    [y,x,z] = meshgrid(1:ny,1:nx,1:nz); % mesh for co-ordinate numbering; 
    y_poise = y-1.5;        % corresponding y-axis co-ordinates; 
    ux=4*VelInlet/(lscale*lscale)*(y_poise.*lscale-y_poise.*y_poise); 
  
    uxloop = squeeze(ux(in,:,:));   % Obtain2D profile from poiseuille eqn; 
    uy=zeros(nx,ny,nz);             % since flow is only along X-axis, y&z 
    uz=zeros(nx,ny,nz);             % velocities are set at 0; 
    %% If external parameters are sent in 
    switch nargin 
        case 2 
            if(size(uxloop) == size(velprofile)) 
                disp('velocity profile accepted. Using User-defined velocity'); 
                uxloop = velprofile; 
                omega = reltime; 
            else 
                disp('Array dimension mismatch. Reverting to defaults'); 
            end 
        case 1 
            disp('Relaxation time required. Reverting to defaults'); 
        otherwise 
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            disp('Arguments error: Using default velocity profile and relaxation 
time'); 
    end 
     
    %% Initialize LBM Simulation 
    % redefine probability distributions along each lattice link; 
  
    for i=1:19 
        cu=3*(cx(i)*ux+cy(i)*uy+cz(i)*uz); 
        fIn(i,:,:,:)=rho.*t(i).*(1+cu+1/2*(cu.*cu)-3/2*(ux.^2+uy.^2+uz.^2)); 
    end 
  
    %% Main analysis cycle to update probability distributions based on BCs 
  
    for cycle = 1:maxT 
        % To display time taken for 1 iteration 
        tic; 
  
        % Recalculate all the macroscopic variables for plotting & updating 
        rho = sum(fIn); 
        ux = reshape((cx*reshape(fIn,19,nx*ny*nz)),1,nx,ny,nz)./rho; 
        uy = reshape((cy*reshape(fIn,19,nx*ny*nz)),1,nx,ny,nz)./rho; 
        uz = reshape((cz*reshape(fIn,19,nx*ny*nz)),1,nx,ny,nz)./rho; 
  
        % Calculate macroscopic variables at inlet (Eqn - 6.24) 
        ux(:,in,:,:) = uxloop; 
        uy(:,in,:,:) = 0; 
        uz(:,in,:,:) = 0; 
        rho(:,in,:,:)= 1./(1-
ux(:,in,:,:)).*(sum(fIn([3,4,5,6,15,16,17,18,19],in,:,:))+2*sum(fIn([2,11,12,13,14]
,in,:,:))); 
        % Calculate macroscopic variables at outlet (Eqn - 6.30) 
        rho(:,out,:,:)= 1; 
        ux(:,out,:,:)=1-
1./(rho(:,out,:,:)).*(sum(fIn([3,4,5,6,15,16,17,18,19],out,:,:))+2*sum(fIn([1,7,8,9
,10],out,:,:))); 
        uy(:,out,:,:) = 0; 
        uz(:,out,:,:) = 0; 
        % Redefine macroscopic variables at the walls 
        ux(:,bbRegion) = 0; 
        uy(:,bbRegion) = 0; 
        uz(:,bbRegion) = 0; 
        rho(:,bbRegion) = 0; 
  
        % Update the inlet distributions from updated macroscopic variables (Eqns 
6.36 and 6.37, Eqns - 6.25 to 6.29) 
        distxyin = 0.5.*(sum(fIn([3,15,16],in,:,:))-sum(fIn([4,17,18],in,:,:)))-
(1/3*rho(:,in,:,:).*uy(:,in,:,:)); 
        distxzin = 0.5.*(sum(fIn([5,15,17],in,:,:))-sum(fIn([6,16,18],in,:,:)))-
(1/3*rho(:,in,:,:).*uz(:,in,:,:)); 
        fIn(1,in,:,:) = fIn(2,in,:,:) + 1/3*rho(:,in,:,:).*ux(:,in,:,:); 
        fIn(7,in,:,:) = fIn(12,in,:,:) + 
1/6*rho(:,in,:,:).*(ux(:,in,:,:)+uy(:,in,:,:))-distxyin; 
        fIn(8,in,:,:) = fIn(11,in,:,:) + 1/6*rho(:,in,:,:).*(ux(:,in,:,:)-
uy(:,in,:,:))+distxyin; 
        fIn(9,in,:,:) = fIn(14,in,:,:) + 
1/6*rho(:,in,:,:).*(ux(:,in,:,:)+uz(:,in,:,:))-distxzin; 
        fIn(10,in,:,:) = fIn(13,in,:,:) + 1/6*rho(:,in,:,:).*(ux(:,in,:,:)-
uz(:,in,:,:))+distxzin; 
  
        % Update the outlet distributions from updated macroscopic variables (Eqns 
6.36 and 6.37, Eqns - 6.31 to 6.35) 
        distxyout = 0.5.*(sum(fIn([3,15,16],out,:,:))-sum(fIn([4,17,18],out,:,:)))-
(1/3*rho(:,out,:,:).*uy(:,out,:,:)); 
        distxzout = 0.5.*(sum(fIn([5,15,17],out,:,:))-sum(fIn([6,16,18],out,:,:)))-
(1/3*rho(:,out,:,:).*uz(:,out,:,:)); 
        fIn(2,out,:,:) = fIn(1,out,:,:) - 1/3*rho(:,out,:,:).*ux(:,out,:,:); 
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        fIn(11,out,:,:) = fIn(8,out,:,:) - 1/6*rho(:,out,:,:).*(ux(:,out,:,:)-
uy(:,out,:,:))-distxyout; 
        fIn(12,out,:,:) = fIn(7,out,:,:) - 
1/6*rho(:,out,:,:).*(ux(:,out,:,:)+uy(:,out,:,:))+distxyout; 
        fIn(13,out,:,:) = fIn(10,out,:,:) - 1/6*rho(:,out,:,:).*(ux(:,out,:,:)-
uz(:,out,:,:))-distxzout; 
        fIn(14,out,:,:) = fIn(9,out,:,:) - 
1/6*rho(:,out,:,:).*(ux(:,out,:,:)+uz(:,out,:,:))+distxzout; 
  
        % Update probability distributions to simulate Collision Step(Eqn 6.5, 
6.10)  
        for i=1:19 
            cu = 3*(cx(i)*ux+cy(i)*uy+cz(i)*uz);    % Find resultant lattice speed; 
            fEq(i,:,:,:) = rho.*t(i).*(1+cu+1/2*(cu.*cu)-3/2*(ux.^2+uy.^2+uz.^2)); 
% Cs^2 = 1/3 
            fOut(i,:,:,:) = fIn(i,:,:,:) - omega .* (fIn(i,:,:,:)-fEq(i,:,:,:)); % 
obtain intermediate distribution 
        end 
  
        % Simualte bounce back 
        for i=1:19 
            fOut(i,bbRegion) = fIn(opp(i),bbRegion); % (Eqn 6.38) 
        end 
  
        % Estimate Drag Force over the obstacle of interset (micro-hair) % 
        % Equation 6.44; 
        ForceX(cycle) = 0;  % start at 0 force for the current cylce) 
  
        % find out the summation of all forces @each lattice @ the F-S int. 
        for i = hairx-tolzone:hairx+tolzone 
            for j = hairy-tolzone:hairy+tolzone 
                for k = hairz-tolzone:hairz+tolzone 
                    if(SolidEdge(i,j,k)) 
                        ForceX(cycle) = ForceX(cycle)+... 
                            ((fOut(1,i,j,k)+fOut(2,i+1,j,k))*(1-
obst(i+1,j,k))*cx(1))+... 
                            ((fOut(7,i,j,k)+fOut(12,i+1,j+1,k))*(1-
obst(i+1,j+1,k))*cx(7))+... 
                            ((fOut(8,i,j,k)+fOut(11,i+1,j-1,k))*(1-obst(i+1,j-
1,k))*cx(8))+... 
                            ((fOut(9,i,j,k)+fOut(14,i+1,j,k+1))*(1-
obst(i+1,j,k+1))*cx(9))+... 
                            ((fOut(10,i,j,k)+fOut(13,i+1,j,k-1))*(1-obst(i+1,j,k-
1))*cx(10))+... 
                            ((fOut(2,i,j,k)+fOut(1,i-1,j,k))*(1-obst(i-
1,j,k))*cx(2))+... 
                            ((fOut(11,i,j,k)+fOut(8,i-1,j+1,k))*(1-obst(i-
1,j+1,k))*cx(11))+... 
                            ((fOut(12,i,j,k)+fOut(7,i-1,j-1,k))*(1-obst(i-1,j-
1,k))*cx(12))+... 
                            ((fOut(13,i,j,k)+fOut(10,i-1,j,k+1))*(1-obst(i-
1,j,k+1))*cx(13))+... 
                            ((fOut(14,i,j,k)+fOut(9,i-1,j,k-1))*(1-obst(i-1,j,k-
1))*cx(14)); 
                    end 
                end 
            end 
        end 
        % Uncomment Section A1 & comment section A2 if drag force plot 
        % required else figure showing fluid domain update is active 
        %===========================Section A1============================% 
        %plot(ForceX);       
        %drawnow;            
        %=================================================================% 
  
        % Update probability distributions to simulate streaming (Eqn 6.6)  
        for i=1:19 
            fIn(i,:,:,:) = circshift(fOut(i,:,:,:), [0,cx(i),cy(i),cz(i)]); 



Appendix C 

194 
 

        end 
  
        % If displaying force variation over time comment out section A2 & 
        % uncomment section A1 
        %===========================Section A2============================% 
        % Extract midsection profile for display 
        u = reshape(ux,nx,ny,nz); 
        u(bbRegion) = nan; 
        newu=squeeze(u(:,:,floor(nz/2))); 
        subplot(2,1,1); 
        imagesc(newu'); 
        axis equal off; drawnow 
        %=================================================================% 
  
        % To display time taken for 1 iteration 
        toc; 
    end 
end 
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APPENDIX D: Large deformation structural analysis model 

defined in MATLAB 
  

This MATLAB script (Appendix D1)needs to be updated after each LBM drag force 

estimation cycle, with the estimated drag force. The code written has the defaults for one of 

the estimated drag force and invokes the calccurv.m (Appendix D2) function to estimate the 

curvature of the beam (micro-hairs are in essence upright cantilever beams) under these force 

conditions  

Appendix D1. MATLAB script for updating drag force and invoking ‘calccurv.m’ 

function 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%--------------------------Large Deformation.m----------------------------% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
% This script invokes the large deformation function to calculate the 
% curvature of the beam under any given loading condition. 
  
clear; 
clc; 
%% 
tic;                        % Initialize timer 
r = 2.5e-6;                 % Radius of micro-hair 
I = (pi*r^4)/4;             % Moment of inertia of cylindrical micro-hair 
F = 22.026e-9;              % Force obtained from HPC after convergence 
L = 1e-3;                   % Length of the micro-hair (height) 
Lsc = 1e-3;                 % Length scale for converting mm to um 
E = 2.7e9;                  % Young's Modulus of micro-hair 
newgeom = zeros(2000,5000); % Initialize zero array for displaying geometry 
  
%% Create geometry of micro-hair and reference terminal 
% all values represent um; 
  
wiredia = 160; 
offset = 100; 
lenx = 5000; 
leny = 2000; 
lenz = 600; 
  
hairx = 3500; 
hairy = 1000; 
hairz = lenz/2; 
  
wirex = hairx+offset+wiredia/2; 
wirey = 650; 
  
[y,x] = meshgrid(1:leny,1:lenx); 
newgeom = (x-wirex).^2 + (y-wirey).^2 <= (wiredia/2)^2; 
newgeom = newgeom'; 
  
%% Calculating tip deflection; 
% Estimate non-dimensional parameter alpha 
alpha = sqrt(F*L*L/(E*I)); 
[phio,deltax,deltay] = calccurv(alpha);     % Obtain curvature
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%% Convert obtained curvature to the correct scale for updating geometry 
  
deltaxum = Lsc*1e6.*deltax; 
deltayum = Lsc*1e6.*deltay; 
plot(deltaxum,deltayum,'.r'); 
axis([0 Lsc*1e6 0 Lsc*1e5]); 
%% Use the curvature and estimate all co-ordinate points on the micro-hair 
  
warning('off','all'); 
x = 1:1:floor(deltaxum(size(deltaxum,2))); 
coeffs = polyfit (deltaxum,deltayum, 5); 
y = floor(coeffs(1).*(x.^5)+coeffs(2).*(x.^4)+coeffs(3).*(x.^3)+... 
    coeffs(4).*(x.^2)+coeffs(5)*x+coeffs(6)); 
figure(1); 
plot(x,y,'.r'); 
  
%% Append 1's on either side for better visualization 
% Note doesnt affect the tip deflections. Just for visualization 
  
for i = 1:size(x,2) 
        newgeom(x(i),3500+y(i)) = 1; 
        newgeom(x(i),3501+y(i)) = 1; 
        newgeom(x(i),3502+y(i)) = 1; 
        newgeom(x(i),3503+y(i)) = 1; 
        newgeom(x(i),3499+y(i)) = 1; 
        newgeom(x(i),3498+y(i)) = 1; 
end 
toc;    % End Timer; 
  
%% Display the curvature along with the reference terminal. 
  
figure(2); 
newgeomtemp = newgeom(1:1200,3251:4500); 
geomt = flipud(newgeomtemp); 
imagesc(~geomt); 
colormap('gray'); 
axis image; 
 

 

Appendix D2: calccurv.m function to estimate curvature under the given moment 

function [phio,deltax,deltay] = calccurv(alphagiven) 
%% Function to calculate values that satsify the ellipctic integrals 
% Input arguments = alphagiven : Dimensionless parameter representing 
%                               moment equivalent for given force and beam 
%                               dimensions/properties 
  
    clc; 
    erroralpha = 1;         % initialize error to a large value 
    upperk = 1;             % define upper bounds for binary search 
    lowerk = 1/sqrt(2);     % define lower bounds for binary search 
    k = (upperk+lowerk)/2;  % Start at middle 
    disp('In deformation calculation.....'); 
    disp('Error in searching target phio is '); 
    while(abs(erroralpha)>1e-13)    % check if error is less than 1e-13; 
        k = (upperk+lowerk)/2;       
        thetamid = asin(1/(k*sqrt(2))); % Find theta for elliptic integral 
        m = k^2;                        % Elliptic (K^2, theta)  
        % Calculate current alpha and check if it matches with Moment alpha 
        alphamid = (ellipticK(m)-ellipticF(thetamid,m));     
        erroralpha = alphagiven-alphamid; 
         
        % If K cannot be found throuw a warning => 90 degrees asymptode 
        if (k>1-1e-11)||(k<1e-11) 
            disp('value of target searched is closer to either 0 or 90'); 
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            disp('returning value as is'); 
            break; 
        end 
         
        % Adjust the search bounds based on error; 
        if (erroralpha>0) 
            lowerk = k; 
        elseif (erroralpha<0) 
            upperk = k; 
        end         
        pause(0.1); 
         
        % Display to user; 
        disp(num2str(erroralpha)); 
    end 
     
    phio = asin((2*(k)^2)-1);   % Calculate phio from the obtained K value; 
    clc; 
     
    % Calculate curvature with calculated phio 
    deltax = zeros(1,1); 
    deltay = deltax; 
    j = 1; 
    disp('Now calculating coordinates....'); 
    for i = 0:0.001:phio 
        str = strcat(num2str(floor(i/phio*100)),'% done'); 
        disp(str); 
        upperlimit = asin(sqrt((1+sin(i))/(1+sin(phio)))); 
        lowerlimit = asin(1/(sqrt(2)*k)); 
        deltax(j) = (sqrt(2)*(sqrt(sin(phio))-sqrt(sin(phio)-sin(i)))/... 
            alphagiven); 
        deltay(j) = (ellipticF(upperlimit,k^2)-ellipticF(lowerlimit,k^2)... 
            -2*(ellipticE(upperlimit,k^2)-ellipticE(lowerlimit,k^2)))/... 
            alphagiven; 
        j = j+1; 
    end 
    deltax(j) = sqrt(2)*(sqrt(sin(phio)))/alphagiven; 
    deltay(j) = 1-((2/alphagiven)*(ellipticE(k^2)-... 
        ellipticE(asin(1/(k*sqrt(2))),k^2))); 
end 
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