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Abstract

On average, a human inhale about 14,000 litres of air every day. The quality of in-

haled air is highly important as the presence of pathogens and contaminants in air can

adversely affect human health. Generally, the probability of pathogens/contaminant is

high in indoor environment where humans spend an estimated 90% of their total life-

time. Continuous urbanization, increasing population, technological advancement and

automation has further increased the time spent indoors. The length of exposure and

indoor activities such as cooking, smoking, ventilation and frequency of cleaning can

further aggravate the health risk due to localized higher concentrations of the contam-

inants. According to the Environmental Protection Agency (EPA), poor indoor air

quality (IAQ) is considered one of the top environmental dangers to the public as in-

creasing number of people are suffering from asthma, allergies, heart disease, and even

lung cancer. In New Zealand, poor air quality is estimated to cause 730 premature

deaths and cost over one billion dollars in restricted activity days per year.

The above premise cannot be validated until and unless there are means and measures

of continually monitoring the indoor air pollutants with emphasis that the same can

be fabricated using low cost and energy efficient methods. Furthermore, any remedial

actions cannot be undertaken if the quantitative values of the environmental pollutants

are unknown. Existing solutions for the air quality monitoring are expensive and can

only be applied in certain numbers, leaving areas of the houses, offices, and schools

unmonitored. Therefore, a ubiquitous system of air quality monitoring is needed, the

one that can be applied on large areas like walls, roofs and so on. Such a prevalent

system will allow sensing of air quality parameters rapidly, continuously, and with low

power consumption.

To realize the bigger objective of achieving sensing and aware surfaces for indoor air qual-

ity, this research proposes to print sensors on large surfaces rather than making them in

batches and packaging in discrete units. Recent advancements in inkjet printing provide

solutions which can enable the implementation of such sensors. However, the choice of

inkjet printing method has major impact on the efficacy of printed sensors. Therefore,

we have explored printing techniques based on conventional screen printing and non-

conventional electrohydrodynamic (EHD) inkjet printing. These printing methods offer

low-cost, rapid prototyping and high-thorough-put conductive printing of features as

compared to other inkjet printing methods with the latter bringing further advantages

of improved resolution, scalability, customization and little or no environmental waste

printing solution.
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For screen printing, laser ablation process has been used to implement several customized

transduction schemes. The utility of this technique is demonstrated by humidity sens-

ing. It has been found that the designs of the transduction electrodes can easily be

customized, and large area printing can be realized on the substrate. The fabricated

humidity sensor provides higher sensitivity through bio-compatible sensing layer with

good response and recovery time.

Next, EHD printing was explored for high-resolution conductive printing on flexible

substrates. Current EHD printing focuses on improving the print resolution by decreas-

ing the printhead nozzle diameter thus limiting the type of ink to be used for printing

purpose. In the proposed EHD printhead design we overcame this major shortcoming

by improving the resolution of printed feature with a bigger nozzle of 0.5 mm diame-

ter. This resulted in the printed feature resolution of less than 10 µm in general with

the highest achieved resolution 1.85 µm. The effective nozzle diameter to printed fea-

ture ratio of more than 250 was achieved. The use of bigger nozzle for fine resolution

printing opens the avenue for utilizing higher concentration of metallic nano-particles

inks through EHD printing. The hallmark of the presented EHD printhead design is

the utilization of off-the-shelf components which does not require expensive manufac-

turing process while highlighting the importance of wetting area profile of the nozzle

to facilitate fine resolution printing which until now has not been explored in detail.

Furthermore, the work highlights the issue of crack development during EHD printing

in the conductive tracks while using available piezoelectric inkjet ink. Later the ink was

modified to minimise the cracks in EHD printed features.

Finally, a comprehensive study on the 3D printed microfluidic channels was conducted.

The study highlights the variation of pressure developed in different microfluidic channel

designs and the susceptibility of leakages from microfluidic devices. The work presents

the possibility of utilizing the 3D printed microfluidics with printed sensors for deploy-

ing as lab-on-a-chip in various applications, such as passing a stream of air through

sensors integrated in a microfluidic device for analysing the volatile organic compounds,

humidity, toxic gases, and other analytes of interest.

Overall, the presented work demonstrates the feasibility of using conventional and non-

conventional printing methods through simple implementations for the fabrication of

IAQ sensors with high degree of customization, low processing cost and scalability.
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Chapter 1

Introduction

1.1 Overview

Urban populating usually spend most of their time indoors. Occupant health can be

adversely affected by prolonged exposure due to poor indoor air quality. It is difficult

to assess the potential threat posed by indoor air quality without a consistent and

continuous monitoring regime due to the longevity of its continuous exposure, potentially

making it a silent killer [1, 2]. Indoor air is estimated to be more polluted than outdoors

by several orders of magnitude [3, 4]. More often, human response to indoor air pollution

is absent owing to the lack of immediate sensing and threat quantification, and this leads

to acute or serious health hazards.

Sensing technology is ever-changing; new systems and devices continue to enter our daily

lives with the intent to improve our well-being. However, in order to reap the benefits

from sensing technology, there is a greater need to collect data over time continuously,

especially in the case of indoor air quality monitoring. Additionally, efforts should be

made to seamlessly integrate these devices with our existing buildings and infrastructure

so that corrective actions and predictions can be made from the collected data.

Unfortunately, little effort has so far been made to integrate the air quality monitoring

devices in the existing buildings and infrastructure. Consequently, any remedial actions

cannot be undertaken as the accurate quantitative values of the environmental pollutants

are unknown. In the words of Lord Kelvin (1824-1907): “If you cannot measure it, you

1
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cannot improve it”. An improvement can be as simple as opening a window, but you

would only do this if you are cognisant of the air quality of your surroundings.

1.2 Motivation

Air quality control or any remedial actions to improve indoor air rely on the ability of

sensors to measure the air quality parameters. Therefore, sensitive, specific, low-cost,

non-intrusive and readily integrable sensors are highly desired. Unfortunately, such

sensors do not exist and most of the sensors used in IAQ monitoring applications are

discrete units that can cover only parts of indoor environments. The major reason for

this is probably the way the sensors are normally manufactured/fabricated.

Several different technologies exist for the fabrication of sensors, the most common being

the microelectromechanical systems (MEMs) technology. MEMs is a proven technology

but there are many drawbacks like the requirement of a clean room and special sub-

strates e.g. silicon wafers. Due to the limitations of the MEMs technology numerous

alternate techniques (such as piezoelectric [5, 6] and thermal inkjet printing [7], elec-

trohydrodynamic printing [8], etc.) have been developed in the past couple of decades.

The main focus of the alternate technologies is to enable sensor production in ambient

environments leading to cost-effective sensors. However, more research and development

is needed to improve the print resolution, range of materials and substrates, transduc-

tion mechanisms and sensing schemes. Despite the current limitations of the printing

technologies, they have a huge potential in the area of sensor fabrication that is evident

from their success in paper printing industry.

Considering the need for IAQ sensors and potential of printing technologies, this thesis is

dedicated to the investigation, improvement, adoption and application of both conven-

tional (screen printing) and non-conventional (electrohydrodynamic (EHD)) technolo-

gies. The selected printing technologies are considered as the most viable contactless

printing technologies in term of cost, printing resolution, scalability and process cus-

tomization. The results obtained from these techniques are expected to not only allow

further development in the low-cost printed sensors for air quality but can also be ex-

tended to other applications.
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1.3 Contributions

The main contributions of this thesis can be summarized as below:

• The current contactless printing technologies heavily rely on the size of the nozzle

to improve the printing resolution. However, by reducing the nozzle size it puts

limitation on the use of ink or material that can deposited. In our proposed high-

resolution EHD printing, the convention of reducing the nozzle diameter to achieve

a smaller droplet size has been addressed. This enables the printing of material

having a wide range of viscosities, surface tension and composition. Furthermore,

bigger nozzle diameter for high-resolution printing facilitate the use of polymer-

based inks, proteins and multi-material deposition for applications not only in

the domain of air quality sensing but also in the areas of biomedical, optics, soft

robotics and related sensor applications.

• The development of suitable ink for a specific printing method is often complex and

costly. Therefore, readily available commercial-off-the-shelf (COTs) inks seem to

be a cost-effective solution for printing applications. In our work COTs piezoelec-

tric ink utilized for EHD printing developed cracks. As a result, we demonstrated

that the ink could be tuned easily for crack-free printing through the cost-effective

processing of ink. The results identify the probable reasons for the crack formation

and its remedial solution which can be of great assets for researchers working in

the similar domains.

• To improve the sensitivity of sensors, the sensing layer is often chosen to give high

sensitivity. However, there is little or no focus on improving the sensitivity by

considering transduction electrode geometries. In our work, we have demonstrated

that the same sensing layer can have different sensing responses towards the analyte

of interest. This opens the avenue for researchers where further improvement on

the sensing capabilities of the sensors can be realized by incorporating suitable

transduction geometries.

• Last but not least, an exhaustive study on the characterisation of fused deposition

based microchannels for microfluidic applications has provided the pressure ranges

at which the microfluidic devices work without leaking. The results obtained

from the study provide the quantitative differential pressure values for integrating
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microfluidics with the printed sensors for realising packaged standalone lab-on-a-

chip systems for medley of applications.

1.4 An Overview of Printing Technologies

Since the main topic of the thesis is focused on printing technologies, particularly inkjet

printing, a brief overview of the existing printing technologies along with their pros and

cons is provided in this sections.

Generally, printing technologies can be divided into contact and contactless printing

[9, 10] as shown in Figure 1.1. In contact printing the imprint on the substrate is gener-

ated when a web is fed through the pressing rollers which generates the conductive tracks

on the substrate. Offset, flexography and gravure are the prominent contact printing

methods. Whereas, in case of contactless printing the ink is forced out of the nozzle ei-

ther through a push force generated inside the ink chamber or pull force at the tip of the

nozzle. Aerosol, thermal, piezoelectric, electrohydrodynamic and acoustic inkjet print-

ing are the prominent contactless inkjet printing methods. Contact printing has been

widely used in print media over the years due to their high thorough-put with accuracies

up to 50 µm, with gravure printing reaching higher resolution and high aspect ratios

[11]. However, when the substrate passes through the series of imprinting rollers the

registration control in case of tight tolerances is challenging. In most cases the substrate

velocity is high and flexible substrate is susceptible to stretch under high pressure. The

stretchability of the substrate, speed of the web and pressure on the substrate makes

the registration even difficult and requires design of complex registration algorithms

[12–15]. Contact printing has an inherent advantage of producing cheaper item on per

unit basis for large productive batches [16–19] when compared with contactless print-

ing. However, feature customization or changes in contact printing during the process

is not possible as it requires changes in pattern on the imprinting rollers which is often

expensive and complex. Moreover, the overall printing process produces ink wastage at

various stages of printing. On the other hand, for small production batches contactless

printing is cheaper and offers additional benefits of no ink wastage and on-the-fly feature

customizations [20, 21].
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Figure 1.1: Common printing technologies

Due to their inherent benefit of low cost, low environmental footprint and customizabil-

ity, contactless printing is more suited for small batch production, prototyping and lab

scale manufacturing. Following are the key contactless printing methods

1. Piezoelectric Inkjet Printing

2. Thermal Inkjet Printing

3. Aerosol Inkjet Printing

4. Acoustophoretic Inkjet Printing

5. Electrohydrodynamic Inkjet Printing

1.4.1 Piezoelectric Inkjet Printing

The droplet ejection phenomenon of piezoelectric inkjet printing process is based on the

ink displaced in the ink chamber by the deformation of thin piezo-ceramic membrane of-

ten referred as piezoelectric membrane. When the voltage is applied to this piezoelectric

material it undergoes physical deformation by changing its shape and size as depicted
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in Figure 1.2. The deformation of piezoelectric membrane causes the pressure gradient

inside the ink chamber and ejects the droplet from the nozzle. Once the applied voltage

is removed the membrane goes back to its original shape. Successive series of pulsed

voltage results in the controllable drop-on-demand ink deposition from the piezoelectric

actuated printhead on the substrate.

Figure 1.2: Squeeze mode piezoelectric printhead: Principle of operation

1.4.2 Thermal Inkjet Printing

A thermal inkjet consists of an ink chamber integrated with a heater near the nozzle

as shown in Figure 1.3. A current pulse of less than a few microseconds through the

heater generates heat inside the ink chamber. The ink becomes superheated to the

critical temperature for bubble nucleation. Often, for water-based ink, this temperature

is around 300°C. When the nucleation occurs, a vapour bubble instantaneously expands

creating a net positive pressure to force the ink out of the nozzle. Once all the heat

stored in the ink is used, the bubble collapses on the surface of the heater. As the

bubble collapses the channel forces helps the ink to break off at the nozzle and generate
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a droplet towards the substrate. The ink then refills back into the chamber and the

process repeats again.

Figure 1.3: Thermal inkjet: Principle of operation

1.4.3 Aerosol Inkjet Printing

Aerosol inkjet printing is an aerodynamic focusing of ink particles on the planar and

non-planar surfaces. The ink which needs to be deposited undergoes atomization either

through pneumatic or ultrasonic atomizer into tiny droplets. The atomized aerosol is

then focused by a coaxial sheath gas to deposit the particles on the substrate as shown

in Figure 1.4. Focusing of aerosol reduces the jet diameter of the exiting ink particles

from the printhead nozzle to achieve a fine resolution of up to 10 µm of printed features.

1.4.4 Acoustophoretic Inkjet Printing

Acoustophoretic printing is a drop-on-demand method capable of patterning liquid met-

als, optical lenses, and even cell laden droplets. This platform technology is uniquely

suited for printing biopharmaceuticals, advanced material and many other liquids in-

cluding honey. In this method a print nozzle is placed inside an acoustic resonator. The

sound energy imparted by the acoustic resonator detaches the liquid from the nozzle.

Separation of liquid is similar to the dripping behaviour of droplet from nozzle when

an external force is applied however, the resolution is improved as the acoustic energy
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Figure 1.4: Aerosol inkjet: Principle of operation

initiates early detachment of droplet from the nozzle. The resolution of printing depends

upon the acoustic force and the physical properties of the liquid.

Figure 1.5: Acoustophoretic inkjet: Principle of operation

1.4.5 Electrohydrodynamic Inkjet Printing

Electrohydrodynamic (EHD) is a contactless printing method of ejecting the droplet

by using a pull force generated by the counter electrodes placed at different potentials.

The electric field generated by the counter electrode pulls the liquid from the nozzle.

The force acts on the spherical shape of the meniscus of liquid outside the nozzle and

transforms the shape of the liquid into a cone as shown in Figure 1.6. Thus, making a
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conejet, which depends on the applied voltage, the distance between counter electrodes

and the physical characteristics (such as viscosity, density, surface tension, etc.) of the

liquid being ejected.

Figure 1.6: EHD inkjet: Principle of operation

1.4.6 Strengths and Shortcomings of Contactless Printing

Although the drop-on-demand droplet can be achieved through these technologies, there

are still many challenges in the contactless printing for printed electronics. For instance,

thermal inkjet works on the principle of forming a small bubble in the ink chamber

by the heating element. Due to the application of heat for generating the on-demand

droplet the method has two major drawbacks: 1) the use of ink which is susceptible to

thermal degradation as the temperature is raised by the heating element, and 2) the

ejected droplet is bigger than the size of the nozzle that leads to the printing resolution

larger than the nozzle diameter.

Piezoelectric inkjet overcomes some of the issues related to the thermal inkjet printing

such as printing without the application of heat inside the ink chamber and printing at

higher frequency. However, the generation of droplets smaller than the size of the nozzle

is still not possible. Moreover, the ink for the thermal and piezoelectric printers needs
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to be tuned such that the printing can be done within the operating parameters. The

main parameters are viscosity, surface tension, concentration of nanoparticles, size of

nanoparticles and compatibility of the ink with the overall ejection mechanism.

Acoustophoretic printing can solve issues pertaining to the physical properties of ink

as it can handle inks having higher viscosities and surface tension when compared to

piezoelectric and thermal inkjet printing. However, it uses sound wave energy to detach

ink droplets from the printing nozzle, the resolution of printing is still an issue. At best

the droplet size equal to or greater than 65 µm could be produced through a nozzle size

of 14 µm which is still four times higher than the nozzle diameter [22].

On the other hand, EHD printing provides a solution to most of the aforementioned

challenges of other technologies and has gathered a lot of attention in recent times.

EHD printing stems from the earliest EHD experiment performed by William Gilbert in

the seventeenth century which showed the conical shape of the drop when the charged

rod is taken closer to the sessile drop [23]. Further progress in EHD printing research has

been fuelled by Taylor for his work on electrically-driven-jet [24]. Research published by

Taylor has driven numerous applications of electrohydrodynamic in areas such as EHD

inkjet printing [25, 26], electro-spraying [27–30], electrokinetic pumping [31, 32], polymer

coatings [33, 34], facilitation of heat and mass transfer [35, 36], and in various biomedical

applications [37–39]. The phenomenon of electrospray has been widely applied under

vacuum to augment the atomization with dominant pulsating electrostatic forces as

the gravitational forces are negligible. In electrospray application the control on the

deposition of the drop is of little importance as the aim is to spread the droplet on the

large surface.

The main advantage of EHD printing is that it can operate on liquids that have higher

viscosities than those handled by either piezoelectric or thermal inkjet printing. Also,

due to the shape of a cone, the ejected volume is much less than the conventional printing

techniques. This results in better resolution during the printing process. However, for

EHD printing the localized custom printing offers many challenges such as uniformity

and even distribution of conductive nanoparticles in the ink colloid. These challenges

are due to the change in meniscus shape as the liquid is ejected from the nozzle. To

circumvent this issue a stable meniscus is maintained by the application of base voltage

and external pressure with the help of syringe pump/pneumatic pumping as reported by
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more recent EHD printing processes [8, 40, 41]. However, due to the varying nature of

the ink physical properties rigorous experimentation is required for finding the optimal

parameters for conducting an on-demand printing process through EHD for a particular

ink.

Most of the work in the domain of EHD printing has been done with the focus of

improving the resolution by reducing the size of nozzle. Nevertheless, the true potential

of EHD printing could only be realised by using larger nozzles that would allow ejection of

higher concentrations of metallic conductive particles along with good printing resolution

which is challenge in other contactless printing methods.

1.5 Thesis Layout

This thesis by publications is organised as follows:

Chapter 2 provides a detailed overview of the proposed EHD printhead design, exper-

imental results and analysis of the printed features. This work was published in the

International Journal of Advanced Manufacturing and Technology.

Chapter 3 highlights the design and development of the environmental humidity sensors

by using the laser ablation process. This work has been prepared for submission to

Nature Scientific Reports.

Chapter 4 presents a thorough study on the issues associated with EHD printing. This

work has been prepared for submission to MDPI Polymers.

Chapter 5 details a comprehensive study on the characterisation of fused deposition

based microchannels to be used in microfluidic applications to complement the work

on sensor fabrication. The results attained from the experiments were compiled and

published in MDPI Micromachines journal.

Chapter 6 summarizes this thesis and discusses the future work.
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High resolution electrohydrodynamic

printing of conductive ink with an

aligned aperture coaxial printhead

2.1 Abstract

Electrohydrodynamic (EHD) printing is a promising inkjet technique to generate smaller

droplet sizes due to the formation of a Taylor cone. However, the process is intricate

and involves the fabrication of a printhead having a smaller nozzle diameter. Notable

examples are present in the literature regarding printing through EHD but the under-

lying phenomenon which is responsible for generating the smaller droplet is obscure. In

this work, we present a methodology which highlights the importance of nozzle shape

which can govern smaller droplets even with a large head diameter. The work achieves

a resolution of less than 2 µm by fabricating the inkjet head using simple techniques

and off-the-shelf inexpensive needles of nozzle diameter ranging from 500 µm to 250 µm.

The study of various nozzle profiles resulted in a printed resolution which is 50 times

smaller than the nozzle diameter. Moreover, the study also highlights the importance

of the wetting area profile of the nozzle and explains the role of printhead design which

facilitates fine resolution printing of conductive tracks which until now seemed to be

obscure.

12
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2.2 Introduction

High resolution conductive printing without the need of a cleanroom and conventional

photolithography process which requires fabrication of mask and subsequent etching is

highly desirable. Microscale printing with on-the-fly customization for small batch fab-

rication of printed electronics and flexible sensors development has received tremendous

attention [42–45].

Primarily, the key printing technologies can be divided into contact and contactless

printing [9, 10]. In contact printing the impression of roll generates the features on

the substrate. Depending on the process whether the impression engraves or penetrates

the ink on the substrate the process can be differentiated by physical phenomenon re-

sponsible for generating tracks or features in the substrate. Screen, offset, flexography,

gravure and pad printing are examples of contact printing, whereas aerosol, thermal,

piezoelectric, electrohydrodynamic and acoustic inkjet printing are the prominent con-

tactless inkjet printing methods. Contact printing technology is widely used in the

paper industry and print media. The advantage of these printing methods is their high

throughput with accuracies up to 50 µm, with gravure printing reaching higher reso-

lution and high aspect ratios [11]. Almost all the contact printing methods utilize the

roll-to-roll technology to transfer the base pattern on the substrate. But registration

control, in the case of tight tolerances, can be a challenge. High velocity and pressure

on the substrate in contact printing causes the flexible substrate to stretch, resulting

in the design of complex registration algorithms [12–15] for aligning the next feature

printing on the substrate. The cost of product fabricated through contact printing is

cheaper per unit than the contactless printing method due to high throughput for large

production batches [16–19]. However, for small production batches, the cost per unit is

much higher than contactless printing [20, 21] and incorporating design changes requires

changes in the impression features of roller which is often expensive and complex. More-

over, the overall printing process produces ink wastage at various stages of printing.

Inkjet printing has certain advantages in a printed electronic application. Not only is

it a contactless printing method but it also has a fabrication process which allows the

pattern printing to be in a discrete or continuous manner depending upon the selection

of the inkjet process. Among inkjet printing, electrohydrodynamic (EHD) printing of-

fers high throughput [46], fine resolution of print feature [47], drop-on-demand printing,
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continuous printing and spraying [48–51] and ability to print with inks having high vis-

cosity [52–54] and thermal stability issues [55–58]. In EHD printing the driving force

for ejecting the droplet is governed by electrostatic potential. Ink nanoparticles in the

ink chamber are charged by an electrode subjected to the positive or negative potential

where the counter electrode is placed under the ejecting orifice and provides the pull

force necessary to produce droplets from the printhead. Due to the reverse polarity or

grounding effect of the counter electrode, the ink/liquid in consideration experiences a

shear force and forms the cone jet shape which is referred as the Taylor cone [59]. Recent

developments in EHD printing are attributed to the contribution of the leaky dielectric

model proposed by Saville [60]. The initial EHD printing concept and working device

as presented by Choi et. al [61] dates back to 1998. And the first notable work in the

area of fine resolution EHD printing was done by Roger et. al. by pulling a constant

diameter of glass capillary through a heater and producing the necking between the two

firmly held ends of the capillary by applying tension force. The force and heating zone

are controlled in such a manner that a gradual decrease in the diameter of the nozzle is

produced and finally the glass breaks to produce two sets of small diameters of nozzles.

The final diameter which the glass nozzle achieved was about 2 µm. The printed line

resolution was 3 µm and the printed dots were in the range of 490 nm [62]. Although

EHD printing provides the aforementioned benefits, achieving them requires intricate

printhead designs. Furthermore, most of the efforts in the past were targeted towards

achieving high resolution printing by decreasing the size of the nozzle. For this reason,

nozzle sizes less than or equal to 10 µm were used in various published articles for achiev-

ing printing resolution less than the size of nozzle [63–68]. In this paper, we present the

study of various needle profiles which augments better resolution by understanding the

hydrodynamic effect of the nozzle tip and by incorporating these profiles in the print-

head which to date to the best of our knowledge have not been explored in general. The

overall design improvement resulted in achieving a resolution of printing in continuous

EHD printing mode of up 10 µm with a nozzle diameter to printed feature ratio of 1:50

on an average basis for three different printheads. However, our aligned aperture design

based on the spinal needle type-D printhead resulted in the smallest resolution of 1.85

µm at the optimal applied voltage and flowrate parameters. The achieved ratio of the

proposed printhead nozzle diameter to the printed lines was around 270 times, which

to-date is the highest to the best of our knowledge.
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Figure 2.1: Schematic of the EHD printing setup.

2.3 Materials and Method

2.3.1 Experimental system

The schematic in Figure 2.1 outlines the overall EHD setup. The EHD setup includes a

high-voltage DC power supply from Gamma High Voltage Research Inc. USA , a ground

electrode mounted on the high precision X-Y stage from Applied Scientific Instrumen-

tation USA along with its motion controller, a syringe pump from Harvard Apparatus

USA, a high intensity fibre optics illumination from Edmund Optics USA and a high-

speed camera from Kron Technologies Inc. Canada for visualization. Brief specifications

and models of the overall setup are mentioned in Table 2.1.

2.3.2 Preparation of materials and substrate

In this work, a 4 mil (101.6 µm) PET substrate was used for printing the conductive

lines. The substrate was mounted on the copper plate on which small holes of diameter

0.5 mm were drilled. The plate was then fixed by means of screws onto an aluminium

machined plate which is connected to the vacuum pump. Once the vacuum pump is in

operation it creates the vacuum which then holds the substrate firmly when placed over

the copper plate as shown in Figure 2.2. To avoid the sagging of the substrate under
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Table 2.1: EHD printing system component specification

Equipment Model Brief Specification

DC Power D-ES50PN 0 to 50 kV DC, 400µA
Supply -20W

XY Stage MS-4400 XY Travel:100x 100 mm
Resolution: 22nm
Repeatability: <700 nm

Z Stage MS-4400 Z Travel: 100 mm
Resolution: 50nm
Repeatability: <±100 nm

Motion LX-4000 XYZ stage
Controller Motion controller

Syringe 11 Pico Plus Min. Flowrate: 1.3 pl/min
Pump MA1 70-2213 with 0.5µl syringe

High Speed Chronos 1.4 Min. Res:336x96@38565fps
Camera Max. Res:1280x1024@1057fps

High Intensity MI-150 Power: 150 W EKE Quartz
Illuminator Colour Temp.(K):3200

Power: 150 W EKE Quartz
Colour Temp.(K):3200

vacuum a 3D printed pillar plate was inserted between the aluminium suction plate and

copper cladded printed circuit board (PCB) plate. Holes on the copper cladded plate

were drilled with the help of a ProtoMat S62 PCB milling machine by LPKF Laser &

Electronics, USA, at a spacing of 10 mm with the offset distance of 5 mm to the next

row on a length of 100 mm by 100 mm. Thus, the overall substrate which can be held

firmly on the X-Y stage was around 100 mm x 100 mm. The thickness of the copper

cladded PCB plate was 1.2 mm with a copper thickness of 35 µm.

Before fixing the copper plate to the vacuum chamber the copper plate was finely sanded

to remove any burrs or unevenness which can occur due to the drilling of the minute

holes for the vacuum. The copper plate was then connected to the ground electrode for

the electrohydrodynamic ejection of liquid from the nozzle.

Parameters of the conductive ink are mentioned in Table 2.2. The ink was delivered to

the nozzle with the help of piping of 0.19 mm diameter connected with the syringe pump.

Commercial off-the-shelf hypodermic nozzle tips were removed from the Luer lock hub

of these needles and connected to the piping. This is to avoid a volume of printing

ink becoming trapped inside the Luer lock hub. All these modifications resulted in the
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Figure 2.2: Substrate mount for the EHD process consisting of suction plate with
micro holes on copper cladded plate

Table 2.2: Parameters of printed ink

S.No. Parameter Value

1. Specific gravity 1.63
2. Surface Tension 20.00 dyne/cm
3. Viscosity 10.6 cP @ 20 ℃
4. pH 5.6
5. Average particle size 47 nm
6. % Silver nano particles ≈40%
7. Solvent Diethylene glycol

precise control of flowrate and instantaneous changes in the shape of the meniscus were

observed as the flowrate from the syringe pump was changed.

Four different experimental setups were prepared for conducting the series of experiments

for comparison and to investigate the profiles which govern the best possibilities for the

ease of printing of the conductive ink. Print nozzle holders were fabricated by 3D printing

and aligned with the stage with an accuracy of ±5 µm. The accuracy was tested by

traversing the needles across the stage and visualizing it on the highspeed camera setup.

A custom application in C# was written to control the movement of the stage where

the needle was kept static during the whole printing process once the vertical distance

with the Z-stage was fixed before the printing process. Table 2.3 details the different

printed ejection profiles investigated in this study.
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Table 2.3: Design of printhead for EHD system

S.No. Nozzle Ejection Schematic Nozzle/Outlet Diameter Remarks

Type A. ID: 250 µm
Conventional hypodermic needle of 25 Gauge

with ID of 250 µm and OD of 500 µm

Type B. ID: 250 µm
Spinal needle of 25 Gauge with ID of 250 µm

and OD of 500 µm

Type C. Nozzle: 500 µm
500 µm nozzle with hypodermic needle of gauge 31.

Tip diameter of needle of around 5µm

Type D. Nozzle: 500 µm
500 µm nozzle with spinal needle introducer.

Tip diameter of needle of around 10 µm

Figure 2.3: Forces acting on conducting ink during EHD printing

2.3.3 Printhead Design

This study aims to understand the profiles which can be easily fabricated without the

need of special tools or processes. This is to enable EHD printing for various applica-

tions, offering fine resolution, repeatability, and ease of maintenance. To understand

the parameters of the printhead design it is important to understand the forces acting

on the liquid under the influence of an electric field as shown in the schematic diagram

(Figure 2.3)
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Under the influence of the electric field the liquid experiences dilation in the form of a

cone. When the same liquid is outside the nozzle the capillary forces are insignificant. In

this case, electrical stresses only need to overcome the surface tension and thinning of the

jet diameter occurs with the decreasing distance of the jet from the counter electrode.

Smaller standoff height and nozzle size enhance the ejection behaviour of the droplet as

the length over which surface tension acts decreases. However, decreasing the size of the

nozzle creates issues of high wall forces, blockage of nozzles, the limitations of the ink to

be used and, eventually, limited reusability of the printhead. According to Choi et al.

[69], jet diameter dj is proportional to the anchoring diameter of the nozzle dn, under

the influence of electric field E on the ink having surface tension γ on the continuum

media of absolute permittivity ε0 and is expressed as

dj ≈ 1/E
√
γdn/ε0 (2.1)

Equation 2.1 indicates that as the diameter of the nozzle decreases the jet size of the

cone jet also decreases resulting in smaller droplet size. Methods other than reducing

the diameter of the nozzle are not explored extensively, in particular, using two sets of

nozzles so that a primary nozzle is used to transport the ink/fluid and secondary nozzle

for the ejection of the droplet. Here, we present the concept of aligned aperture coaxial

nozzles by using a Y-shaped / T-shaped construction of printhead. This construction

allows the ink chamber to be large enough to transport the ink of diverse physical,

chemical and rheological properties. The construction of the EHD printhead is such that

the droplet ejection tip is not in-plane with the inlet of the ink, using a smaller needle

diameter than the primary nozzle allows the ink to flow in between the aligned coaxial

nozzles. We designate the primary nozzle as the aperture or opening for liquid as well as

the secondary nozzle. This extension of the secondary nozzle enables the ink/liquid to

create adhesion with the tip profile of the secondary nozzle. The secondary nozzle profile

and apex point can facilitate the ejection behaviour of the droplet. Since the primary

and secondary nozzles are at the same electrical potential, therefore the secondary nozzle

can take advantage of the meniscus formed by the primary nozzle and further reduces

the jet diameter due to its small anchoring diameter. This type of aligned construction

of printhead is simple to fabricate and allows greater control on the secondary nozzle

tip/profile compared to previously reported EHD systems [70]. In our work, we have
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demonstrated that aligning the cone formed by the primary nozzle provides a very good

resolution of continuous EHD printing with the printed feature approaching that of

many reported drop-on-demand EHD systems. All the modifications provide a simpler

continuous EHD printing which can use a large ink capillary thus solving the bottleneck

of the smaller diameter of the nozzle, making the EHD system more feasible in biomedical

applications where the liquid is highly viscous, is composed of myriads of sub-particles,

and contains sol-gel phases. A printhead with two different profiles has been used in this

work. First, a comparison of the hypodermic and spinal needle profiles has been done

and, later, the same profile tips were used in a coaxially aligned aperture printhead in

which the second nozzle is extended at the end of the Taylor cone which is about 450

µm further from the 500 µm internal diameter of the primary nozzle. Profiles of the two

different secondary nozzles are illustrated in Figure 2.4.

Figure 2.4 shows that the distance from bevel opening to the tip of the nozzle of the hy-

podermic needle is about 53% more than the spinal needle. In our work, we demonstrate

that the anchoring diameter of the liquid depends on the distance from the opening of

the nozzle (bevel length) to the tip and can be changed by aligning a secondary nozzle

at the centre of the primary nozzle with different profiles of jet resolution facilitating

tips.

2.3.3.1 Type A & B: Hypodermic & Spinal needle profile printhead

This is the simplest printhead configuration in which a 25-gauge needle is connected

to the ink through a fluidic line which is then connected to the syringe pump. In this

printhead, hypodermic needles were used to understand the behaviour of the ejecting

droplet and the needle profile/shape. A 25-gauge hypodermic needle was connected

to the fluidic adaptor by cutting the needle tips with the help of a Dremel tool and

inserting the same in the fluidic adaptor. Since the outer diameter of the needle was

0.5 mm, which is much greater than the fluidic line internal diameter of 0.19 mm, it

creates enough pressure on the internal walls of the connected fluidic line to avoid any

leakages. Figure 2.5. shows the holder of the hypodermic needle with the fluidic system

and overall tip shapes of the hypodermic and spinal needles. The attachment of the
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Figure 2.4: Needle profiles used in the experimentation
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needle and the fluidic channel was printed out of a fused deposition modelling (FDM)

3D printer, demonstrating that overall visualization from the camera system is possible.

The outer diameter of the 25-gauge needle is 0.5 mm and inner diameter of the needle is

0.25 mm. The hypodermic needle used in this work was from Becton Dickenson which

has 5 profile cuts at the tip of the needle instead of three sharp cuts which conventional

hypodermic needles have. Additional cuts improve the insertion of the needle into the

skin. When the liquid is exposed to atmospheric pressure, the liquid from the exit

of the nozzle swells considerably more than with the blunt spinal needle. This is due

to the longer distance between the sharpest end of the nozzle of these needles. In our

subsequent discussion, it will be evident that the tip profile, the liquid exit distance from

the tip of the nozzle, and the ability to dilate the liquid to the tip have considerable

effects on the printing results of different printheads. As these nozzles are commercially

available - thus providing consistent geometry for every batch - the overall EHD printing

system is easy and cheaper to establish when compared to many reported glass nozzle

EHD systems. Moreover, little or no comparison has been reported in the literature

regarding the exit shape of the nozzle with respect to printing performance. Therefore,

the results presented in this work are noteworthy from the point of view of establishing

future EHD systems.

2.3.3.2 Type D & E: Aligned aperture hypodermic, sharp needle and spinal

needle introducer profile printhead

In this type of EHD printhead, a nozzle holder was fabricated in such a way that the

needle tips exit the nozzle in a telescopic extension of one needle sliding inside another

needle. The aim was to study how the printing resolution is affected when a needle is

introduced at the apex point of the meniscus of the Taylor Cone [71–73]. In this regard,

a 0.5 mm 3D printer nozzle was used as the ink chamber and subsequent ejection nozzle.

A 25-gauge needle with an external diameter of 0.5 mm is inserted in the 0.5 mm 3D

printer nozzle. The matching of the internal diameter of the 3D printer nozzle and

the external diameter of the 25-gauge needle facilitates the central alignment of the

inserted needle. Inside the 25-gauge nozzle, a hypodermic nozzle is inserted making a

telescopic extension of the 25-gauge nozzle. It is pertinent to mention that the 25-gauge
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Figure 2.5: (a) Fluidic connection with the needle for Type A and Type-B printheads
(b) Fluidic connection with the needle for Type C and Type-D printheads (c) Hypoder-
mic needle profile of Type-A and Type-C printhead (c) Spinal needle profile of Type-B

and Type-D printhead.
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nozzle is not connected with the fluidic line. Instead, the connections were made with

the 3D printer nozzle. Before inserting the nozzle, a fluidic line was connected to the

3D printer nozzle by filling the cavity with Polydimethylsiloxane (PDMS). The PDMS

mixture consisted of a SYLGARD™ 184 silicone elastomer base and a curing agent from

Dow Corning, USA. The mixture ratio of curing agent to the silicone elastomer was

ten-parts base to one-part curing agent by mass. The PDMS helps the 25-gauge needle

to hold firmly at the centre of the 3D printer nozzle, and the elastic properties of the

PDMS exerted enough pressure on the needle walls to avoid any fluid leakage from the

top of the nozzle. The internals of the ink chamber, the overall EHD system, and the

3D printed holder are shown in Figure 2.6.

2.4 Results & Discussion

Several experiments with different printhead designs were conducted to evaluate the

best configuration. The stable conejet of each configuration depends upon the standoff

distance (distance between the nozzle and counter electrode), flowrate, printing speed

and applied voltage. Since the printing feature of each configuration was different, the

flowrate was adjusted accordingly to perform the printing [63–68, 74, 75]. In order to

perform a direct comparison in all our experiments, the distance between the nozzle and

counter electrode was adjusted to 350 µm, printing speed was set to 2 mm/s, voltage was

varied between 1.1 to 1.5 kV, and flowrate was also varied from 5 nl per minute to 12 µl

per minute. The same 4 mil (101.6 µm) PET substrate from 3M was used. Moreover, a

continuous DC voltage was used for the printing process instead of AC pulsed voltage.

This is to demonstrate that continuous EHD printing can also be used for fabricating

a conductive pattern at a fine resolution. In sensor applications the continuous line of

a transduction electrode is required to provide the sensor output to the readout circuit

[20, 76, 77]. The results tabled below provide a comparison of each type of fabricated

printhead.
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Figure 2.6: (a) EHD system and printhead assembly (b) FDM copper nozzle integra-
tion with fluidic line (c) Schematic of Type C & Type D aligned aperture sharp needle

with introducer and hypodermic EHD printhead
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Table 2.4: Printed line resolution of Type A and B printhead parameters

Printhead Flowrate Voltage Line width
Type (µl/hr) (kV) (µm)

Type A 40 1.5 ≈65
Type A 50 1.5 ≈75
Type A 65 1.5 ≈82
Type B 30 1.5 ≈32
Type B 40 1.5 ≈47
Type B 55 1.5 ≈56

2.4.1 Type A and Type B Hypodermic and Spinal Needle Printhead

In the Type A printhead which consists of the hypodermic needle the ejection voltage

at the standard standoff height of 350 µm was 1.5 kV. Figure 2.7 shows the width of the

printed lines at optimal flow rates from 30 µl per hour to 65 µl per hour. Under optimal

conditions the conejet formed from the printhead is stable and consistent printing is

performed. However, the line width increases with increasing the flowrate due to the

availability of more volume at the tip of the nozzle. Thinning of the jet diameter is

observed when the flowrate is low and in the stable conejet region. On the contrary,

higher flowrate results in thick jet diameter and wider line widths. The distance from

the ejection of the needle was greater than for the spinal needle; smooth ejection was

noted in the case of continuous electrohydrodynamic printing. When the Type A was

replaced with the Type B spinal printhead consisting of a 25-gauge needle, the printing

resolution improved (Figs. 2.7, 2.8 and 2.9). Table 2.4 shows the variation in droplet

size during the two different printing modes.

It is evident from the results that the spinal needle has better resolution of printing of

the order of around 2. This is due to the improved dilation of liquid at the tip of the

nozzle. The momentum of liquid in the case of the hypodermic needle is greater when

it reaches the sharpest point of the needle. Even though the tip of the hypodermic is

sharp and has the same tip width as that of the spinal needle, the overall printing width

is higher. From this finding it can be established that the tip angle or distance from

the nozzle exit to the tip of the nozzle (bevel length) has considerable influence on the

printing resolution.
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Figure 2.7: Flow rate vs line width for Type A and Type B printheads

2.4.2 Type C & D Aligned aperture printheads

Type C and Type D printheads are based on the 3D printer nozzle. A hypodermic needle

of gauge 31 was used in the Type C printhead nozzle and a spinal needle introducer of 200

µm diameter having the profile of a spinal needle was used with the Type D printhead.

The introducer can be considered as the wire inside the 25-gauge needle, but the end

shape of the introducer matches the spinal needle profile. The difference between the two

profiles is the tapered angle of the needle to the apex of the needle tip. The hypodermic

needle angle is sharper than the angle of the spinal needle due to the ink having to

travel further from the nozzle exit to reach the tip. Table 2.5 and Figure 2.10 show

the printed line width at a standoff distance of 350 µm and printing speed of 2 mm/s.

The optical and scanning electron microscope (SEM) images shown in Figs. 2.11 and

2.12 depicts a transition from larger line width (for Type C printhead) to the smallest

achieved linewidth (for Type D printhead).
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Figure 2.8: Optical images of printed lines with (a-c) Type A and (d-f) Type B
printheads

Table 2.5: Printed line resolution of Type C and D printhead parameters

Printhead Flowrate Voltage Line width
Type (µl/hr) (kV) (µm)

Type C 0.4 1.5 ≈6
Type C 8 1.5 ≈29
Type C 20 1.5 ≈46
Type D 0.35 1.5 ≈2
Type D 0.85 1.5 ≈3
Type D 7.5 1.5 ≈13
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Figure 2.9: Scanning electron microscopes (SEM) images of printed lines with (a-c)
Type A and (d-f) Type B printhead

Figure 2.10: Flow rate vs line width for Type C and Type D printheads
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Figure 2.11: Optical images of printed lines with (a-c) Type C and (d-f) Type D
printheads

The short ink dilation distance from the apex of the nozzle, and the forces required to

eject the droplet from the tip of the nozzle, are relatively small when compared to other

profiles as described in the literature and as tabulated in Table 2.1. The overall achieved

droplet size and the width of the printed line is smaller. This is achieved as the meniscus

is already formed at the tip of the nozzle and the apex of aligned aperture needle acts

as a trigger to generate a smaller droplet due to the concentration of the electric field
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Figure 2.12: Scanning electron microscope (SEM) images of printed lines with (a-c)
Type C and (d-f) Type D printheads

Table 2.6: EHD printed line resolution parameters in the literature

S.No. Nozzle Diameter (µm) Nozzle Material Resolution (µm) Voltage (kV) Ratio (Nozzle to Line width) Ref.

1 7 Glass Nozzle 6.06 0.4 1.16 [78]
2 6 Glass Nozzle 7.25 0.38 1.21 [68]
3 7 Glass Nozzle 5.3 0.4 1.32 [79]
4 20 Glass Nozzle 14.8 0.55 1.35 [80]
5 6 Glass Nozzle 4.4 0.6 1.36 [81]
6 260 Stainless Steel Nozzle 175 3.6 1.49 [82]
7 5 Glass Nozzle 2.8 0.3 0.9 1.79 [66]
8 10 Glass Nozzle 5 0.8 1.5 2.00 [67]
9 30 Glass Nozzle 15 0.45-0.65 2.00 [83]
10 100 Metal Nozzle 48.15 3 2.08 [72]
11 200 Stainless Steel Nozzle 95 1 2.11 [84]
12 110 Metal Nozzle 50 2 2.20 [85]
13 110 Stainless Steel Nozzle 45 1.2 2.44 [86]
14 5 Glass Nozzle 2 0.42 2.50 [65]
15 60 Stainless Steel Nozzle 19 3 3.16 [87]
16 100 Stainless steel Nozzle 20 2.25 5.00 [88]
17 180 Stainless Steel Nozzle 30 0 to 15 6.00 [52]
18 840 Stainless Steel Nozzle 135 8.7 6.22 [89]
19 80 Stainless Steel Nozzle 2.3 0.60 34.78 [70]
20 220 Metal Nozzle 5 1.65 44.00 [73]
21 100 Stainless Steel Nozzle 0.7 0.2-0.6 142.86 [71]
22 500 Copper 3D Printer Nozzle 1.84 0.9 271.74 This work

at the tip. Table 2.6 shows the printed resolution of different EHD systems reported in

the literature and the printed resolution of line width in this work.
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Figure 2.13: Flow rate vs line width for hypodermic needle type printheads (Type A
and Type C)

Figure 2.14: Flow rate vs line width for spinal needle type printheads (Type B and
Type D)
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Similarly, when the hypodermic and spinal needle printhead was compared it was found

that the spinal needle printhead has small printed features as compared to the hypoder-

mic printhead. This is due to the respective smaller conejet diameter when the fluid exit

the printhead nozzle. The reason for the enhanced resolution is due to the momentum

of the liquid which is lower for the spinal needle as compared to a hypodermic needle.

The momentum is directly proportional to the height of the bevel cut. Due to the higher

momentum, the liquid volume ejecting from the nozzle is greater for hypodermic type

printhead as compared to the spinal printhead and hence the jet size of conejet becomes

smaller for spinal needle printhead which improves the printing resolution. Figures 2.13

and 2.14 illustrate the abovementioned phenomenon by comparing the printed line width

with respect to the flowrate of hypodermic and spinal needles printhead respectively.

2.5 Conclusions

In this work, we proposed a method to improve the printing resolution from EHD print-

ing. The work highlights the importance of needle profile rather than the size of the

needle to generate the droplet by comparing the printing of silver conductive ink through

four different EHD printhead designs. The method also provides the solution of using

the bigger size of nozzle to avoid common issues with the already reported EHD system

based on glass pulled nozzles. Feature size of as small as 1.85 µm was printed with the

proposed geometry of the EHD printhead under the optimal flowrate, a constant standoff

distance of 350 µm and optimal applied voltage. The overall experimental optimization

of system achieved the nozzle diameter to printed resolution of 270 times which is the

highest reported value to the best of our knowledge. The bigger nozzle diameter opens

the possibility of printing highly viscous polymer-based inks and the high concentration

of nanoparticle inks to be utilized by the proposed printhead design in this work. This

can be of great significance in the areas of biomedical, optics, soft robotics and sensor

applications which require additive printing of micro and nano size features.
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Laser ablation assisted micropattern

screen printed transduction

electrodes for sensing application

3.1 Abstract

In this work we present a facile method for the fabrication of several capacitive trans-

duction electrodes for sensing applications. To prepare the electrodes, line widths up

to 300 µm were produced on polymethyl methacrylate (PMMA) substrate using a com-

mon workshop laser engraving machine. The geometries prepared with the laser ablation

process were characterised by optical microscopy for consistency and accuracy. Later,

the geometries were coated with functional-polymer porous-cellulose decorated sensing

layer for humidity sensing. The resulting sensors were tested at various relative humidity

(RH) levels. In general, good sensing response was produced by the sensors with sen-

sitivities ranging from 0.13 to 2.37 pF/%RH. In ambient conditions the response time

of 10s was noticed for all the fabricated sensors. Moreover, experimental results show

that the sensitivity of the fabricated sensors depends highly on the geometry and by

changing the electrode geometry sensitivity increases up to 5 times can be achieved with

the same sensing layer. The simplicity of the fabrication process and higher sensitivity

resulting from the electrode designs is expected to enable the application of the proposed

34
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electrodes not only in air quality sensors but also in many other areas such as touch or

tactile sensors.

3.2 Introduction

Numerous fabrication techniques have been reported in literature to form the trans-

duction schemes for sensors attaining new functionalities, superior device responses and

capabilities. However, most of the techniques require intricate processes and costly fa-

cilities to fabricate such sensors. For instance, the conventional microelectromechanical

(MEMs) photolithography process, which is a top-down approach for fabricating sensing

electrodes, requires cleanroom and chemical etching process [90, 91]. The overall process

leads to chemical wastage, poses environmental issues [92–94] and customization in the

electrode design is often expensive as the product cost relies heavily on the scale and

batch size of fabrication. Therefore, contactless printing and contact printing, not re-

quiring the provision of a clean room, have attained interest recently for R&D activities.

Contact printing is widely used in the paper industry and print media.

The upside of these printing strategies is their high throughput with accuracies up to

50 µm of printed features. Generally, all the contact printing methods use roll-to-

roll technology to imprint the pattern on the substrate [95–97]. However, interconnect

registration control, on account of tight tolerances and elastic nature of the substrate

at high speed and pressure is intricate in nature. For large volume production the

cost of printed features through roll-to-roll technology is cheaper than contact printing

method. However, for small production batches or customized imprints, the cost per

item is a lot higher than contactless printing. Among contact-less printing inkjet printing

has been widely used for printed electronic applications due to their low capital cost

and pervasive availability. Moreover, compared to roll-to-roll printing technology the

customized patterned printing can be done readily with the ability to print features or

ink additively on the previously printed features.

Thermal and piezoelectric inkjet techniques require formulation of ink which needs to be

compatible with the printing process. Inks often degrades in the thermal inkjet printing

process if it is composed of material susceptible to thermal degradation, moreover high

viscosity ink cannot be used with piezoelectric inkjet printers [98, 99]. Screen printing
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for a simple lab-based R&D setup seems to be a possible solution for fabricating trans-

duction electrodes at a much cheaper cost compared to above-mentioned fabricating

processes. Screen printing requires a stencil. Although the process is simple, the low-

cost customization of the transduction electrodes is a big issue and the process involves

spreading a large amount of ink on the mesh. To circumvent the aforementioned issues,

a simple laser ablation process for screen printing of conductive ink seems to a be sim-

pler route for fabricating transduction electrodes. The laser ablation process from the

commercial laser cutting machine not only provide facile implementation of transduction

electrodes but also generates less ink waste when compared to the conventional screen

printing of ink. In this work printed capacitive structures to sense the electrochemi-

cal behaviour of the analyte are formed by laser ablation technique. The advantage of

capacitive sensors is that they consume low energy, are less susceptible to radiation,

have good sensitivity and provide fast response [100–105].The most well-known design

for measuring capacitive response is a parallel plate (PP) electrodes where the electrical

terminals are isolated by a dielectric material[106, 107]. For sensing applications and

particularly in thin-film capacitive sensors, interdigitated electrodes(IDEs) are perhaps

the most broadly utilized mostly due to their simple design, analytical and numerical

modelling [108–111].

The basic components of an electrochemical sensor are the sensing layer, transduction

electrodes and the substrate. The sensing layer attracts the analyte by undergoing chemi-

adsorption which generates the electric signal sensed by the readout circuit. The rate of

adsorption dictates the response of the sensor where the desorption cycle is attributed

to the recovery of the sensing layer. The sensing layer can be a single layer, bilayer

or composite layer. A typical sensor layout is presented in Figure 3.1. Transduction

electrodes can have different shape or geometries such as indigitated or meander that

provide the enhanced signal for capacitive and resistive sensing schemes [112].

Capacitive sensing has been commonly used for humidity sensors with reference capac-

itors so to mitigate the drift due to thermal interference. However, these devices are

complex due to the inclusion of additional components [113, 114]. Other methods such

as heating of substrate are also used to shorten or augment the recovery of such sen-

sors [115]. Nevertheless, with proper selection of sensing layers, electrode geometry and

suitable substrate a sensitive and highly responsive environmental sensor can be fabri-

cated which operates at room temperature with low or minimal sensor drift and without
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Figure 3.1: (a) Typical sensing mechanism. (b) Geometric shapes of transduction
electrodes.

needing additional components [116, 117].

Fabricating the transduction schemes on the substrate requires intricate procedure and

is often subjected to available resources. In the context of the prevailing COVID-19 pan-

demic situation most of the fabrication facilities are either non-accessible or closed [118].

In this scenario sensor fabrication techniques based on MEMs [119–121], inkjet printing

[122–124] and contact printing [125–127] methods can be expensive or unapproachable.

However, a simple laser ablation technique by utilizing the desktop CO2 laser cutter

can be used to fabricate the transduction schemes for realizing the environmental sensor

through screen printing the conductive ink inside the ablated tracks.

3.3 Result and Discussion

A systematic methodology followed by pursuing the steps highlighted in Figure 3.2,

resulted in the fabrication of laser ablated micropatterned features having an average
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width resolution of around 290 µm. Table 3.1 shows the variation in the experimental

data of the patterned features.

Figure 3.2: Step for laser ablated micro-patterned sensor.

The microchannel is formed by the laser ablation process due to the absorption of energy

induced by the laser beam. When the laser beam interacts with the work piece it ablates

the top surface of the work piece. The rate of ablation depends upon the power, speed of

the laser, wavelength of the radiation and material physical and optical properties. The

resolution of the microchannel can be optimized by carefully selecting the parameters
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Table 3.1: Experimental resolution of screen templating through laser cutting process

Straight Profiles Electrode Distance

Measure Value (µm)

Average 289
Minimum 287
Maximum 292

Standard deviation 2.1

Curved Profiles Electrode Distance

Average 377
Minimum 370
Maximum 383

Standard deviation 5.3

Straight Profile Interelectrode Spacing

Average 315
Minimum 313
Maximum 318

Standard deviation 2.1

Curved Profile Interelectrode Spacing

Average 216
Minimum 208
Maximum 223

Standard deviation 6.1

mentioned above. However, we have used the default ablation process parameters for

ease of micropatterning and simplicity of fabricating micropattern which can be utilized

for sensing of humidity. In our experiments we used 100% laser power and 100% speed

for laser engraving on Poly (methyl methacrylate) 3 mm sheet. Figure 3.3 shows that

for curved regions the resolution of patterned microchannel was degraded. The reason

for degradation of the resolution is due to slower speed of laser as compared to the

straight feature. The X-Y stage of the laser scanning head uses successive straight line

interpolation and offsets to interpolate the next laser spot for a curved geometry on the

work piece. Due to this interpolation of points for a curved region the speed is slow

and more area is ablated due to the prolonged laser exposure at a particular position in

time. Optical Images of the curved and straight features depicting the differences in the

line widths are shown in Figure 3.3.

Operations that were conducted to reduce the size of the suspended particles and to

increase the activation sites can be seen from the scanning electron microscopy images

in Figure 3.4. The image shows the overall distribution of the cellulose after wet grinding,

centrifugation and ultrasonic sonication.
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Figure 3.3: Optical images of laser ablated transduction features (a) Straight profile
(b) Straight profile electrode inter-spacing (c) Curve profile (d) Curved profile electrode

inter-spacing.

The composition of ink is based on biodegradable sensing layer, which is mainly com-

posed of cellulose, Poly ethylene dioxythiophene: poly-styrene sulfonate (PEDOT:PSS)

[128, 129] and Polyvinylpyrrolidone (PVP) coated silver nanoparticles [130, 131]. Silver

nanoparticles (SNP) are known for their antimicrobial activities as in medical applica-

tions silver catheters and silver coated catheters are used for slow-injection of solvent

while providing antiseptic properties. Moreover, as the nano-particles are coated with

PVP, there are less chances of toxicity and the possibility of oxidation [132–134]. On
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Figure 3.4: SEM images of cellulose decorated sensing layer. (a) Decorated cellulose
before ultrasonication. (b) Decorated cellulose after ultrasonication.

the other hand, cellulose is a good natural insulator commonly used as a dielectric ma-

terial. It has been incorporated into many applications as substrate for conductive and

non-conductive applications [135, 136].

The sensing properties depend on the change in electrical properties of the sensing

layer, which forms a uniform sensing region over the transduction electrodes. Once

the sensing layer is exposed to humidity the porous structure of the cellulose decorated

PEDOT:PSS and PVP coated SNP layer changes it’s capacitance during the adsorption

and desorption cycles. The change in capacitance is then recorded for various humidity

levels. All the sensors were tested with a starting relative humidity level of 50% as it

was the prevailing ambient condition for conducting the humidity measurements. The

measurements were taken with the help of GW INSTEK LCR-6000 Precision LCR Meter

by sweeping the selectable frequencies between 100 Hz to 2 kHz as tabulated in Table 3.2.

The formulation of the sensing layer with the addition of PVP coated SNP has provided

steric stability. The steric stability is evident in the SEM image as the cellulose fibres

are well spread over the region. Not only the readings are stable but also the fluctuation

of the capacitance value of the prepared sensors remains with in standard deviation

of 0.52 pF. In our experiments, when only the conductive PEDOT:PSS and cellulose

mixture was spin-coated on the transduction electrodes, the capacitive reading from

the fabricated sensors were not stable due to highly conductive PEDOT:PSS coated

layer. The mixing procedure and addition of PVP coated SNP not only reduced the

conductivity of the sensing layer but also provided anti-agglomeration property to the
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prepared ink for sensing. We noted that, on average, for all the transduction geometries

the fluctuation in the capacitance was abrupt without the inclusion of PVP coated SNP

steric stabilizer.

Table 3.2: Experimental resolution of screen templating through laser cutting process

The capacitance of transduction geometries at 50% RH

S.No. Freq. IDTs Meander Spiral Swiss Serpentine Custom

1 100 15.87 19.43 17.30 19.65 21.23 23.10
2 200 15.52 19.09 16.88 19.21 20.84 22.75
3 300 15.28 18.95 16.71 18.90 20.58 22.48
4 400 15.24 18.63 16.70 18.77 20.43 22.34
5 500 15.14 18.66 16.56 18.60 20.32 22.32
6 750 15.14 18.42 16.39 18.22 20.31 22.39
7 1,000 14.88 18.33 16.35 18.28 19.94 21.99
8 1,250 14.73 18.18 16.36 18.14 19.80 21.73
9 1,500 14.76 18.25 16.23 18.13 19.75 21.83
10 2,000 14.68 18.16 16.16 18.00 19.60 21.75

Mean 15.12 18.61 16.56 18.59 20.28 22.27

Std. Deviation 0.36 0.41 0.33 0.51 0.49 0.43

Schematic

The results of the humidity response with the transduction geometries are highlighted

in Fig 3.5. The highest response was recorded with a meander electrode configuration

having a sensitivity of 2.37 pF/%RH whereas the lowest response was from archenemies

spiral configuration of 0.13 pF/%RH. At relative humidity level above 80% there was a

sharp increase in capacitive response for meander electrode configuration as compared to

the other geometric configuration. Serpentine, interdigital, and custom pattern has not

only shown good sensitivity but a gradual increase in capacitive response with respect to

relative humidity. Therefore, these configurations may be selected for practical ranges

of humidity response. The reason for the variation in the transduction response is due

to the difference in the density of the sensing electrodes and inflection points in the

geometries. These changes result in the difference of electric field generated by the

respective geometries thus exhibiting changes in the capacitance of each geometry.

The sensitivity of the sensor is defined as the ratio of difference of the capacitance at

a specific relative humidity level designated by CRH and base capacitance (CRHo) of
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Figure 3.5: Humidity response of patterned sensors (a) Archemedies Spiral (b) Me-
ander (c) Serpentine (d) Interdigital (e) Rectangular Spiral (f) Custom design .

the sensor divided by the base capacitance of the sensor. Equation 3.1 mathematically

denotes the sensitivity of the sensor.

S = (CRH − CRHo)/CRHo (3.1)

Table 3.3 shows the sensitivities of the different transduction schemes. It is evident

from the sensitivity values that sensing gradient highly depends on the transduction

geometry. For certain sensing application a same sensing layer can offer better result

with a specific geometry.

Table 3.3: Sensitivity of the transduction geometries

Sensitivity of fabricated sensors

Transduction Geometry Sensitivity pF/%RH

Meander 2.37
Archimedes Spiral 0.13

Serpentine 0.84
Interdigital 1.06

Rectangular Spiral 0.31
Custom 0.88
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Table 3.4 and Figure 3.7 show the response and recovery cycles of all the patterned sen-

sors. For each cycle of response time and recovery time of the sensor are calculated. The

response time is highlighted in green, and the recovery time is in red. Except the mean-

der geometry all the other fabricated sensors have response time of less than 1 second,

illustrating a quick humidity sensing application. However, the overall recovery times

were below 6 seconds for all the geometries. A closer inspection of the bin sensitivities

of all the transduction electrodes, as shown in Figure 3.6, indicates that the meander

transduction electrode geometry has exceptionally high sensitivity in the humidity bin

of 90-100% when compared with the other transduction electrodes. Due to this effect

the overall sensitivity of the meander geometry is higher as compared to the other ge-

ometries. Considering this factor and the gradual increase of transduction response of

interdigital, serpentine, rectangular and custom geometries, it is evident that they are

well suited for humidity sensing in our case.

Figure 3.6: Bin sensitivities of all the transduction electrodes.

Table 3.4: Response and recovery of the transduction geometries

Response and recovery of fabricated sensors

Transduction Geometry Response (s) Recovery (s)

Meander 9.38 5.90
Archimedes Spiral 0.57 5.10

Serpentine 0.38 3.13
Interdigital 0.91 4.74

Rectangular Spiral 0.57 1.28
Custom 0.54 3.11

Figure 3.8 provides the adsorption and desorption cycle of patterned sensors. We found
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Figure 3.7: Response and Recovery cycle of patterned sensors (a) Meander (b)
Archimedes Spiral (c) Serpentine (d) Interdigital (e) Rectangular Spiral (f) Custom

design .

that there exists a hysteresis between the adsorption and desorption cycle of the pat-

terned electrodes in all the geometry. However, for certain geometry there the hysteresis

is small compared to other geometries. The reason for the hysteresis is due to two fac-

tors. The first is due to the porous nature of cellulose layers on the sensing layer which

traps the water molecules during the desorption cycle. It is evident that the capaci-

tive response for the desorption is more than the adsorption cycle of depicting the high

chances of trapping water molecules.

The other reason is the gradual decrease of humidity level in the desorption cycle as

compared to the adsorption cycle which has a steep change in the humidity level. Since,
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the response of the DHT22 sensor has a higher rise due to the sudden increase of humidity

in the chamber therefore, there is more hysteresis in the response stage of the sensor as

compared to the recovery stage, where the hysteresis is low since the chamber humidity

during this stage has a slower rate. It is anticipated that a precise measurement chamber

can reduce the hysteresis between the response and recovery stage of the screen-printed

sensors. It can be noted that in most of the cases the chamber starting humidity was a

little higher at the end of the reading and the screen-printed response was also a little

higher in the end depicting that there exists high correlation of humidity sensing of the

sensors even with the slight deviation of humidity levels.

Figure 3.8: Adsorption and desorption cycle of patterned sensors (a) Meander (b)
Archimedes Spiral (c) Serpentine (d) Interdigital (e) Rectangular Spiral (f) Custom

design .

In the preceding discussion the results of the sensitivity, hysteresis, response and recov-

ery of various transduction scheme was presented for humidity sensing. It is pertinent

to note here that the sensitivity of the meander electrode was higher among all the
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fabricated sensors however, the response and recovery cycle was the lowest among all

the geometries. Moreover, there was an appreciable increase in the capacitance value

above 80% relative humidity which indicates highly non-linear relationship between the

humidity and respective capacitive response. In this regard, the most promising elec-

trode configuration seems to be either serpentine and custom pattern as these were the

only geometries which provided a good sensitivities and less non-linearity among all the

fabricated geometry.

3.4 Methods

3.4.1 Fabrication of Transduction Electrodes

Laser scribing is a method to induce high laser power to produce features or cuts on the

surface of the substrate. In a mechanical workshop, the laser machine is used for cutting

various materials of different thickness to perform 2D cutting and engraving. The main

purpose is to transform the digital design to follow a laser path which can be used for

either cutting or engraving purposes. The depth of the cut depends upon the settings

of power of the laser, speed of the laser and whether the spot size of the laser is focused

on the substrate. On the other hand, the width of the cut depends upon the focusing

lens, laser spot speed, power of the laser and distance of the laser with the object. If the

laser is adjusted so as to focus properly on the substate then the quality of the laser cut

is precise and is slightly above the focused spot size of the laser. The power of the laser

is converted into heat energy when focused on the substrate and removes the material

by locally ablate or burn the material to induce the digital imprints on the substrate.

In the laser cutting process, the cut width is often termed as the kerf width of the laser

cutting process. In order to reap the benefits of the above-mentioned process, we followed

a facile process of engraving the designed pattern on the Poly (methyl methacrylate)

(PMMA) sheets of thickness 3 mm. The printing process involves the computer-aided

(CAD) designs of the electrode geometry and digitally transforming those through CO2

laser cutting beam on the PMMA sheets. Figure 3.9 highlights the overall process of

fabrication.

The laser ablation was done by considering the glass transition temperature of the

polymer substrate, laser speed, laser power and z-height of the laser beam without the
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Figure 3.9: Transduction electrode fabrication process and transduction geometries.

optimization of the kerf width. This technique provides a rapid production of custom

geometrical transduction scheme on the substrate. Due to the nature of the process, it

requires no special micro fabrication process and can be done in a workshop environment

to produce the transduction electrodes. Moreover, as the polymer becomes flexible close

to its glass transition temperature, there is a possibility to adhere the substrate to curved

surfaces. Moreover, the geometrical designs can be readily exported to the laser cutter,

where the laser can be turned on and off instantly and the engraving/cutting features

can be set for various layers. However, the limitation of the above technique is the

resolution of the laser beam and the accuracy of stages of the CO2 beam laser cutter.

In our experiments we used six different geometrical features all with line spacing of 400

µm from the centre of the finger. Once the geometrical features were engraved on the

PMMA sheets the edges of the sheets were cut out and a template for screen printing

of conductive ink is ready for the next stage of conductive ink coating process. In our

experiments we used the Novacentric Metalon® HPS-021LV (Novacentric, USA) screen



Chapter 3 49

printing ink. HPS-021LV is an electrically conductive silver flake ink designed to produce

conductive traces on the substrate substrates such as paper, PET, glass, polyimide, and

silicon. Properties of HPS-021LV ink is enlisted in Table 3.5

Table 3.5: Properties of HPS-021LV screen printing ink

Measure Value

Average particle size 2-4 µm
Viscosity 26,000 cP at 0.1 sec-1

Specific gravity 3.1
Silver loading 75%

Solvent Water

Once an ample amount of HPS-021LV is coated on the PMMA substrate the ink settles

insides the engraved geometrical features. Later these geometrical features is subjected

to heating in a convective oven to evaporate the solvent at 100°C which is below the

glass transition temperature of the PMMA sheet of 105°C. The thermal curing of the

ink was done for 1 hour each for all the geometrical features. After the curing process

the sheet is cooled down to the ambient temperature and the excess ink is removed

by uniformly scribing the surface of the PMMA sheets using a scribing knife. As the

engrave features were below the level of the PMMA sheets, therefore, after the scribing

process only the ink necessary for forming the transduction electrode was left behind

resulting in the functional sensing schemes. After the scribing process the conductivity

of the tracks were checked through continuity measurement via a multimeter. Since, for

each type of geometrical design the track lengths were different from the connection pad

therefore, the conductivity of the tracks varied for each geometrical feature.

3.4.2 Sensing Layer Preparation

The process of ink preparation involves a synthesis of ultrafine particles from an amor-

phous precursor. For this purpose, a comprehensive methodology has been devised. The

methodology involves the following steps as shown in Figure 3.10.

The process starts with the wet grinding of 1 gm of Sigmacell Cellulose (Product Code:

S3504) of Type 20 with 20 µm average diameter size with 5 ml of deionized water. The

wet process improves the overall particle size by reducing the lumps and agglomerations

during the storage of the cellulose. Shearing forces reduce the particles’ size, thus in-

creasing the particles per unit weight. Reduction in particles increases the activation
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sites. During the 2-hour grinding process the reduction in particle size in the mortar is

felt with a decrease in friction of the grinding. Wet grinding was assisted by gradually

adding water to maintain the solvent quantity during the process.

Figure 3.10: Process of ink preparation.

Later the mixture was transferred into the beaker and is weighted to record the con-

centration of solvent in the mixture, Once the weight measurement is taken, 50 ml of

deionized water was added so facilitate the stirring process through a magnetic stir-

rer. Magnetic stirring of mixture provided a uniform homogenization of amorphous

solid particles in the solvent. Thus, improving the uniformity of the suspended parti-

cles in the solution. After the stirring process the mixture is heated to 100 °C attain

the solvent quantity of 5 ml after the evaporation process. A 1 ml of high conduc-

tivity grade of Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS)

purchased from Sigma Aldrich (Product Code : 900181) having concentration of 0.5-

1wt%of PEDOT:PSS in water along with 0.1 ml of Polyvinylpyrrolidone (PVP) coated

silver nanoparticle of concentration 5mg/ml in water (PVP-coated AgNP) purchased

from NanoComposix was added to adjust the conductivity and to provide steric sta-

bility of the mixture was added thus avoiding agglomeration of the suspended parti-

cles. The mixture was then probe sonicated twice for an interval of 5 minutes each

to attain the homogenized mixture of cellulose decorated conductive polymer. After

sonication the liquid is then subjected to centrifugation at 800 rpm for 30 minutes to

remove the heavier particles from the mixture by removing the supernatant from the

solution. The mentioned process provided a uniform concentration of cellulose particles

when compared to the filtration process. Since, in the filtration process only particles
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above a certain size are removed from the liquid. The shape of the particle remains

the same, whereas the above method shapes the particles into flakes or nanorods. This

two-dimensional feature is more responsive when used for gas sensing applications [137].

Once the mixture is prepared the solution was poured on the transduction electrode and

each transduction acrylic plate was then spin-coated at 1000 rpm for 120 seconds for

each type of transduction geometry.

3.4.3 Measurement Setup

Transduction electrodes are commonly used in sensing applications. The electrodes

provide the ability to measure different kinds of gases such as Nitrous oxide, gaseous

Ammonia, humidity, and many more [138]. To test the performance of various patterns

of electrodes, we chose to work with the most frequently measured physical quantity

i.e., humidity. This provided us with a base for assessing performance parameters of

various patterns of electrodes, built using in-house facilities. Since, the humidity level

in an indoor setting is quite low and stable, we carried out the experiment in an envi-

ronment where humidity could be controlled to monitor the behaviour of the electrodes.

Therefore, an environment was built in a plastic container that was linked to an external

humidifier where the level of humidity was varied and continuously monitored. Basic

structure of the experimental setup is depicted by Figure 3.11.

Figure 3.11: The basic layout of the experimental setup.
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The container was built such that the DHT sensors and different patterns of electrodes

could be placed inside it. To achieve homogeneity of humidity inside the container, two

acrylic plates were placed horizontally inside the container with holes made using a laser

cutter. The holes of 5mm in diameter were spread evenly across both plates with 15mm

spacing between them, and a 7mm offset in holes between the top and bottom plate.

The bottom plate assisted in dispersing humidity evenly while the top plate assisted

in releasing excess humidity out of the chamber. Four DHT22 humidity sensors were

placed on all four sides of the container such that the sensors and the electrode sensors

were placed vertically around the inner walls of the container located between the top

and the bottom plates. This enabled us to simultaneously test the performance of all

the different patterns of transduction electrode sensors with varying levels of humidity.

The two plates with holes fit inside the container with a much larger hole cut out at the

centre of the container for a plastic pipe that drops down to the humidifier.

Humidity can easily be generated using an appliance called the humidifier, which is

inexpensive and provides the user with the ability to control the humidity. It is an

ultrasonic cool mist generator that is droplet free from Kogan and has a 1.5-liter water

tank. The humidifier was placed at the bottom of the container with a circular hole

cut out at the bottom for a tight fit of a 30mm wide pipe connecting to the outlet

of the humidifier. A support structure was built to place the container on top of the

humidifier. The humidifier exudes mist from the top into the bottom of the container

through a pipe. Each pattern of transduction sensor has two square pads filled with

silver ink that extends to the sensing electrodes themselves. With the help of adhesive

copper tape, small pieces were fixed to the two pads, so that thin multistrand wires could

be soldered on to the tape for connectivity. Arduino/STM32: As soon as the humidifier

starts introducing humidity into the container, DHT22 sensors begin reading humidity

levels and simultaneously the transduction electrodes start sensing the humidity levels.

Humidity levels from DHT22 sensors, were read using Arduino Nano that was kept

separate from the capacitive readings taken with Nucleo-F446RE board. Components

of the experimental setup are labelled in Figure 3.11.

The top view of experimental setup indicating position of transduction electrodes of six

different patterns (meander, interdigital, serpentine, circular spiral, rectangular spiral

and a custom design) and four DHT22 humidity sensors, all mounted on inner walls of

the container.
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3.5 Conclusion

In this work, we presented a comparison among six different electrode layouts fabricated

by using a laser ablation process. It has been observed that depending on the specific

application and its requirements, an appropriate transduction scheme for environmental

humidity sensors can be ascertained. For a large area sensing applications, the presented

designs are scalable and suitable for sensing applications. The custom triangular pattern

presented in this work can be a promising scheme when scalability for large area is not an

issue. The fabricated sensors were tested at various relative humidity levels that achieved

a good sensing response with sensitivities ranging from 0.13 to 2.37 pF/%RH in general

for various transduction schemes. The meander geometric transduction scheme reported

the highest sensitivity among the fabricated sensors however, there were some demerits

for such geometry such as lower response and recovery time along with associated non-

linearity of capacitive response with respect to humidity. The work presented here

provides a facile approach, biocompatible sensing layer and compendium of processes

for fabricating sensors in a small low-cost laboratory which can be of great advantage

during the prevailing COVID-19 pandemic. Furthermore, the results obtained from the

presented fabrication scheme can be extended for a high-resolution patterning electrode

geometry with a suitable sensing layer.
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Silver nanoparticle and diethylene

glycol monobutyl ether modified

conductive ink for high conductivity

electrohydrodynamic printing

4.1 Abstract

Piezoelectric inkjet printing is a well-known technique for conductive printing on var-

ious substrates. However, the printed conductive tracks require post printing thermal

curing. The development of cracks in the printed tracks during the curing process is

a common issue associated with the non-optimal ink composition or the substrate ex-

pansion during the curing process. This problem can be further aggravated if the ink

normally prepared for a particular printer is used with another printer such as an elec-

trohydrodynamic (EHD) printer. Regardless of the reason, if cracks are developed in

the printed conductive tracks, the electrical continuity of the printed features is deterio-

rated, and this can render the overall process ineffective for flexible printed electronics.

As a general principle, with appropriate modification of the ink, it is possible to prevent

the development of cracks during the curing process. In this paper, we present results

of EHD printing experiments over polyethylene terephthalate (PET) substrate with a

commercially off-the-shelf (COTs) available ink procured from Novacentrix. The ink is

54
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normally used in piezoelectric inkjet printers. The ink was printed as obtained on an

EHD system, but cracks were produced after thermal curing even at temperature be-

low the glass transition temperature of the PET substrate. The ink was later modified

with different concentrations of loading of metallic silver conductive nanoparticles and,

low concentration of diethylene glycol monobutyl ether. This modification led to elim-

ination/reduction of the cracks as experienced with the COTs ink. A thorough set of

characterisations was performed to ascertain the effectiveness of the ink modification and

crack-free printed patterns. It is concluded that the printed features with the lab pre-

pared/modified ink produce conductive tracks and the proposed modification plan can

be a cost-effective method for modifying the existing COTs ink for printed electronics

through EHD printing.

4.2 Introduction

Inkjet printing is one of the promising printing techniques for fabricating conductive

tracks on various substrate materials. Traditionally, most of the inkjet printing systems

have been employed in the print media [99]. Over the years the piezoelectric and thermal

inkjet technology has matured and there is now a plethora of commercial piezoelectric

and thermal inkjet printers. However, inkjet printing based on the piezoelectric inkjet

principle has attained significant attention in life science applications since the dynam-

ics of printing is done without varying the temperatures and ink is less susceptible to

thermal degradation. Life science applications, such as proteomics, DNA sequencing,

tissue, and cell manipulation [139–145] along with the applications in printed electronics

[146–149], are now seemingly growing. Despite the growing usage of inkjet printing in

emerging areas, most of the formulated ink needs to operate within a certain ink dynam-

ics envelope. Therefore, intricate processes are required not only for formulating the ink

for a specific purpose but also the surface properties of the substrate need to be catered

while synthesizing the ink. Due to the complex nature and customized requirements

which are often challenging, inks for inkjet printing needs to be tuned for jettability and

producing consistent patterns during the printing process.

Moreover, use of a piezoelectric inkjet system for conductive printing of tracks for printed

electronics requires further refinements since the ink contains conductive nanoparticles

which are susceptible to agglomeration which requires a greater piezoelectric ejection
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Table 4.1: General viscosity ranges of contactless and contact printing methods.

Parameter Viscosity Range (mPas)

Thermal Inkjet 1-2
Piezo Inkjet 5-30

Gravure 50-200
Flexography 50-500

Screen 1,000-10,000
Offset 40,000-100,000

force during the printing process. Cleaning of ink cartridges after printing, viscosity,

surface tension and substrate properties play a vital role in preparing ink particularly for

piezoelectric inkjet printing. Additionally, attaining higher resolution with piezoelectric

inkjet printing is also a big issue. In order to improve the print resolution the ejection

diameter of the nozzle needs to be reduced. When the diameter of the nozzle reduces it

increases the wall forces in the nozzle appreciably, and the piezoelectric ejection forces

need to increase accordingly. Due to this constraint, the use of smaller nozzle diameters

with higher concentrations of conductive nanoparticles is a big challenge.

Electrohydrodynamic (EHD) printing involves pull forces instead of push forces gener-

ated by the counter electrode electric field. Since, the liquid is pulled from the nozzle

therefore, it forms the shape of a cone from the ejecting nozzle. The cone shape of the

liquid improves the resolution of printing and the possibility of improving the resolution

of printing of conductive tracks can be realized. EHD inkjet printing not only provides

the possibility of using a high concentration of nanoparticle-based ink for printing pur-

poses, but the overall process can have different printing modes such as drop-on-demand,

continuous and spray mode inkjet printing. Table 4.1 outlines the viscosity parameters

of the ink for various kinds of printing method [150].

Although EHD printing provides benefits, a suitable ink for printing, especially on flexi-

ble substrates, is not commonly available due to there being very few suppliers of COTs

EHD printer. Most of the conductive inks for printed electronics are either based on

gold [151–154], silver [155–159] or copper [79, 160–163] metallic particles. However, sil-

ver is low-cost compared to gold and is less susceptible to the environment than copper.

Almost all the conductive ink printing through inkjet printing requires post curing or

sintering processes to remove the solvent carrier of the conductive nanoparticles to form

the conductive tracks. However, it is often seen that conductive tracks tend to develop
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cracks during the sintering process, rendering the overall printing futile. This behaviour

occurs predominantly when the substrate is flexible and expands with the increase of

temperature during the sintering process.

As a general principle, modification of the ink can be effective in preventing the devel-

opment of cracks during the curing process. With this in mind, we conducted a series

of experiments on an in-house developed EHD system with a COTs ink procured from

Novacentrix. The details of the EHD system can be found in our early experiments [164].

Using the ink as obtained resulted in cracks in the printed tracks. However, when the

ink was modified the cracks were eliminated/reduced. This paper presents the details

of the printing experiments, and the ink modification steps and procedure.

4.3 Materials and Methods

In this work, a 101.6 µm commercially available overhead transparency (OHP) sheet from

3M PP2900 was used as the substrate for printing the conductive lines. The substrate

was mounted on the copper plate on which small holes of diameter 0.5 mm were drilled.

The plate was then fixed by means of screws onto an aluminium machined plate which

was connected to the vacuum pump. Once the vacuum pump was in operation it created

a vacuum which then holds the substrate firm in-place over the copper plate. To avoid

sagging of the substrate under vacuum, a series of 3D printed pillars were inserted

between the aluminium suction plate and copper cladded printed circuit board (PCB)

plate. Holes on the copper cladded plate were drilled with the help of a ProtoMat S62

PCB milling machine by LPKF Laser & Electronics, USA, at a spacing of 10 mm with

the offset distance of 5 mm to the next row on a length of 100 mm by 100 mm. Thus,

the overall substrate which can be held firmly on the X-Y stage was around 100 mm

x 100 mm. The thickness of the copper cladded PCB plate was 1.2 mm with a copper

thickness of 35 µm.

Before fixing the copper plate to the vacuum chamber the copper plate was finely sanded

to remove any burrs or unevenness which can occur due to the drilling of the minute holes

for the vacuum. The copper plate was then connected to the ground electrode for the

electrohydrodynamic ejection of liquid from the nozzle. The bottom of the aluminium

suction plate was then mounted on the heating plate, which provided the insitu heating
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Figure 4.1: Layout of the EHD printing system.

of the substrate during the printing process below the glass transition temperature of

the PET substrate. A pictorial layout of the EHD system is shown in Figure 4.1.

Conductive inks from Novacentric® USA were used to produce the conductive tracks

through EHD printing. Four different types of inks were used based on two different sol-

vents, namely Diethylene glycol (DEG) and Ethylene glycol (EG). Metalon® JS-A102A

and Metalon® JS-A211 inks from Novacentric® USA, were based on DEG solvent base

with the exception that the later included a fluoropolymer binder. On the other hand

Metalon® JS-A191 and Metalon® JS-A291 includes EG solvent with JS-A291 contain-

ing a small quantity of polyurethane binder. The role of the binder was to enhance the

ability of inks to be printed on bendable flexible substrates at the expense of a little

increase of resistivity. It was also noted that the fluoropolymer-based inks provided bet-

ter inhibition towards oxidation when compared to the polyurethane binder [165–167].

Additional details of the inks can be found in Table 4.2.

All the inks were tested on the OHP PET substrate for their printability on a low cost

commercially available substrate. Moreover, these inks were also altered with silver

flake based screen printed ink from Novacentric® USA (HPS-021LV) with properties

mentioned in Table 4.3. HPS-021LV is a high concentration silver flake (AgF) ink

having 75% (wt/wt) of Ag loading with diethylene glycol monobutyl ether (DGME) as

the solvent base. The modification process involved addition of isopropyl alcohol (IPA)

to enhance the miscibility of the HSP-021LV ink with the piezoelectric inkjet ink. First

the AgF-DGME HPS-021LV ink was added in IPA in such a way that the overall ratio

of the Ag remained 40% by weight similar to the Ag content of the piezoelectric inkjet
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Table 4.2: Metalon® piezoelectric inkjet printer physical properties

Parameter Metalon® Metalon® Metalon® Metalon®

JS-A102A JS-A191 JS-A211 JS-A291

Viscosity (cP) 8-12 8-12 8-12 8-12
Ag Content (wt/wt %) 40% 40% 40% 40%

Surface Tension 18-22 27-32 28-32 28-32
(Dyne/cm)

Z-avg particle 28-40 30-45 30-50 30-50
size (nm)

Specific Gravity 1.6 1.6 1.6 1.6
Diethylene Ethylene DEG with EG with

Solvent glycol(DEG) glycol(EG) fluoropolymer Polyurethane
binder binder

Table 4.3: Novacentric® HPS-021LV screen printed ink physical properties

Parameter HPS-021LV (Water based Ag flake ink)

Viscosity (cP) >1000 (Brookfield spindle LV #4, 30 rpm)
Ag Content (wt/wt %) 70-75%
Z-avg particle size (µm) D50 = 2.0 micron, D90 = 4.0 micron
Specific Gravity 3.1
Solvent Diethylene glycol monobutyl ether

ink. This brought the overall concentration of Ag particles closer to the AgNP weight

ratio of the inkjet printing ink. The AgF-DGME and IPA underwent ultrasonication

for 1 hour and subsequent magnetic stirring to avoid agglomeration of the AgNP and to

ensure even distribution of AgNP in IPA. Later the HPS-021LV-IPA composite ink was

added to the piezoelectric inkjet inks by varying the ratio of HPS-021LV-IPA composite

ink from equal volume ratio and increasing the ratio by one fourth (25%) by volume to

test and evaluate the printability of the ink on the substrate.

Prior to printing, the PET substrate was cut into 110 mm by 110 mm square sheet

suitable for printing platform. Then the substrate was washed with deionized water,

dried and cleaned with isopropyl alcohol. After that, it is purged by Nitrogen before

the printing process. Conductive ink was delivered to the nozzle with the help of 0.19

mm diameter fluidic connector with a syringe pump. Connection from the syringe pump

to the nozzle was done by the COTs hypodermic needle. This was to avoid a volume

of printing ink becoming trapped inside the Luer lock hub. All these modifications
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resulted in the precise control of the flowrate and instantaneous changes in the shape of

the meniscus were observed as the flowrate from the syringe pump was regulated.

During the printing process the temperature of the substrate was maintained above the

glass transition temperature of the PET substrate at 80 ◦C. However, while the temper-

ature was slightly above the glass transition temperature, PET can retain its mechanical

properties due to its high crystallization and melting temperature [168, 169]. Further

details of the nozzle head design and respective ejection phenomenon can be found in

our previous work [164]. The overall process of preparation of the conductive ink, EHD

printing and conductive track evaluation via optical and SEM images is depicted by

Figure 4.2.

Figure 4.2: Process flow of conductive ink preparation and conductive tracks evalua-
tion.

4.4 Result and Discussion

For the conventional inkjet printing method, the conductive particles were subjected

to very fine ball milling process to decrease the size of the particles since piezoelectric

printhead was prone to clogging. Generally, in inks for piezoelectric inkjet, particle size

less than 100 times the diameter of the nozzle is preferable [170–172]. However, recent
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developments in the EHD inkjet printing allows larger size of nanoparticles ink to be

used for high resolution printing purposes [173].

As the AgNP are mixed with solvent and binders, there is still separation between

the NPs during the sintering process. The solvent plays two important roles in the

ink formulation. The first is to act as a vehicle to fuse the conductive NP during the

sintering process, and the second is to adjust the viscosity and surface tension of the

ink so that the ink can be used for a particular inkjet printing process. In our case,

EHD printing has the advantage that it can operate over a wider range of viscosities

and surface tension [171, 174]. However, during the post printing or insitu ink sintering

process, the evaporation of the ink induces stress either through rapid evaporation or

due to coefficient of expansion (COE) of substrate, resulting in the ink developing cracks.

The amount or width of the cracks can be reduced by changing the sintering temperature

profiles or overlapping the tracks with the ink by repeated printing [175–177]. However,

the downside of these strategies is that the sintering process take more time to cure

the ink and the printed tracks is still prone to cracks with slight bending. Conversely,

the repeated printing increases the stiffness of the conductive tracks again limiting the

flexibility/bending of the substrate [178, 179].

Evaporation rates of the solvent and binder in the ink also plays an important role

during the sintering process and formation of cracks. Often the solvent and binders are

selected such that the evaporation rate of the ink is slow and can only be expedited

once the overall printing has been finished either through thermal curing or through the

application of intense pulse light (IPL) ultraviolet (UV) curing [180–182].

In our investigation, the printed lines with the COTs inkjet inks were prone to cracking

after the sintering process. After the printing of the ink, it was cured thermally at 100

◦C for two hours to produce the sintered tracks. During the curing process sintering of

the silver nanoparticles takes place in two steps. In the first phase the solvent evaporates

due to its low evaporation temperature. Therefore, the NP lose their organic shell and

nanoparticle interaction or contact starts to form. Once all the organic material is

evaporated, the AgNPs fuse together to form the conductive tracks. We noted that each

of the printed tracks from the Metalon® inks produced cracks, as shown in Figure 4.3.

The overall width of the cracks was less than 5 µm. The reason for the formation of

cracks during the EHD printing was due to the focusing of ink at the conejet which
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Figure 4.3: SEM images of conductive tracks printed with EHD printing depicting
formation of cracks at various resolutions.

resulted in more ink deposition at the centre of the ejecting nozzle and ink forming a

concave cross-sectional profile. The ink used for the deposition of the conductive tracks

on the substrate had been developed for piezoelectric actuation which spreads a similar

amount of ink across the cross-section of the deposition. Therefore, during the drying

process the sintering is uniform across the cross-section of the deposited ink, which

avoids mud crack development. On the other hand, when the same ink is deposited

through the EHD printing the ink forms a conejet which results in the improvement of

the resolution during the deposition of ink on the substrate. However, the resulting ink

volume at the edges of the line is less as compared to the ink volume at the centre of

the deposited ink. The differential volume across the cross-sectional area induces the

stresses during the drying or thermal curing process. Development of stress during the

thermal curing process results in formation of mud cracks.

Figure 4.4 highlights the images of the printed tracks through EHD printing. The

optical microscopic image clearly shows that at the centre of the printed line, the printed

lines are reflective or have high contrast due to optics focusing on the top layer. The

contrasting region clearly shows that the ink is focused on the apex of the conejet in the

EHD printing, thus creating a differential volume deposition during the EHD printing

process across the crossection of the printed feature. We envisaged that the differential

volume expedited the uneven loss of solvent across the cross-section of the printed lines,

thus developing stresses in the printed lines. Moreover, the coefficient of expansion

of the substrate further aided the formation of cracks in the printed cracks, when the

individual size of the metallic nanoparticles in the ink were smaller than the cracks void.
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Figure 4.4: Optical images of conductive tracks printed with EHD printing depicting
high aspect ratio printing and formation of cracks.

Figure 4.5 shows a cross-sectional SEM image of the printed lines. The SEM shows the

aspect ratio of the printed line of width of around 60 µm. The cross-section forms the

semi-elliptical shape along the x-axis depicting higher volume of ink being deposited at

the centre of the line, forging the concept of high aspect printing of the ink through

EHD printing.

Figure 4.5: SEM image of the cross-section of the conductive printed line through
EHD printing.
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Figure 4.6 shows SEM images of the EHD printed conductive tracks of the composite

AgNP and AgF ink. The conductive tracks show no signs of cracks for various EHD

line widths. From the AgNP based EHD printed conductive tracks we noticed that the

cracks developed predominantly on higher in density whenever the line width is larger.

This indicates that for a wider line width the development of stresses is much higher

than stresses in smaller printed line widths. However, from the AgNP and AgF IPA

composite ink even the tracks which were bigger than 100 µm were free from any cracks.

The printed line width ranges from 5 µm to more than 200 µm as shown in Figure

4.6. However, further improvement of the line resolution was not possible through the

composite ink due to the presence of larger particles of AgF.

Figure 4.6: SEM image of the crack free printing of conductive composite ink through
EHD printing.

The piezoelectric inkjet ink was based on AgNP of diameter less than 50 nm. Whereas,

the AgF-DGME HPS-021LV screen printing ink had an average particle size of 4 µm.

AgF-DGME HPS-021LV IPA solvent was mixed with AgNP piezoelectric ink with an

increasing ratio starting from equal ratio by volume. Gradually the ratio of AgF-DGME

HPS-021LV IPA was increased by 25% (by volume) in all the piezoelectric ink to prepare

other composite formulation for the EHD printing purpose. We used the nomenclature

of JS A102A:SNF-IPA for the Metalon® JS A102A and AgF-DGME IPA composition.

Breakdown of each composition of the composite ink can be seen in Figure 4.7.

The composite ink was then spin coated at 3000 rpm to form the homogeneous mixture

and even coating on the substrate to test the sheet resistance of the prepared ink. The

sheet resistance of the spin coated ink on the PET substrate increased with the increased

concentration of AgNF. This showed that higher AgF concentration resulted in the lower
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Figure 4.7: Ink formulation by weight ratio

conductivity since the average size of Ag particles in the composite ink was increased.

On the other hand, bigger particle size of AgF acted as a crosslinking agent between

the micro cracks and resulted in the crack free printed lines. JS A102A and JS-191A

based composition showed excellent conductivity and no signs of cracking. However,

JS-211A and JS-291A ink composition has lower conductivity when compared with the

other formulations, nevertheless the cracks in the conductive patterns were not present.

It is envisaged that the lower conductivity of the JS-211A and JS-291 ink is due to the

inclusion of polyurethane and fluoropolymer binder. The polymer binders provide the

ink to retain its conductivity during repetitive bending. Figure 4.8 shows the graph of

sheet resistance for each type of the prepared composite ink.

4.5 Conclusion

In this work, a simple method has been presented to mitigate the cracking behaviour of

a COTs ink for piezoelectric inkjet printer through investigation of the microstructure

of the developed cracks during the EHD printing process. It has been found that the

tendency of ink to develop cracks can be avoided by adding the filler AgNFs particles

longer than the crack width. The filler AgNFs acts as a nanowire to fill the cracks.

We also noted that the increase in the amount of the AgNFs increased the conductivity

of the ink. The AgNFs and AgNPs composite ink is compatible with EHD printing.

The highest resolution of 6 µm was achieved during the EHD printing of composite ink.
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Figure 4.8: Sheet resistance of AgNP - AgF IPA ink for various concentration of ink.

The line width was wider for the composite ink as it was composed of 4 µm AgNFs.

However, the inclusion of larger AgNFs helped mitigate the development of the cracks

in the printed features. Moreover, higher amount of AgNFs further increased the line

width of the printed feature but the sheet resistance was decreased with the increase of

AgNFs. The average sheet resistance of the prepared ink varied from 100 milli ohm per

square to 4 ohm per square (for higher concentration of AgNFs by volume).
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Study of Microchannels

Fabricated using Desktop Fused

Deposition Modelling Systems

5.1 Abstract

Microfluidic devices are used to transfer small quantities of liquid through micro-scale

channels. Conventionally, these devices are fabricated using techniques such as soft-

lithography, paper microfluidics, micromachining, injection moulding, etc. The advance-

ment in modern additive manufacturing methods is making three dimensional printing

(3DP) a promising platform for the fabrication of microfluidic devices. Particularly, the

availability of low-cost desktop 3D printers can produce inexpensive microfluidic devices

in fast turnaround times. In this paper, we explore fused deposition modelling (FDM) to

print non-transparent and closed internal micro features of in-plane microchannels (i.e.

linear, curved and spiral channel profiles) and varying cross-section microchannels in

the build direction (i.e. helical microchannel). The study provides a comparison of the

minimum possible diameter size, the maximum possible fluid flow-rate without leakage,

and absorption through the straight, curved, spiral and helical microchannels along with

the printing accuracy of the FDM process for two low-cost desktop printers. Moreover,

we highlight the geometry dependent printing issues of microchannels, pressure devel-

oped in the microchannels for complex geometry and establish that the profiles in which

67
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flowrate generates 4000 Pa are susceptible to leakages when no pre or post processing

in the FDM printed parts is employed.

5.2 Introduction

Microfluidics, the science and technology of manipulating fluids at micro to millilitre

scale through internal features, has been applied in various applications such as point-of-

care diagnostic tools, therapeutic devices, and air and water quality monitoring methods

[183–188]. Currently, popular manufacturing techniques for producing microfluidic de-

vices include soft lithography [189], paper microfluidics [190, 191], micromachining [192],

injection moulding [193], hybrid paper based open channel microfluidics [194], etc. Soft-

lithography using polydimethylsiloxane (PDMS) micro-moulding is widely used method

as PDMS is optically transparent, chemically inert, and gas permeable material with low-

surface energy [195]. However, most of these methods are expensive, time-consuming,

require multi-step processing in a cleanroom. Additionally, it is quite difficult to change

device design [196]. Recently, 3-dimensional printing (3DP) is rapidly gaining atten-

tion in the field of microfluidics. The prominent fabrication techniques for microfluidics

are fused deposition modelling (FDM), selective laser sintering (SLS), stereolithogra-

phy (SLA), Xurography and inkjet printing [197–201]. These methods have various

advantages like automated fabrication, cost-effectiveness, availability of a wide range of

materials, single-step procedure, etc. [195, 202–204]. Moreover, 3DP does not require

a photomask, photoresist, or access to a cleanroom. This allows a major reduction in

the material cost, creates the possibility of mass manufacturing, and saves significant

development time [195].

The literature shows that 3DP methods such as FDM [151, 183, 205–208], SLA [209, 210],

and inkjet printing [211] have been used in the field of microfluidics. Symes et. al [184]

printed the reagents directly into a 3D reactionware for organic and inorganic synthesis

using FDM. Similarly, Anciaux et. al [212] fabricated a micro free-flow electrophoresis

device with a consumer-grade 3D printer. The performance of FDM, SLA, and polyjet

printers have been compared with the help of microfluidic chip including sealed and

open-channel micro-mixers [151, 213–215].
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The performance of 3D-printing devices depends upon the choice of process. In mi-

crofluidic applications, Stereolithography (SL) printing has been employed widely which

works on the principle of curing a photopolymer resin layer-by-layer [216, 217]. However,

conventional SL resin is susceptible to toxicity and is not biocompatible [218]. Devel-

opment of non-toxic and biocompatible SL resin can be expensive and requires rigorous

experimentation. In this regard, FDM printing is cost-effective and offers a choice of

the biocompatible materials. Moreover, the low cost of FDM printer makes it one of

the promising 3D printing technologies for fabricating non-toxic devices, which are es-

sentially required for Lab-on-a-Chip applications. Despite the aforementioned benefits

of FDM additive manufacturing, there are applications where other AM techniques can

provide better microfluidic devices to study, investigate or harness the physical phe-

nomenon at micro or sub micro level. In this regard Table 5.1 summarizes the methods

of fabrication, advantages and limitations of prominent AM and other microfluidic fab-

rication techniques which can be utilized to fabricate different functional microfluidic

devices of interest.
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Most of the microfluidic devices involve micro-mixing of reagents. In these applications,

the process is primarily dependent upon diffusion of two different flows. The flow rate

and channel length are important parameters to achieve effective mixing [213]. Addi-

tionally, the design of microchannel, it’s size, and the effect of fluid pressure should be

considered to explore the possibilities of leakage through the microfluidic devices. Fur-

thermore, FDM printers leave voids while printing the part (Fig. 5.1 ) as layers are not

uniformly bound. Hence, it is also important to characterise the microchannels for their

mechanical characteristics.

Figure 5.1: Voids in the FDM printed parts. a) Scanning electron Microscope (SEM)
image showing usual voids inherent to the FDM process. b) Optical image of a dog-bone

sample with clearly seen voids.

In this paper, we explore the possibilities of using FDM technology for developing the

internal features of the microfluidic devices with non-transparent materials. The internal

features consisted of in-plane profiles (i.e. linear, curved and spiral microchannels)

as well as microchannels with varying cross-section in the build direction (i.e. helical

microchannel).

The comparison of pressure developed was performed based on the minimum possible

channel size, fluid flowrate, and leakage in the microchannel body. Furthermore, FDM

printed parts have been analysed to observe the absorbance of the fluid due to the

presence of voids in the layers. Also, the effect on the microchannels part weight with

respect to flowrate after cleaning it with acetone has been included and discussed.
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5.3 Materials and Methods

Two FDM printers with 0.4 mm nozzle were used in this study: 1) a Tiertime UP 02

(referred as UP02) and 2) an Original Prusa i3 MK3S (referred as Prusa). The UP02

was controlled through UPStudio software and the Prusa was used with Prusa Slicer and

Pronterface softwares. The models for 3D parts were constructed using parametric 3D

modelling software Autodesk Inventor Professional 2020. One of the main requirements

for the microfluidic application in biomedical applications is their biocompatibility [230–

232]. For this purpose, we chose polylactic acid (PLA) printing material, which is

biodegradable and does not leave a hazardous footprint in the environment. Moreover,

it has low warping deformation and overall printed parts exhibit excellent dimensional

accuracy and quality [233, 234]. The spool of PLA filament having a diameter of 1.70

mm was used to deposit the layers of modelled microfluidic channels. Pico Plus Syringe

Pump from HARVARD APPARATUS was used for injecting the water at different flow

rates. Pressure measurements were performed with the help of a PX3 Series heavy-duty

Honeywell pressure transducer having pressure measurement range of 0 to 8600 kPa with

total error band (TEB) of ±1% full-scale span (FSS). Sartorius ENTRIS64-1S analytical

balance was used for the weight analysis.

Table 5.2: Printer specifications and selected parameters.

Specifications Tiertime UP 02 Prusa i3 MK3S

Make Tiertime Prusa Research

Software UP Studio Prusa Slicer and Pronterface

Machine Dimensions 245x350x260 mm 550x400x500 mm

Build Volume 140x140x135 mm 250x210x210 mm

Material Used PLA (1.7 mm) PLA (1.7 mm)

Nozzle diameter 0.4 mm 0.4 mm

Support Structure No Support No Support

Layer Thickness 100 µm 100 µm

In-Fill 100 % 100 %

Price 799 USD [235] 749 USD [236]
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5.3.1 Fabrication of microchannels

Four types of microchannels (linear, curved, spiral along layer and helical, where mi-

crochannel is also moving perpendicular to the layer) were designed with different di-

ameter sizes. These microfluidic channels were fabricated using FDM. Different flow

rates were applied on the channels for the pressure measurement. The FDM printer

was optimised with nozzle temperature at 207◦C and platform temperature at 68◦C to

achieve the best results during the printing process with both the FDM printers. Other

process parameters and specifications of the printers are summarized in Table 5.2.

The channel design consisted of an inlet port, the main channel, and the outlet port. The

inlet port is connected with the syringe pump which is then connected with the pressure

reservoir. The top of the pressure reservoir is connected with the pressure sensor. Outlet

port of the pressure sensor reservoir was connected with a luer lock connector which can

be easily attached via a conventional hypodermic needle bonded with the inlet port of

the fabricated microchannels. Any change in the pressure induced by the change of the

flowrate at a specific microchannel diameter was then recorded by the pressure sensor.

The output signal of the pressure sensor in voltages was then converted to the pressure

through the characteristic curve of the sensor provided by the OEM of the sensor. The

inner diameter of the inlet port of the printed microchannel was kept constant at 0.55

mm so that the 25-gauge hypodermic needle can easily be inserted to the inlet port

of the microchannel. whereas, the diameter of the main channel was fabricated with

various diameter sizes (0.25 mm, 0.3 mm, 0.35 mm, 0.4 mm, 0.45 mm, and 0.5 mm).

The connection with the inlet port of the printed microchannel was secured by using the

3M™Scotch Weld™epoxy adhesive DP125 having a tensile strength of 17.23 MPa with

the hypodermic needle. The outlet port with a diameter of 0.3 mm was used to connect

the silicone tubing. In the linear channel (Fig. 5.2 a and b), length of the main channel

was kept at 50 mm and the distance between each of the 4 walls was set at 5mm to

avoid immediate leakage possible depending upon the control on the print settings from

the slicer software. On the other hand, for the curved channel, the path consisting of

6 half circle turns of 1 mm diameter and 7 straight paths with the total linear length

of 50 mm. Spiral channel also designed with the same philosophy of keeping the overall

length of the microchannel up to 50 mm while the injection port was matched with the

syringe outer diameter.
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Figure 5.2: (a) CAD models of the linear, curved, spiral and helical microchannels
(b) Pictorial view of the connected inlet and outlet ports of the FDM printed linear,

curved, spiral and helical microchannel.
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5.3.2 Characterisation

Figure 5.3: Pressure measurement experimental setup.

The printed results from the FDM printer shows that the accuracy of the printer not only

varies with the type of the printer, but it also varies if the microchannels are along the

print layers or perpendicular to the print layers. For instance, when the microchannels

are along the printing layers the smallest achievable microchannels with the off-shelf

Up printer was around 250 µm whereas when the geometry of the channel changes and

microchannels follows the path which is perpendicular to the build layers the size of the

microchannels needs to be increased to 900 µm to be able to achieve the flow across

the microchannels while keeping the print settings similar to the other geometry. This

study provides a practical demonstration of the same through pressure developed across

the flow of the minimum possible channel size.

To ascertain the quality of the print, we measured the surface roughness of the printed

parts. The measurement of the printed specimen was done by a surface roughness pro-

filometer from STARR instrument model RTD-210. The surface roughness profilometer

stylus measurement probe had a low contact force of 4 mN and a tip radius of 5 µm

having 90◦ cone angle of diamond tip. The profiling speed for the test was maintained

at 0.5 mm/s resulted in the overall accuracy of 4 nm/±40 µm in Z-axis and Gaussian

filter has been selected to suppress the noise during the measurement of the surface

roughness. All the printed FDM parts were printed at an angle of 45◦ therefore, the tip

of the profilometer was held at an angle of 45◦ for each measurement with respect to

the printed surface. The tracing path was auto-levelled with a sampling cut-off length

of 0.8 mm and measuring range of 4 mm.
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Linear, curved, and spiral microchannels have been characterised in the paper. The

characterisation was performed to obtain the minimum possible diameter with each

technology. Additionally, the maximum possible flow rate without any leakage through

the channels was studied. The experimental set up is explained in Fig. 5.3. Initially,

all the printed channels were cleaned with compressed air jets. To ascertain the leakage

from the body of the microchannel the consumed water was dyed blue and was injected

at different flow rates (varying from 0 to 40 µL/min. in steps of 5) was injected at

the input port with the help of the syringe pump. A disposable, 60 mL syringe was

actuated on the syringe pump. For each measurement, the syringe pump was operated

to dispense enough liquid so that a stable reading at the pressure sensor can be recorded.

A pressure sensor was placed in-between the syringe pump and the input port of the

channel for corresponding pressure measurement. The pressure was obtained as voltage

value which, in turn, was converted into pressure value (Pa) using the datasheet. The

change in flow-rate at the input port resulted in a change in pressure at the input port

and leakage was observed in the microchannel.

Generally, the voids present in the FDM printed parts are responsible for leakage or

water retention. Hence, the effect of acetone cleaning on the microchannel surface was

analysed. This was based on the idea that the additives in PLA may react with acetone

and melt to fill the gaps and voids inside the microchannel. Acetone was circulated

through the FDM printed microchannels for 10 minutes. Furthermore, printing accuracy

test for FDM printer was performed by simultaneously printing 8 microchannels of each

size and weighing each part separately on the analytical balance.

5.4 Results and Discussion

The average surface roughness of each type of microchannel fabricated with FDM printer

has been provided in Fig. 5.4 and the respective parameters of surface roughness profile

are mentioned in Table 5.3. The peak height for all the channels was within ±10 µm.

Surface roughness of each print having the same microchannel design is averaged to

calculate the resultant surface roughness of the parts. The variation of the surface

roughness is due to the change in the profile of each specimen and printing orientation

of the specimen or profile feature. Surface roughness values depends on the print setting

such as the nozzle diameter, layer thickness, infill properties and layer over-lapping.
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Table 5.3: Surface roughness profile parameters

Parameter Straight Curved Spiral Helical
(all values are in µm) Channel Channel Channel Channel

Roughness Average, Ra 0.598 1.817 2.170 2.907
Average Maximum Height of the Profile, Rz 4.013 11.334 13.343 16.396

Maximum Height of the Profile, Rt 4.888 13.146 16.740 21.784
RMS Roughness, Rq 0.794 2.241 2.713 3.570

Maximum Profile Peak Height, Rp 1.147 6.071 5.906 6.575
Kurtosis, Rku 4.787 2.712 3.049 3.876
Skewness, Rsk 1.137 0.150 0.524 0.750

Figure 5.4: Average surface roughness (Ra) of straight, curved, spiral and helical
microchannels.

The microchannels created using the FDM method having diameters ranging from 0.25

mm to 0.5 mm did not have any blockages. The water was passed through the FDM

method based microchannels to study the effect of various flow rates on the leakage.

Figure 5.5 shows the leakage across the body of the FDM printed linear microchannel

when the pressure developed along the microchannel is excessive at a particular flow

rate and instigates the leakage from the layers of the microchannel body.

The accuracy of the printer to replicate the channel was also determined in the paper.

This was achieved by printing a total of 8 samples of each diameter (0.25, 0.3, 0.35,

0.4, 0.45, and 0.5 mm) at the same time individually. A default base support structure
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Figure 5.5: Leakage in the FDM printed linear microchannel.

was carefully removed using scrapper and filament cutter to ensure to obtain the accu-

rate readings without damaging the part. Each microchannel weight was individually

recorded on the analytical scale. This test recorded a total of 144 channels being printed

for three different microchannel designs (linear, curved, spiral along layer) and 40 prints

for the helical design where microchannel also moves perpendicular to the layers. At the

end of printing, we had 8 replicates of each diameter for each design. However, the size

of the microchannel for the microchannel geometry which changes perpendicular to the

layer has different channel size. Since, the printed results from the FDM printer shows

that the accuracy of the printer not only varies with the type of the printer, but it also

varies if the microchannels are along the print layers or perpendicular to the print layers.

For instance, in case when the microchannels are along the printing layers the smallest

achievable microchannels with the off-shelf Up printer was around 250 µm where as the

geometry of the channel changes and microchannels follows the path which is perpen-

dicular to the build layers the size of the microchannels needs to be increased to 500 µm

to be able to achieve the flow across the microchannels while keeping the print settings

similar to the other geometry. This study provides the practical demonstration of the

same through pressure developed across the flow of the minimum possible channel size.

Moreover, the accuracy of the print also varies while printing with the Tiertime UP

printer and Prusa printer. We have chosen the marlin firmware to generate the G-code

which is generally the default selection for the prusa slicer. Whereas, the Tiertime UP

printer has the proprietary slicing to generate the layer instructions for the printer. It

can be evident from Fig. 5.6 that Tiertime UP printer showed better printing resolution

for printing the inlet port of the injection (0.5 mm diameter). The slicing and subsequent

printing from the Prusa printer resulted in the smaller inlet port. However, the Prusa

slicer allows changes for the setting of prints and is considered to be one of the best open



Chapter 5 80

source slicing software available. From the review of the sliced features, it is evident that

the layers show the formation of the inlet ports but the same is not translated in prints

by the Prusa i3 MK3S printer. We were unable to test the same slicing on the Tiertime

UP printer as the printer does not work with Prusa slicer or any other open source slicing

software. It can be inferred from the printing results that the accuracy of the Tiertime

UP printer in the category of the low budget 3D printers the accuracy is better when

features are printed along the printed layers, however, the slicing software does not allow

myriads of parameters which can be adjusted from the open-source Prusa slicer. For our

application of microchannels, the accuracy is more important and therefore, the results

from the printed microchannels from Tiertime UP printer are more accurate than the

Prusa printer.

Figure 5.6: Comparison between printing with Prusa and UP02: a) Horizontal print-
ing by UP02 b) Horizontal printing by Prusa c) Vertical printing by UP02, and d)

Vertical printing by Prusa.

Once the printing of microchannel parts was completed, the base support structures were

removed by using mechanical tools (scrapper and filament cutter). Each microchannel

weight was individually recorded on Sartorius ENTRIS64-1S before applying adhesives

and attachments to connect the fluidic ports. It was ensured that no channel was
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damaged while removing the support. This test recorded a total of 48 accurate prints of

one type of microchannels. The reason to print 8 microchannels of same diameter, per

each type of microchannel, was to evaluate the effect of adsorption or leakage of fluid

once the flow rate was increased. As our experiments were composed of evaluating the

pressure developed in the microchannels from 5 µl/min to 40 µl/min (with a step of

5µl/min), 8 prints of each type of microchannel were necessary to be fabricated. Figure

5.7 illustrates respective graphs of linear, curved and spiral microchannels with different

diameters (0.25 mm, 0.3 mm, 0.35 mm, 0.4 mm, 0.45 mm and 0.5mm). The weight

variation of 0.25 mm and 0.30 mm microchannels were removed as the leakage from

these microchannels was excessive even at the low flow rates. The actual weights of

all the channels were plotted along the average line to represent the deviation in the

weights. It is evident from the Fig. 5.7 that variation in weight is negligible among the

microchannels. It was also observed that with proper scrapping and removal of support

structures the printer could give an excellent precision (with variation of just 0.6%) in

both microchannel designs.

Figure 5.7: Weight variation of linear, curved and spiral microchannels with diameter
of a) 0.35 mm, b) 0.4 mm, c) 0.45 mm, and d) 0.5 mm for 8 consecutive prints.
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The graphs (Fig. 5.8 a, b, and c) explain the relationships between the flow rate and the

pressure developed in the microchannel with respect to the diameter of the linear, curved,

and spiral microchannel respectively. As depicted in the graphs there is a proportional

relationship between the flow rate and the pressure. As the flow rate is increased the

pressure developed in the channel also increases however, due to the channel length

of each FDM printed microchannel and the channel routing the pressure developed is

different for each type of microchannel.

It has been observed that all the microchannels with a diameter of 0.3 mm and less

started to leak even at minimum flow rates. There is no leakage observed in linear

and curved microchannels with a diameter of 0.4, 0.45 and 0.5 mm up to the flow rate

of 40 µL/Min. This shows that the microchannel having a diameter greater than 0.4

mm can be used for various microfluidic drug delivery applications under a controlled

flowrate. However, in the linear and curved microchannel with a diameter of 0.35 mm, no

leakage has been observed until the developed pressure reached to 4,000 Pa. Above this

pressure, the body of the microchannels in both the designs started to leak from the top

and bottom side near the inlet port for a diameter of 0.35 mm microchannel. In the case

of spiral microchannels, leakage has been observed in 0.35 mm channel diameter, but

the inception of the leakage started at a lower flow rate when compared with the linear

and curved channel. Moreover, it is observed that more pressure is developed across the

channels of the curved and spiral microchannels when compared to linear microchannel

at the same flow rate. This is due to the constriction in the microchannel due to the

geometrical changes in each of the printed layer as the shape of the microchannel was

varying along the printed lines. It is therefore, established that the pressure above

4,000 Pa in the fluidic channel can result in the leakage from the FDM printed parts

for straight, curved and spiral microchannels for microchannels sizes less than 0.4 mm.

Table 5.4 provides the values of pressure developed against the applied flow rate in the

microchannels where the cells highlighted in red indicate the flow rates at which the

microchannels started to leak.
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Figure 5.8: Change in flow rate vs developed pressure at the inlet port of a) linear
microchannel, b) curved microchannel and c) spiral microchannel.



Chapter 5 84

Table 5.4: Pressure developed in microchannels vs. flow rate. The cells highlighted
in red indicate the pressure at which the microchannels started to leak.

Microchannel Design Flow rate (µl/min) Pressure (Pa) Microchannel Size (mm)

0.35 0.4 0.45 0.5

Linear 5 862 517 0 0

10 1,724 517 517 345

15 2,068 1,379 862 517

20 3,275 2,241 1,034 1,034

25 3,620 3,103 1,724 1,551

30 4,482 3,964 2,758 2,413

35 5,171 4,482 3,447 3,275

40 6,033 5,516 4,137 3,964

Curve 5 1,034 552 207 207

10 2,068 621 965 827

15 3,447 2,068 1,517 1,724

20 4,275 3,006 2,068 2,206

25 5,171 3,861 2,827 2,551

30 5,447 4,068 3,103 3,309

35 6,205 4,826 4,068 4,551

40 6,688 5,998 4,344 4,826

Spiral 5 1,517 676 138 345

10 2,620 827 1,379 1,241

15 4,068 2,965 2,413 1,999

20 4,482 3,861 2,482 2,689

25 5,309 4,619 3,275 3,103

30 5,998 5,171 3,723 3,654

35 7,757 6,067 4,551 4,688

40 8,618 6,550 4,826 5,516

As discussed earlier the helical microchannel was unable to be printed without the

constriction due to the complex profile, therefore the pressure profile of the helical mi-

crochannel was not discussed along with the other profiles. We were able to get the flow

from the helical profile for microchannel diameter of 500 µm or above. Six profiles with
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the increment of 100 µm were printed till 1 mm microchannel for the helical profile.

The pressure developed in the helical profile was much greater than the other profiles;

though, the size of the microchannel was also greater than the other profiles. It was

observed that the helical profile resulted in about an average of 2.45 times the pressure

generated by the similar size microchannel for spiral profile when compared for the 500

µm size microchannel. This shows that the mapping of the irregular or complex geomet-

rical shapes cannot be exactly replicated during the printing process by FDM printers

(Fig. 5.9).

Figure 5.9: Helical microchannel pressure profile with respect to flow rate.

The mapping of the geometrical profile can also be confirmed by the optical microscopic

images of the two microchannel holes when the orientation of the printed part is changed

during the printing process. Fig. 5.6 shows the optical image of the 500 µm size

microchannel when oriented horizontally and vertically during the FDM printing process.

The optical image of the printed 500 µm size microchannel corroborates that the internal

feature cannot be mapped exactly as designed in the CAD software and due to the same

the helical profile offers more constriction in the flow of liquid when compared with the

other profiles.
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Since, the FDM parts contains voids in between the printed layers therefore, it is natural

for a microfluidic application that the printed part may result in retention of liquid

during and after the application of flow across the channel. For the same purpose water

retention analysis in the microchannel was studied by weight analysis. Once the pressure

readings are taken by varying the flowrate through the syringe pump, the inlet port of

the microchannel was subjected to the application of compressed air so to remove the

access water from the microchannel. After removing the excess water, the weight of each

microchannel was noted down before and after water flow through the microchannel and

the difference (weight variation) between them was calculated. After the experiment, a

jet of compressed air was passed through the microchannel to exclude the weight of the

stagnant water inside the channel. The weight analysis for each of the design can be

observed in the graphs as shown in Fig. 5.10. In each design, the trend shows a linear

increase in the weight variation with an increase in the flow rate at all the diameter

sizes. Minimum weight variation has been found in the linear microchannel whereas,

the maximum variation can be observed in the spiral design. Average weight variation

is decreasing with an increase in the diameter size.

Weight analysis of the helical microchannel is done separately as the size of the mi-

crochannels were much bigger than the microchannel printed with different profiles in

the preceding section. This type of the microchannel changes its profile in the Z-plane

during the FDM printing if we consider the movement of the nozzle for a specific layer in

XY plane. The result of the weight analysis of the helical microchannel shows that it is

more susceptible to retain water when compared to the other profile. This is due to the

application of more pressure to generate the flow. Also, there are more inter layer voids

which enhances the seepage of water between the voids. Fig. 5.11 shows the water reten-

tion in the helical microchannel profile at various flowrates and the variation of weight

of the similar size microchannel for consecutive FDM printed parts. The retention of

water is proportional to the applied flowrate since the weight of the parts increases with

the increase of flowrate. However, above 900 µm microchannel sizes in out-of-plane ge-

ometry, the retention follows the similar profile when compared to smaller microchannel

sizes of in-plane geometry. This shows that the constriction in the microchannel for

complex out-of-plane geometrical profile above 900 µm in diameter is low as the slicing

software was able to map the printed layers with good accuracy when the ratio of layer

thickness to the microchannel diameter is 1:10 (in our case we used layer thickness of
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Figure 5.10: Weight analysis of linear, curved, and spiral microchannels with diameter
size of a) 0.35 mm, b) 0.4 mm, c) 0.45 mm, and d) 0.5 mm.

100 µm for all the microfluidic channel) or greater for complex out-of-plane geometry.

This is due to the constant backlash speed of the printing nozzle with respect to the

rapid profile changes in the out-of-plane geometry of the microfluidic channel. And such

changes cannot be mapped exactly by varying the backlash speed in real-time for the

two low-cost FDM printer through their respective slicing software used in this study.

Hence, we can establish that the complex out-of-plane geometry not only generates more

pressure for similar applied flowrate when compared to in-plane geometry microfluidic

channel, but it is also difficult for the slicing software to exactly replicate the 3D modelled

microfluidic profile. It is proposed that the further improvement of the microchannel

constriction can be reduced by decreasing the layer thickness however, such can lead

to drastic increase in the printing time and eventually increases the cost of fabricated

part rendering the FDM printing less feasible for fabricating out-of-plane microchannel

profiles having diameter less than 500 µm in size.
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Figure 5.11: Weight analysis of helical microchannel. (a) Water retention with respect
to flow rate of diameter size of 500 µm to 1 mm microchannel with an increment of 100
µm (b) Weight variation per printing of FDM parts for helical microchannel from 500

µm to 1 mm microholes.
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To observe the effect of acetone cleaning/treatment on the inner surface of the mi-

crochannel, pre and post-treatment weight analysis was carried out. Also, the post-

treatment leakage through the microchannels was studied. The pre and post-treatment

weight of the microchannels were normalised and then plotted as shown in Fig. 5.12.

It has been observed that the post-treatment weight of the channels is lesser than the

pre-treatment weight. It has also been found that the weight variation is less when the

diameter is small and the flow rate is low, and the variation is more when the diameter

is large, and the flow rate is high. This means that the cleaning of FDM channel with

acetone involves the chemical reaction between additives in PLA and acetone which

results in the weight loss of the printed FDM parts suggesting that the PLA filament

from Tiertime is not a virgin or pure PLA material. As the flowrate of the acetone is

increased the loss in the weight is greater than the printed channel subjected to lower

flowrates.

When water was passed through the acetone cleaned/treated microchannels, the leakage

was detected from the microchannels which were previously observed to be good carriers

of water at every flow rate (0.35, 0.4, 0.45, and 0.5 mm). This means that the chemical

reaction between the additives in PLA and acetone was unable to prevent the leakage

of water from the body of the microchannel.

5.5 Conclusion

In this paper, we demonstrated the possibility to fabricate the internal features of the

microfluidic device using FDM printer by optimizing the printer’s parameters. We suc-

cessfully printed the linear, curved and spiral microchannels with the diameter less than

0.5 mm where the path of the microchannel was along the print layer. The work also

demonstrates the limitation of low budget FDM printer fabrication of microchannels

where the path of the microchannel follows perpendicular or spline geometry with re-

spect to the print layer. Print resolutions of two different FDM printers were compared

and assessed for the suitability of the microchannel printing. One of the selected FDM

printer can be used with the widely available open-source slicer and other had the pro-

prietary slicer. The results showed that the low budget FDM printer can print the

inline or parallel geometry with better print accuracy and can be used for such type of

microchannel channels. However, when the geometry is complex and is not along the
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Figure 5.12: Post-treatment normalized weight analysis of linear, curved and spiral
microchannel with diameter sizes of a) 0.35 mm, b) 0.4 mm, c) 0.45 mm, and d) 0.5

mm.
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print layers the size of the microchannels needs to be increased for millifluidic applica-

tion. Moreover, the experimental results illustrated the correlation of internal feature

(microchannel diameter) with the flow rate and also reflects the maximum pressure of

the fluid to which microfluidic device can withstand. Also, it has been observed that wa-

ter retention in both the designs increased with increasing the diameter size. However,

it has been found that the more water retention occurred in the spiral microchannels

when compared with the linear and curved microchannels. Furthermore, inner surface

cleaning/treatment of the microchannel with acetone was also carried out at different

flow rates. After the acetone treatment, it was expected that the internal voids in the

channels would be sealed, and better results would be observed. However, the results

of the porosity test after acetone treatment didn’t support this idea. Thin-walled mi-

crochannel was assumed to be the reason for failure in this case. Weight variation in

the microchannels was discussed after being treated by acetone. The accuracy of the

printer was found to be excellent with just 0.6% variation in both designs.



Chapter 6

Conclusion and Future Outlook

6.1 Conclusion

The work presented in this thesis has produced two peer reviewed conference papers and

four Journal Articles (two of which have already been published in reputable journals). It

is pertinent to mention here that each chapter of the thesis has its respective conclusion

section. However, an overall brief summary of the conclusions is presented below:

• Methods other than decreasing the anchoring diameter of printing ink has been

explored by fabricating four different EHD printheads. The results showed that

the inkjet printhead resolution could be improved by using a primary nozzle to

transport the ink/fluid and secondary nozzle for the ejection of the droplet. The

aligned aperture coaxial printhead used to transport and dispense the liquid from

nozzle has not only improved the resolution but also provided the opportunity for

various ink materials—such as metallic, organic, and biomaterials with a wider

physical properties (viscosity, surface tension and particle size). All the necessary

items for fabricating the proposed printhead are commercially available and this

offers a cost-effective way of fabricating the high resolution EHD printhead.

• The nozzle tip distance from the beveled opening of the nozzle also plays a signif-

icant role in achieving the improved printed resolution. Shorter distance of nozzle

bevel to the tip provides better resolution as seen in the case of spinal needle when

compared with the hypodermic aligned aperture EHD printhead.

92



Chapter 6 93

• The resolution improvement for shorter ink dilation distance is of the order of 3

times in case of spinal needle (2 µm approx.) when compared with hypodermic

needle (6 µm approx.) at the similar flowrate, standoff distance and applied voltage

during the EHD printing of the same ink.

• Our aligned aperture design based on the spinal needle type D printhead resulted

in the smallest resolution of 1.85 µm at the optimal applied voltage and flowrate

parameters. The achieved ratio of the proposed printhead nozzle diameter to the

printed lines was around 270 times.

• Laser ablation process from a commercial CO2 laser cutting machine can be used

to fabricate microchannels suitable for screen printed transduction electrode. It

was observed that for a curved region the XY-stage of laser interpolates successive

points on the substrate. During this interpolation the speed of the laser is decreased

which results in wider ablated cross-section due to the longer exposure of laser.

On average increase of width between the straight and curved profile/geometry is

around 30%.

• Various laser ablated transduction schemes for humidity sensing resulted in sensi-

tivities ranging from 0.13 to 2.37 pF/%RH in general. The sensor showed a fast

response time of less than 10 seconds for all the fabricated transduction schemes

under the ambient testing conditions. The overall process is repeatable, scalable

and cost-effective method to fabricate and evaluate the sensing parameters and

performance of various transduction geometries.

• During the EHD printing the conductive ink is prone to cracking. The reason of

cracking is attributed to the greater volume being dispensed during the conejet

formation at the centre of the printed lines. Higher dispensed volume at the centre

of printed lines compared to ink volume at the edges creates stresses during the

thermal curing of the ink. The developed stresses and coefficient of expansion

of the substrate resulted in cracking during the thermal curing of EHD printed

features.

• The development of the cracks in EHD printing can be avoided by incorporating

the conductive particles similar or bigger than the width of the cracks. The longer

particles embedded in the composite ink acts as a filler material between the cracks

and retained the conductivity of the printed features.
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• Sheet resistance of the ink composite also depends on the concentration of the filler

material in the composite ink. Higher concentration of the filler material results

in better conductivity.

• To expand the application of sensors a microfluidic device based on the fused depo-

sition modelling seems feasible. However, the FDM printed microfluidic device is

prone to leakages due to presence of voids during the printing of extruded material.

• The leakages in the FDM printed microfluidic device depends upon the devel-

oped pressure in the microfluidic channel. Straight microchannel profiles along

the extruded plane offers less pressure gradient when compared to the curved and

non-planar microchannels at the same flowrate.

• Pressure gradient above 4000 Pa in the microchannels are susceptible to leakages

when no pre and post processing in the FDM printed parts is employed.

6.2 Future Outlook

The work presented in this thesis provides numerous opportunities in the development

of printed sensors such as improvement of printing resolution, role of transduction ge-

ometries for sensing applications, susceptibility of crack development in EHD printing

and possible integration of sensing device in FDM printed microfluidic device for lab

scale deployment in real world environment. It is envisaged that the results from the

work presented in this thesis can be extended through following applications in future

• Challenges of EHD printing on non-planar substrate having varying thickness.

Since, the standoff distance between the counter electrode is changed for a non-

planar substrate profile which can results in varying width of deposited material.

A real-time 3D profiling can be used to correlate the changes in the applied voltage

to be compensated for varying cross section of non-planar substrate for uniform

deposition of ink.

• Applications in the area of flexible electronics and soft robotics can be realized by

further exploring the proposed EHD printing technique in our work. Ink composi-

tions and additives which prevents crack development during the posting printing
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especially for stretchable and flexible electronics will be highly desirable for future

sensing applications.

• Generally silver and gold are expensive material. Conductive inks based on these

metals are expensive to synthesize. However, to lower the cost of the ink, cheaper

metals such as copper can be used in the conductive ink. Copper is more suscep-

tible to oxidation. Two methods can be used to lower or eliminate the oxidation.

First is to coat the copper particles with metallic particles which are less sus-

ceptible to oxidation such as nickel, zinc, lead and aluminium can be used and

compatible inks can be use for EHD printing.

Furthermore, an alloy of silver or copper with other metals can be formed which

reduces the oxidation of metallic particles in the ink. Since. the rate of oxida-

tion decreased to a greater extent with change in the crystal structure of metals.

Change in crystal structure with the addition of other metals to form an alloy

seems to be promising approach. Explorations in this area can provide conductive

ink and their respective products at a cheaper cost.
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Figure A.4: A paper published in M2VIP-2019 Conference proceedings
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Figure B.1: Datasheet of conductive ink used in chapter 2 and chapter 4
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Figure B.2: Datasheet of screen printing ink used in chapter 3 and chapter 4
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Figure B.3: Datasheet of cellulose sensing element used in chapter 3
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Figure B.4: Datasheet of PEDOT:PSS sensing element used in chapter 3
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Figure B.5: Datasheet of PVP SNP steric stabilizer used in chapter 3
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Figure B.6: Datasheet of conductive ink used in Chapter 4
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Figure B.7: Datasheet of conductive ink used in Chapter 4
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Terés. All-inkjet-printed thin-film transistors: manufacturing process reliability by

root cause analysis. Scientific reports, 6:33490, 2016. ISSN 2045-2322.

[160] Seonhee Jang, Youngkwan Seo, Joonrak Choi, Taehoon Kim, Jeongmin Cho,

Sungeun Kim, and Donghoon Kim. Sintering of inkjet printed copper nanoparti-

cles for flexible electronics. Scripta Materialia, 62(5):258–261, 2010.

[161] Shujie Liu, Yujie Li, Songling Xing, Lei Liu, Guisheng Zou, and Peng Zhang.

Structure inheritance in nanoparticle ink direct-writing processes and crack-free

nano-copper interconnects printed by a single-run approach. Materials, 12(9):1559,

2019.

[162] Shohei Norita, Daisuke Kumaki, Yu Kobayashi, Tsubasa Sato, Kenjiro Fukuda,

and Shizuo Tokito. Inkjet-printed copper electrodes using photonic sintering and

their application to organic thin-film transistors. Organic Electronics, 25:131–134,

2015.



References 138

[163] Bong Kyun Park, Dongjo Kim, Sunho Jeong, Jooho Moon, and Jang Sub Kim.

Direct writing of copper conductive patterns by ink-jet printing. Thin solid films,

515(19):7706–7711, 2007.

[164] Muhammad Asif Ali Rehmani and Khalid Mahmood Arif. High resolution electro-

hydrodynamic printing of conductive ink with an aligned aperture coaxial print-

head. The International Journal of Advanced Manufacturing Technology, pages

1–16, 2021. ISSN 1433-3015.

[165] Robert Ward, James Anderson, Rick McVenes, and Ken Stokes. In vivo biostabil-

ity of polyether polyurethanes with fluoropolymer and polyethylene oxide surface

modifying endgroups; resistance to metal ion oxidation. Journal of Biomedical Ma-

terials Research Part A: An Official Journal of The Society for Biomaterials, The

Japanese Society for Biomaterials, and The Australian Society for Biomaterials

and the Korean Society for Biomaterials, 80(1):34–44, 2007.

[166] Bob Ward, James Anderson, Rick McVenes, and Ken Stokes. In vivo biostability

of polyether polyurethanes with fluoropolymer surface modifying endgroups: re-

sistance to biologic oxidation and stress cracking. Journal of Biomedical Materials

Research Part A, 79(4):827–835, 2006.

[167] Haiyan Wang, Yanzhi Wang, Dongxu Liu, Zonghui Sun, and Huicong Wang. Ef-

fects of additives on weather-resistance properties of polyurethane films exposed

to ultraviolet radiation and ozone atmosphere. Journal of Nanomaterials, 2014,

2014.

[168] BG Girija, RRN Sailaja, and Giridhar Madras. Thermal degradation and mechan-

ical properties of pet blends. Polymer Degradation and stability, 90(1):147–153,

2005.

[169] N Torres, JJ Robin, and B Boutevin. Study of thermal and mechanical properties

of virgin and recycled poly (ethylene terephthalate) before and after injection

molding. European Polymer Journal, 36(10):2075–2080, 2000.

[170] S Magdassi. The chemistry of silver ink. World Scientific Publishing. Singa-

pore:[sn], 2010.



References 139

[171] A Kosmala, R Wright, Qi Zhang, and P Kirby. Synthesis of silver nano particles

and fabrication of aqueous ag inks for inkjet printing. Materials Chemistry and

Physics, 129(3):1075–1080, 2011.

[172] Sonia Sharma, Sumukh S Pande, and P Swaminathan. Top-down synthesis of zinc

oxide based inks for inkjet printing. RSC advances, 7(63):39411–39419, 2017.

[173] DK Kang, MW Lee, Ho Young Kim, SC James, and SS Yoon. Electrohydrody-

namic pulsed-inkjet characteristics of various inks containing aluminum particles.

Journal of Aerosol Science, 42(10):621–630, 2011.

[174] Mei Fang, Tianli Li, Sangjian Zhang, K Venkat Rao, and Lyubov Belova. Design

and tailoring of inks for inkjet patterning of metal oxides. Royal Society open

science, 7(4):200242, 2020.

[175] Rajendra K Bordia and Anand Jagota. Crack growth and damage in constrained

sintering films. Journal of the American Ceramic Society, 76(10):2475–2485, 1993.

[176] Hugo Mercier, Franck Levassort, Hana Uršič, and Danjela Kuscer. Microstruc-
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