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ABSTRACT 

3D printing has gained popularity in almost every field of research, development, and 

manufacturing due to its ability to fabricate complex three-dimensional prototypes and 

functional devices with relative ease, which was unimaginable in the past. Herein, different 

3D printing techniques have been studied to understand their capabilities and potential to 

miniaturise and increase the performance of analytical devices. In particular, selective laser 

melting and PolyJet 3D printing techniques have been used to develop new functional 3D 

printed miniaturised analytical devices with three-dimensional micro- and milli-fluidic 

channels. 

An initial study was undertaken to assess the ability of selective laser melting technique to 

fabricate 600 mm long, 0.9 mm I.D. stainless steel (316L) and titanium alloy (Ti-6Al-4V) 

columns within a footprint of 5 × 30 × 30 mm. The 3D printed stainless steel column was 

slurry packed with octadecyl silica particles, and it was used for liquid chromatographic 

separations of small molecules. This study provided a proof of concept for the use of 

selective laser melting technique to fabricate miniaturised metallic capillary liquid 

chromatographic columns. However, these 3D printed columns resulted in a channel wall 

roughness of 20 µm, which limited the chromatographic performance of the slurry packed 

liquid chromatographic columns. Accordingly, the 3D printed titanium column was 

functionalised with in-column thermally polymerised poly(butyl methacrylate-co-ethylene 

glycol dimethacrylate) (BuMA-co-EDMA) monolith to circumvent the limitation of channel 

wall roughness. Silanisation of thermally oxidised titanium channel walls allowed a 

successful covalent wall bonding between the titanium column and the acrylate monolith. 
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The prepared monolithic column was successfully used for reversed-phase liquid 

chromatographic (RPLC) separations of intact proteins and peptides. The use of a Peltier 

thermoelectric module based heating/cooling system allowed the generation of rapid 

temperature gradients to further improve the RPLC separations of the intact proteins.  

The initial study was then extended to explore the ability of 3D printing techniques to design 

and fabricate geometrically complex 3D column geometries. Three different column 

geometries were designed and 3D printed in titanium, namely 2D serpentine, 3D spiral, and 

3D serpentine. These columns were used to perform an investigation into the effect of 3D 

column geometry on the liquid chromatographic efficiencies of monolithic columns. All three 

columns allowed successful in-column thermal polymerisation of mechanically stable and 

uniform poly(BuMA-co-EDMA) monoliths. Van Deemter plots indicated higher liquid 

chromatographic efficiencies of the chromatographic columns with higher aspect ratio turns 

at higher linear velocities and smaller analysis time as compared to their counterpart columns 

with lower aspect ratio turns. Computational fluid dynamic (CFD) simulations of a basic 

monolithic structure indicated 44%, 90%, 100%, and 118% higher flow through narrow 

channels in the curved monolithic configuration as compared to the straight monolithic 

configuration at linear velocities of 1 mms-1, 2.5 mms-1, 5 mms-1, and 10 mms-1, respectively. 

An improvement in the interaction between wide and narrow channels in high aspect ratio 

coiled columns offers a possible explanation behind the above-mentioned trends in the Van 

Deemter plots. Use of the highly convoluted 3D serpentine column at higher flow rates as 

compared to the less convoluted 3D spiral column allowed 58% reduction in the analysis time 

and 74% increase in the peak capacity for the isocratic separations of the small molecules and 

the gradient separations of the proteins, respectively.  
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In addition to the use of the selective laser melting 3D printing technique to fabricate metallic 

miniaturised analytical devices, the use of the PolyJet 3D printing technique was also 

explored to fabricate polymeric miniaturised analytical devices. The PolyJet 3D printing 

technique was successfully used to fabricate a new transparent polymer radial flow-cell for 

chemiluminescence detection (CLD). The PolyJet 3D printed radial flow-cell resulted in an 

increase in both the signal magnitude and duration for CLD of H2O2. The new flow-cell 

design provided an average increase in the peak height of 63% and 58%, in peak area of 89% 

and 90%, and in peak base width of 41% and 42%, as compared to its coiled-tubing spiral 

flow-cell and PolyJet 3D printed spiral flow-cell, respectively. CFD simulations indicated 

that the higher spatial coverage near the inlet and the lower linear velocities in the radial 

flow-cell could be contributing towards its higher signal magnitude and higher signal 

duration, respectively. The PolyJet 3D printed radial flow-cell was applied within a 

developed selective, sensitive, and reproducible ion chromatography coupled 

chemiluminescence detection (IC-CLD) assay for the determination of H2O2 (a biomarker) in 

urine and coffee extract samples.  
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Chapter 1: 

 

INTRODUCTION 

 

The miniaturisation of analytical devices continues to receive significant research interest, 

because of the widespread potential of such miniaturised analytical devices in various 

applications, which in recent times has included real-time environmental monitoring1-2, 

detection of explosives and other warfare agents at sensitive sites3, personal medical 

diagnosis4, and online monitoring of various processes parameters and hazards5. The 

production of these functional miniaturised analytical devices often requires fabrication of 

three-dimensionally oriented micro- and milli-fluidic channels. However, conventional 

manufacturing techniques, such as photolithography, milling, etching, and injection moulding 

demand alignment and bonding of multiple components to achieve these goals. This renders 

the conventional fabrication process cumbersome, and often inefficient in terms of the time 

and cost. Moreover, lithographic techniques require (1) the use of hazardous chemicals, (2) 

long processing times, (3) expensive clean-room facilities, and (4) highly skilled labour. A 

relatively recent technology that looks set to revolutionise such procedures is that of 3D 

printing. 3D printing techniques can offer (1) the ability to directly fabricate complex three-

dimensionally oriented geometries, (2) cost and time effective production, (3) relative ease of 

use, (4) minimisation of the material wastage, (5) hazardous chemicals free procedure, (6) a 

“fail fast and often”6 approach for prototyping, customisation, and testing, and (7) the 

production of monolithically integrated devices. This makes 3D printing a potentially highly 

useful new approach for fabricating functional miniaturised analytical devices.  
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3D printing was first patented by Charles Hull in 19867, and following its introduction, this 

technique has been extensively used in almost all fields of research and manufacturing, such 

as biotechnology and life sciences8-9, engineering10, robotics11, arts12, and food sciences13, to 

name but a few. Whitesides group reported the first use of a 3D printing technique (PolyJet 

printing) to fabricate three-dimensional microfluidic devices14 in 2002. Since then different 

3D printing techniques have been increasingly used in the wider fields of chemical sciences15. 

 

Types of 3D Printing Techniques 

 

The most commonly and widely used 3D printing techniques to-date are stereolithography 

(SL), inkjet printing, selective laser sintering (SLS), and fused deposition modeling (FDM). 

The details and principles behind each of these techniques are compared and contrasted in 

Table 1. Apart from the above-listed techniques, other less commonly used 3D printing 

techniques include, but are not limited to, laminated object manufacturing, two-photon 

lithography, micro-3D writing, and direct-ink writing. In this research work, two of the 

above-mentioned 3D printing techniques, namely SLS and inkjet printing were used, which 

are individually described in detail below. 
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Table 1. Properties of the stereolithography, inkjet printing, selective laser sintering, and fused deposition m
odeling 3D
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Selective laser sintering 

Selective laser sintering/melting (SLS/M) techniques employ laser rastering on a powder bed 

to sinter or melt the required powder particles to fuse them together, as shown in Figure 1. An 

SLS/M process starts by rolling a layer of powder particles, which is then exposed to a laser 

as per the desired layer geometry. The laser increases the local bed temperature to either 

slightly below the melting point (for sintering) or above the melting point (for melting) of the 

powder particles. The sintered or melted powder particles fuse together to form the solid 

components of a layer, and the unfused particles act as a support material for the following 

layers. Completion of each individual layer is followed by lowering of the build platform and 

rising of the delivery platform by a specified step size, which is defined by the layer 

thickness. This allows the next layer of powder particles to be rolled down to repeat the same 

process for the consecutive layers, hence forming the desired 3D structure as shown in Figure 

1. The final printed part is obtained from the powder bed, and it is post-processed to remove 

the unbound particles by dusting off with compressed air, blasting off with sand particles or 

glass beads, and/or taping and sonication. 

 

As indicated above, the SLS 3D printing technique can be classified as selective laser 

sintering (SLS) or selective laser melting (SLM) techniques. As the name suggests, the 

former involves sintering of the powder particles (usually polymers), and the latter involves 

melting of the powder particles (usually metals). In both SLS and SLM techniques, the x and 

y resolution is dependent on the size of the powder particles and the laser spot, and the z 

resolution is dependent on the step size. These techniques offer various advantages, such as 

(1) the ability to print in a wide range of polymeric and metallic materials, (2) the high purity 

and high mechanical strength of the printed parts due to a strong thermal fusion between their 

each individual layers16, and (3) they do not require any additional support material. These 
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techniques also suffer from a few limitations, such as (1) the higher cost of SLS/M printers 

and materials as compared to other 3D printing techniques, (2) the shrinkage and/or 

deformation of the printed parts, because of high thermal stress17, and (3) a slow printing 

process. 

 

 

Figure 1. A schematic diagram of the selective laser sintering/melting printer. 

 

Inkjet printing 

3D inkjet printers are based on the similar principles to those of the most commonly used 2D 

inkjet printers. They both modulate the spatial and temporal jetting of inks from their 

respective print heads. However, 3D inkjet printer’s print heads can supply a liquid binder, a 

photopolymer, or a thermomaterial on pre-specified spots in a layer-by-layer fashion. Based 

on the type of inks used, 3D inkjet printers can be classified as binder jetting, photopolymer 

jetting, or thermomaterial jetting printers. 

 

Binder jetting printers are powder-based systems, similar to the SLS/M printers. Their print 

process begins by rolling a fine layer of powder from the powder bed onto the build platform 

with the help of rollers as shown in Figure 2 (a). The powder layer is then selectively exposed 

to a binder liquid as per the desired layer geometry. The binder liquid binds the required 
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powder particles together to form the solid components of a layer. The unbound powder 

particles act as a support material for the following layers. Completion of each individual 

layer is followed by lowering of the build platform and rising of the delivery platform by a 

specified step size, which is defined by the layer thickness. This allows the next layer of 

powder particles to be rolled down to repeat the same process for the consecutive layers, 

hence forming the desired 3D structure as shown in Figure 2 (a). The binder jetting printers 

offer an advantage that they allow the use of a wide variety of print materials (as listed in 

Table 1), because of their ability to use foreign binder liquids. However, they suffer from 

various limitations, such as (1) the x and y resolutions are dependent on the particle size of 

the powders (50 – 100 µm), and the z resolution is typically 200 µm18, (2) the physical and 

chemical properties of the binders dominate the properties of the printed object, and (3) the 

printed objects suffer from material heterogeneity and bulk defects, because of the 

incomplete binding of powder particles, which limits their optical clarity and mechanical 

strength19. 

 

The photopolymer and thermomaterial jetting printers allow higher print resolution as 

compared to the binder jetting printers, because of their use of liquid precursors as opposed to 

the powder particles. These printers provide an x and y resolution of ca. 40 µm and a z 

resolution of ca. 16 µm20. A photopolymer or thermomaterial printing process starts with the 

jetting of build and support materials from their respective print heads as per the desired layer 

geometry. The jetted photopolymer or thermomaterial is UV polymerised or allowed to cool 

down on the build platform, respectively to form the solid components a layer. Completion of 

each individual layer is followed by lowering of the build platform to repeat the same process 

for the consecutive layers, hence forming the desired 3D structure as shown in Figure 2 (b). 

Moreover, these printers offer additional advantages, such as (1) the higher print speeds as 
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compared to the binder jetting printers, (2) ease of multi-material and multi-colour printing, 

via their ability to switch between different materials by using multiple print heads, (3) the 

ability to fabricate complex structures, from the use of dense support materials, and (4) the 

ability to fabricate mechanically more robust and optically more transparent parts, resulting 

from their better polymerisation and higher resolution capabilities as compared to the binder 

jetting printers. However, both photopolymer and thermomaterial jetting printers also suffer 

from a few limitations, such as (1) the limited availability of build materials, (2) the limited 

material customisation capabilities, because of the risk of blocking print heads, and (3) the 

requirement of long and tedious post-processing steps to remove the dense support material 

from complex geometries21. 

 

 

Figure 2. Schematic diagrams of inkjet printers: (a) binder jetting printer, (b) photopolymer 

jetting printer. 

 

Most of the 3D printing techniques are only a decade or two old and are still in their relative 

infancy stages with respect to technological capabilities. However, they are rapidly evolving, 

and their capabilities and functionalities are being constantly improved. Some of the current 

limitations of different 3D printing techniques and the efforts that are being made towards 
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overcoming them are discussed below. This following section should help one to assess the 

current status and a future possible trajectory of the field of 3D printing.  

 

Current status of the 3D printing techniques 

 

Currently, the highest available 3D printing resolution is 50 µm in the x and y direction and 5 

µm in the z direction with the use of SL printers, and it is many folds lower for the FDM (x, 

y, and z resolution of ca. 100 µm) and SLS (x, y, and z resolution of ca. 150 µm) printers. 

Note that depending on the geometry, the minimum possible size of a printed feature can be 

much larger than the specified print resolution. The resolution of different 3D printing 

techniques is being constantly improved, and a significant improvement in resolution has 

been observed especially for the SL and FDM printers over the past few years. The resolution 

of the SL printers can be further improved by using high definition projectors, reduction of 

the exposure light’s focus depth, and optimisation of the exposure time, polymerisation 

wavelength, and printing power22. Improvements in the 3D printing resolution should allow 

(1) the ability to produce narrow channels, (2) higher optical transparency of the printed 

objects, and (3) reduction of the ‘backside’23 effect. 

 

The most commonly used polymers with the FDM, SL, and PolyJet 3D printing techniques 

are currently limited to acrylates, acrylonitrile butadiene styrene (ABS), and poly(lactic acid) 

(PLA). However, the list of 3D printable materials is constantly increasing by incorporation 

of materials such as smart materials24, nano-materials25, composites26, functional polymers27, 

bioinks28, hydrogels29, and conductive materials30. FDM techniques allow the easiest use of a 
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customised material, which makes them a preferred choice to develop new customised 

materials. 

 

Multi-material printing capabilities are currently only limited to the FDM and PolyJet 

printing techniques, however, efforts have also been made to allow similar capabilities with 

the SL printing techniques31. Multi-material printing can allow monolithic fabrication of 

objects that require simultaneous use of a variety of materials, such as anatomical models that 

require hard and elastic materials, optical components that require opaque and transparent 

materials, electronic components that require conductive and non-conductive materials, and 

educational models that require different coloured materials, to name but a few. Moreover, 

efforts are also being made to allow direct printing on foreign materials, such as cartilage 

printing on bones32. 

 

SL and PolyJet printed parts often suffer from poor biocompatibility. This is primarily due to 

the incomplete UV polymerisation, which leads to poor bonding, and hence leaching of toxic 

free radicles. The biocompatibility of these 3D printed polymeric parts is shown to be 

improved through post-curing steps33. Various commercial and non-commercial 

biocompatible materials have also been used for 3D printing, such as MED610 (Stratasys)34 

and hydrogels29. 

 

The fabrication of complex and long closed channels is still difficult with any of the above-

mentioned 3D printing techniques. The FDM and SL printing techniques result in a collapse 

of long closed channels, because of the absence of any solid support material. Whereas, the 

PolyJet printing and SLS techniques result in a long post-processing time for the removal of 
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the solid support material from the closed channels21. Recently, water-soluble support 

materials such as SUP707 (Stratasys) (as described in Chapter 5) have been introduced to 

allow easier removal of the solid support material from the PolyJet printed parts. 

 

All the health, environmental, and safety issues associated with different 3D printing 

techniques still remains to be explored, however, some concerning reports have been 

published recently35. 3D printing techniques such as FDM, which are most commonly and 

widely used in homes have been demonstrated to release harmful fumes during the printing 

process36, and the disposal of SL and PolyJet printed parts has been demonstrated to be 

harmful to the environment33, 37. Accordingly, the need for standardisation and regulation of 

the 3D printing raw materials has been recognised35. However, the total assessment of the 

societal impact of 3D printing techniques still remains to be a topic of research and 

discussion37. 

 

Research aims 

 

The research aims were (1) to obtain a better understanding of the capabilities and potential 

of different 3D printing techniques to fabricate three-dimensional micro- and milli-fluidic 

channels, (2) to investigate the effects of different three-dimensional channel arrangements 

on the performances of different miniaturised analytical devices, and (3) to use the obtained 

knowledge to develop new functional 3D printed miniaturised analytical devices (3D 

MADe). 
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Conventional fabrication techniques have inherently limited the production of miniaturised 

analytical devices to two-dimensional micro- and milli-fluidics. Moreover, these fabrication 

techniques have restricted the access of life-scientists and chemistry personnel to the 

microfluidic capabilities. As discussed above, 3D printing techniques can overcome these 

challenges while offering new possibilities and opportunities in the field of chemical 

sciences. However, there is limited understanding of the use of 3D printing techniques and 

three-dimensional fluidic channels in the field of chemical sciences, because of their 

relatively recent introduction. Accordingly, in this thesis, the use of 3D printing techniques 

and three-dimensional fluidics has been investigated with regard to the benefits they can offer 

in the production of miniaturised analytical devices. Furthermore, the use of 3D printing 

techniques has been studied to fabricate these devices using advanced materials such as 

titanium alloy (Ti-6Al-4V). 

 

Throughout this thesis, several research questions have been addressed as some of them listed 

below: How currently available 3D printing capabilities can be used to fabricate functional 

miniaturised analytical devices? How do the choice of 3D printing technique and the build 

material affect the production and the performance of these devices? How can three-

dimensional channel coiling be used to miniaturise analytical devices? How can three-

dimensional channel arrangement be used to improve the performance of these miniaturised 

analytical devices? How does three-dimensional channel geometry can affect various 

hydrodynamic properties and hence functionalities of these devices? The knowledge and 

understanding gathered from these investigations are used to fabricate new functional 3D 

printed miniaturised analytical devices. Their use has been described to perform various 

analytical operations, such as liquid chromatographic separations and chemiluminescence 

detection. Moreover, computational fluid dynamic (CFD) simulations have been performed 
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for most of the developed three-dimensional fluidic designs to obtain a better understanding 

of the hydrodynamic properties of their respective analytical devices. 

 

The work presented in this thesis should provide the groundwork for the future development 

of other 3D printed miniaturised analytical devices, and it should encourage the use of 3D 

printing techniques and three-dimensional fluidic channels in the wider fields of chemical 

sciences. 

 

Overview of the thesis research chapters 

 

Miniaturised liquid chromatographic columns can facilitate the production of portable high-

performance liquid chromatographic (HPLC) systems. Currently, miniaturised 

chromatographic columns are fabricated by subtractive manufacturing techniques, such as 

dry and wet etching38. As discussed above, these techniques are limited to two-dimensional 

fabrication, and they use hazardous chemicals and/or processes. These limitations can be 

overcome with the use of 3D printing techniques to fabricate miniaturised capillary liquid 

chromatographic columns. 

 

3D printing was previously used by Fee et al.39 in 2014 to fabricate LC columns integrated 

with customised porous beds, internal flow distributors, and external fluid connectors. 

Furthermore, in the same year, Vonk et al.40 had also reported 3D printed titanium-scaffolded 

narrow-bore columns to prevent the collapse of organic monoliths by fabricating titanium 

scaffolds within square conduits. However, the use of 3D printing techniques to fabricate 

coiled capillary chromatographic columns was not studied. 

13



	
	

 

In Chapter 2, for the first time SLM 3D printing technique has been used to fabricate three-

dimensionally coiled liquid chromatographic columns. The SLM technique was used to 

fabricate 600 mm long, 0.9 mm I.D. stainless steel (316L) and titanium alloy (Ti-6Al-4V) 

columns within a footprint of 5 × 30 × 30 mm. The work presented in Chapter 2 indicates the 

potential of SLM technique to fabricate miniaturised and robust liquid chromatographic 

columns. 

 

This Chapter is published in the Analyst (2014, 139 (24), 6343-6347). 

 

Currently, SLM techniques suffer from a low printing resolution as described above. This 

resulted in a low chromatographic performance of the slurry packed LC columns, because of 

their high (20 µm) channel wall roughness, as also described in Chapter 2. 

 

In Chapter 3, the use of titanium wall bonded organic monolith is described to circumvent the 

limitation of channel wall roughness, and hence produce the first functional 3D printed coiled 

liquid chromatographic column. The SLM technique was used to fabricate a titanium alloy 

(Ti-6Al-4V) column, which was functionalised with in-column thermally polymerised and 

wall bonded poly(BuMA-co-EDMA) monolith. Titanium was selected as a suitable candidate 

for the fabrication of monolithic chromatographic columns because of its favourable 

chemical properties and high thermal conductivity. Thermally oxidised titanium channel 

walls were silanised to form a stable covalent bond with the acrylate monolith. The work 

presented in Chapter 3 indicates that 3D printed titanium columns with wall bonded organic 

monoliths can be used for (1) liquid chromatographic separations of proteins and peptides 
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and (2) generating rapid bi-directional heating/cooling cycles for steep temperature gradient 

liquid chromatographic separations. 

 

This Chapter is published in the Analytica Chimica Acta (2016, 910, 84-94). 

 

In Chapter 4, the first study of the effect of 3D column geometry on liquid chromatographic 

separations in the presence of a stationary phase is described. The effect of column geometry 

on the chromatographic efficiency, particularly in the case of packed and monolithic 

columns, and more particularly in the case of liquid chromatographic separations has 

remained unclear. Accordingly, three chromatographic column geometries, namely (i) a 2D 

serpentine, (ii) a 3D spiral, and (iii) a novel 3D serpentine were developed to study these 

effects. Chapter 4 describes (1) their functionalisation with in-column thermally polymerised 

poly(BuMA-co-EDMA) monoliths, (2) their comparative performances for liquid 

chromatographic separations of small and large molecules, (3) insights into the effect of 

column geometry using computational fluid dynamic (CFD) simulations, and (4) their liquid 

chromatographic separation efficiencies under isocratic and gradient conditions. 

 

This Chapter is published in the Analytical Chemistry (DOI:10.1021/acs.analchem.7b03778). 

 

Chemiluminescence detection (CLD) systems require simple instrumentation and provide 

extremely high sensitivity for at least some analytes, which makes them a suitable candidate 

for miniaturised analytical devices. A Flow-cell plays a significant role in determining the 

sensitivity and reproducibility of the CLD systems. Usually, CLD flow-cells are fabricated by 

coiling polymeric or glass tubing in a plane41-42 or by milling/etching channels into polymeric 

materials 43-46. Coiling polymeric or glass tubing limit the flow-cell design to predominantly 
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flat spirals due to their rigid nature47. Whereas, milling/etching techniques require an 

additional channel sealing procedure, lack three-dimensional fabrication, and require time 

and labour intensive steps. These limitations can be overcome with the use of 3D printing 

techniques to fabricate CLD flow-cells. 

 

PolyJet 3D printing technique was first used for the fabrication of CLD flow-cells by 

Spilstead et al.21 in 2014. However, this preliminary investigation used the conventional 

spiral flow-cell design. The use of coiled spiral flow-cell design resulted in channels with 

only partially cleared support material and hence led to significant flow-cell staining. In order 

to obtain clear channels, open channels were printed, which were later sealed with transparent 

films21. This requires design and fabrication of a new less convoluted flow-cell design to 

allow successful PolyJet printing of closed channel flow-cells. 

 

In Chapter 5, design and development of a new and improved CLD flow-cell is described. 

The new flow-cell was designed by diverging multiple linear channels from a common centre 

port in a radial arrangement, and hence it was named as a ‘radial’ flow-cell. Fabrication of 

this flow-cell with the PolyJet printing and FDM techniques was studied. Chapter 5 describes 

the design, development, and evaluation of the radial flow-cell by (1) comparing its ease of 

fabrication and CLD performance with its counterpart 3D printed and polymer tubing spiral 

flow-cells, (2) investigating its fluidic properties through CFD simulations, and (3) 

developing a rapid and automated assay for the analysis of H2O2 in urine and coffee extract 

samples. 

 

This Chapter is published in the Analytica Chimica Acta (DOI: 10.1016/j.aca.2017.12.039). 
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Chapter 6: 

 

CONCLUSIONS AND FUTURE OUTLOOK 

 

The use of 3D printing techniques to fabricate three-dimensional micro- and milli-fluidic, 

miniaturised, and functional metallic and polymeric analytical devices has been explored.	The 

SLM 3D printing technique has been used for the first time to fabricate metallic capillary 

liquid chromatographic columns. The PolyJet 3D printing technique has been used for the 

first time to successfully fabricate a chemiluminescence detection flow-cell. 

 

As described in Chapters 2-4, previously impractical column geometries, such as double 

handed coiled spiral and three-dimensionally convoluted serpentine can be readily fabricated 

with the use of 3D printing techniques. Moreover, 3D printing techniques such as SLM, 

allow their fabrication in metal, including high strength titanium alloys. SLM technique has 

been used to fabricate 0.9 mm I.D. columns with following geometries (1) a 600 mm long 

double-handed coiled 3D spiral, (2) a 300 mm long 3D serpentine, (3) a 300 mm long single 

handed 3D spiral, and (4) a 300 mm long 2D serpentine within a footprint of ca. 30 X 30 X 5 

mm as described in Chapters 2-4. Furthermore, a 0.9 I.D. and 5000 mm long column with 

nested helix column geometry has also been fabricated within a footprint of 30 X 30 X 30 

mm for future investigations. Long chromatographic columns are frequently used to obtain 

high-efficiency liquid and gas chromatographic separations. However, their resulting large 

footprints often render their integration into miniaturised platforms cumbersome and 

ineffective. The here described fabrication of long capillary columns within small footprints 
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using 3D printing techniques can provide an opportunity to allow easy access to long 

chromatographic columns for the miniaturised chromatographic platforms. 

 

Chapter 4 describes the use of 3D printing techniques to perform challenging investigations, 

such as the effects of 3D column geometries on chromatographic separation efficiencies. 3D 

printing techniques allowed the fabrication of precisely controlled column geometries to 

probe the long-debated but experimentally unobserved effects of column coiling on the liquid 

chromatographic separations. 3D printing techniques allow the fabrication of complex fluidic 

geometries, and CFD simulations allow the study of hydrodynamic properties in those 

complex geometries. As described in Chapters 4 and 5, an amalgamation of these capabilities 

can be used to perform fundamental studies in the field of microfluidics. 

 

As described in Chapters 2-4, an in-house built Peltier thermoelectric modules based direct 

contact heating/cooling system has been used for liquid chromatographic separations. It 

enabled the substitution of conventional cumbersome HPLC column ovens with a low-cost, 

miniaturised, and bi-directional temperature modulation system. Moreover, it allowed (1) 

near real-time bidirectional column temperature modulation, (2) precise temperature 

regulation, and (3) the generation of inverse temperature gradients. Similar assemblies based 

on Peltier modules should allow easy access to bi-directional temperature regulation units for 

miniaturised analytical platforms. 

 

The wall bonding of the organic (acrylate) monolith with the inorganic (titanium) channel 

walls through silanisation has enabled a conformal in-column monolith polymerisation in all 

the here-studied column geometries as described in Chapters 3 and 4. This demonstrates 
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fabrication of uniform monolithic stationary phases even in micro-bore, highly convoluted, 

and rough channel wall columns. This should further encourage the use of monolithic 

stationary phases in other similar applications where particle packing procedures usually 

result in an unsatisfactory performance. 

 

As described in Chapter 5, the PolyJet 3D printing technique has been used to fabricate a new 

radial chemiluminescence detection flow-cell by three-dimensional arrangement of 

microfluidic channels. Moreover, this was the first time that a 3D printing technique was 

successfully used to fabricate a chemiluminescence detection flow-cell. The developed radial 

flow-cell design allowed (1) rapid and easy fabrication with the PolyJet and FDM 3D printing 

techniques and (2) higher efficiency chemiluminescence detection of H2O2 using the luminol-

Co(II) chemiluminescence reagent as compared to the conventional spiral flow-cell design. 

The PolyJet 3D printed radial flow-cell was further used in an IC-CLD system to determine 

H2O2 (a biomarker) in human urine and coffee extract samples. The here demonstrated ability 

of 3D printing techniques to produce rapid, low-cost, and customisable chemiluminescence 

detection flow-cells should allow its use to fabricate similar flow-cells for in-house built and 

commercial chemiluminescence detection systems. 

 

The work presented in this thesis demonstrates the use of 3D printing techniques, namely 

SLM and PolyJet printing to directly fabricate metallic (stainless steel and titanium) and 

polymeric (acrylate) three-dimensional micro- and milli-fluidic devices. These devices have 

been used to perform analytical operations such as liquid chromatographic separations and 

chemiluminescence detection. Moreover, the use of CFD simulation capabilities along with 

the 3D printing capabilities allowed (1) an investigation into the long-standing question of the 
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effect of column geometry on liquid chromatographic separations and (2) the optimisation 

and investigation of a new radial chemiluminescence detection flow-cell design. The work 

presented here should encourage and inspire other researchers to fabricate other functional 

3D printed miniaturised analytical devices and use three-dimensional micro- and milli-fluidic 

channels in the wider fields of chemical sciences.	
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