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Abstract 

Additive manufacturing, or 3D printing, continues to impact manufacturing and 

prototyping industries, through the provision of a quick and low-cost alternative to 

the more conventional subtractive manufacturing techniques. However, due to the 

intrinsically limited functionality of most proprietary resins and commercially 

available pristine feedstock polymers, there is now a critical need to develop 

printable composites with high-performance and improved physico-mechanical 

features and varied functional properties.  

This research project focuses on exploring the potential of new functional 3D 

printable materials, such that 3D printing technology can develop further and 

deliver in new application areas. This thesis documents research on the 

development of novel, print-compatible functional composites, followed by the 

investigation of their physico-chemical properties, with potential applications in the 

area of microfluidic, microanalytical and micro-electronic-mechanical platforms. 

Chapter 1 begins with a brief introduction of the origin of micro-systems, followed 

by a comparative analysis of the conventional manufacturing techniques with 3D 

printing technology. This Chapter gives an overview of functionalised 3D printable 

materials developed over the last 5 years. The integration of functional fillers, such 

as carbonaceous, inorganic, stimuli-responsive polymers and biopolymers, into 3D 

printable resins has been discussed briefly. The Chapter concludes by describing 

the aims and objectives of this research project.  

Chapter 2 gives an insight into the state-of-the-art of 3D printing for microfluidics, 

focusing on the four most frequently used printing approaches: inkjet (i3DP), 

stereolithography (SLA), two-photon polymerisation (2PP) and extrusion printing 

(focusing on fused deposition modelling). It discusses their working principles, 

achievements and limitations, and the opportunities and advances necessary to 

reach 3D printing's full potential in the development of microfluidic and 

microanalytical devices. 

Chapter 3 presents a print, cast and peel approach for the rapid fabrication of 

robust thermally conductive polydimethylsiloxane (PDMS) based microfluidic 

https://www.sciencedirect.com/topics/engineering/polymer-part
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chips. The intrinsically low thermal conductivity of PDMS microfluidic chips 

was enhanced by doping with 60 wt % synthetic high pressures high temperature 

(HPHT) micro-diamond. The composite microfluidic chips were fully 

characterised to reveal their homogeneity, hydrophilicity, flexibility and thermal 

properties. The elastic modulus increased from 1.28 for pure PDMS to 4.42 MPa, 

for the 60 wt % composite, along with the three-fold increase in thermal 

conductivity. An IR camera was used to study the thermal performance of fluidic 

chips at different concentrations of micro-diamond and flow rates. At a flow rate of 

1000 μL/min, the gradient achieved for the 60 wt % composite chip was equal to a 

9.8 °C drop across a 3 cm channel, more than twice as compared with the control 

PDMS chip. This study offered a practical solution for the thermal management of 

electrofluidic embedded electronics and mechanical-electronic microsystems.  

Chapter 4 focuses upon the direct printing of a synthetic-diamond-acrylonitrile 

butadiene styrene (ABS) composite, using an FDM printer, by developing 

feedstock filaments containing 37.5 and 60 wt % micro-diamond. The composite 

filaments were extruded multiple times to attain homogenous distribution of the 

micro-diamond. The impact of micro-diamond on the thermo-mechanical 

properties of the ABS composite were investigated. The thermal conductivity of the 

ABS composite material increased from 0.17 to 0.94 W/(m·K), more than five-fold 

following the incorporation of micro-diamonds. The elastic modulus for the 60 wt 

% micro-diamond containing composite material increased by 41.9 % with respect 

to pure ABS, from 1050 to 1490 MPa. The low-cost FDM printer was customised 

for robust printing using the abrasive diamond containing filament. The print 

performance of the new composite filaments and their practical utility were 

evaluated via printing test heat sink designs. Heat dissipation measurements 

demonstrated that a 3D printed heat sink containing 60 wt % diamond increased the 

heat dissipation by 42 %. The thermally conductive and electrically insulating 

diamond-ABS printable composite printable material offered a potential practical 

solution for cooling of miniaturised micro-electronic and analytical devices.  

Chapter 5 describes the fabrication of a chitosan-ABS composite filament for FDM 

printing. The printing compatibility of the composite filament was investigated by 
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varying (5, 10 and 30 wt %) the content of chitosan. Up-to 10 wt % chitosan-ABS 

filament was printed successfully with macroporous features. As a proof of concept, 

the antibacterial activity of 3D printed ABS and composite discs containing 5 and 

10 wt% chitosan was tested against the model bacteria Escherichia coli. The 10 

wt% chitosan composites inhibited the growth of bacterial cells. The composite 

filaments were also used to print monoliths to investigate their ability to extract 

Cu2+ ions from solution. Overall, the 5 wt% chitosan-ABS monolith achieved 28% 

Cu2+ extraction efficiency, while the 10 wt% composite monolith attained 78% 

extraction efficiency after 144 hours exposure. These proof of concept results 

indicate that 3D printed monoliths can be used as a low-cost device for the removal 

of heavy metals such as Cu2+ ions and for water disinfection with potential 

application in remote areas where clean water supply infrastructure is not available. 

Finally, Chapter 6 includes some concluding remarks with some recommendations 

and future directions of this research. 
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Chapter 1 

Introduction: Functionalised Materials for 3D 

Printing 

“Imagination is more important than knowledge. 

Knowledge is limited. Imagination encircles the 

world.” (Albert Einstein) 

1.1. Background 

Richard Feynman, a Nobel laureate coined the term ‘miniaturisation’ and described 

it as “a field, in which little has been done, but in which an enormous amount can 

be done in principle”.1-2 The concept of miniaturisation, advocated by Feynman, 

did not receive immediate attention, however, major technological advances 

towards miniaturisation were actually initiated with the invention of transistors, 

which led to the development of the first “miniaturised integrated circuits” by Kilby 

in 1960's.3 These advances led to the subsequent development of micro-systems, 

which later developed to include embedded electrofluidic devices, micro-electronic 

mechanical system (MEMS), micro-electronic circuits and the drive towards micro-

total analysis systems (TAS).4 Currently, such micro-system based devices have 

an increasing presence in our everyday life, in the form of micro-sensors, micro-

actuators, wearable sensors, micro-electronics and lab on a chip (LoC) devices. Due 

to their potential low-cost, compactness, portability and low power consumption, 

these micro-system products have received considerable attention.  

Until now, conventional manufacturing techniques such as micro-machining, hot 

embossing, direct machining, micro-milling, injection moulding and soft 

lithography, have dominated the production of miniaturised micro-systems, 

however, still they have a number of limitations.5 For instance, micro-machining 

involves extensive use of etching chemicals, resulting in a time and resource 

intensive manufacturing process, with minimal control over final three-dimensional 

geometries.6 Hot embossing is a replica-moulding manufacturing technique that 

requires pressure and temperature above the glass transition temperature (Tg) of the 

chosen substrate material.7 Although it is a cost-effective technique, it still remains 
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rather limited in terms of production throughput, and offers lower resolution. It also 

does not allow multi-materials to be used, since different materials will lead to 

different Tg, and hence different viscosities, that cannot be processed together 

during moulding. Injection moulding involves the development of a master-mould 

with inverse features that must be transferred to a desired substrate during 

moulding. This technique is suitable for large-volume manufacturing, but it 

involves high start-up costs, consumes considerable time to fabricate devices and 

is not amenable to rapid-prototyping.8 Soft lithography is also a replica-moulding 

technique that employs thermal or photo-curable elastomers, for instance, 

polydimethylsiloxane (PDMS).9 This technique has found widespread use within 

the academic community, but the fabrication process can consume a whole day with 

devices that are often non-reusable, with high aspect ratio features being difficult 

to produce. Micro-milling involves a rotating cutting tool that subtracts material 

away from the bulk substrate, resulting in an extensive waste of material.10 These 

conventional manufacturing techniques generally require a high degree of technical 

expertise, involve waste of materials and incur significant production costs in low-

volume productions.11  

Over the last few decades, the digital revolution has emerged as a potential game 

changer and is currently impacting all modes of traditional manufacturing.12-13 

Three-dimensional (3D) printing, originally known as additive manufacturing, and 

also referred to as rapid prototyping or solid-freeform technology (SFF), has 

emerged as a leading digital fabrication method, and is proposed as a replacement 

for traditional subtractive manufacturing techniques.14 3D printing creates complex 

structures from digital standard tessellation language (STL) files into a physical 

object, in a layer-by-layer fashion without any predefined dies or moulds. The 

layer-by-layer approach not only enables the merging of multiple components into 

a single piece, without subsequent assembly operations, but it also provides 

unprecedented freedom in manufacturing complex structures with precision and 

control.15 Fig.1.1 illustrates the comparison of conventional subtractive and 

additive manufacturing techniques. 
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Fig.1.1. Comparison of (A) subtractive manufacturing technique where the material is removed by 

physical or chemical processing with significant waste produced. (B) The 3D object is designed 

using CAD software; the model is sliced into STL files and object is 3D printed in an additive layer-

by-layer manner with minimum waste produced. 

Charles Hull, first filed a 3D printing patent application in 1983 and subsequently 

secured a patent on the technology in 1986. However, the popularity of this 

technology started increasing at the turn of 21st century.16 The key patents for the 

original 3D printing processes began to expire in 2009, which resulted in an 

increasing number of low-cost 3D desktop printers. The freedom of design, small 

foot-print, waste minimisation, mass customisation, and the ability to manufacture 

complex structures, as well as fast prototyping, are some of numerous additional 

advantages of 3D printing.17  

The most popular forms of 3D printing include stereolithography (SLA), fused 

deposition modelling (FDM), selective laser sintering (SLS), inkjet printing, 

laminated object manufacturing and direct writing, each creating parts layer-by- 

layer, but exhibiting different resolution, costs and material compatability.18 

Due to the multiple advantages offered by 3D printing, it is currently being explored 

as a tool for developing microfluidics and microanalytical devices.19 However, 

there are a number of challenges that need to be addressed before 3D printing 

technology can be more widely applied as a primary manufacturing tool in this 

particular field. One of the main challenges is that 3D printing systems rely on a 
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relatively narrow range of commercial and proprietary materials, thus limiting the 

physical and chemical properties of the final 3D printed objects. These proprietary 

materials include acrylates, thermoplastics, thermosets, alloys, metals and 

ceramics.14,19 Since the expiration of a number of key patents, there has been 

increasing interest in the improvement and diversification of properties of generic 

printing materials, by the inclusion of micro/nano fillers, with a particular focus on 

generating distinct physico-chemical properties into the resultant 3D printable 

material. Today, the need for novel printable functional materials is continually 

growing to compete with conventional manufacturing techniques.20 

1.2. Integration of functionality into 3D printing materials 

The fusion of material science and three-dimensional (3D) printing provides new 

opportunities to explore multi-functional materials in the form of composites, 

hybrid and functionally graded materials (FGM).21-22 Over the past few years, the 

variety of 3D printable materials has significantly increased. Since 2015, more than 

200 papers and various review articles have reported the inclusion of different types 

of nano/micro fillers, in a wide range of printable polymer matrices, both 

thermoplastics and thermosetting resins, thus producing 3D printed structures that 

exhibit unique characteristics and capabilities.23-29 Fig.1.2 summarises various types 

of 3D printing technology with different materials, and a combination of fillers used 

at macro, micro, nano-scales, which enable the production of functional printable 

materials. 
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Fig.1.2. 3D printing technology coupled with functional materials at nano, micro, macro and multi-

scales to produce high-performance printable materials, with multi-functional properties. 

Below is the brief overview of various fillers and blends incorporated within 

printable resins to generate high-performance multi-functional printable composites. 

1.2.1. Functionalisation with carbon fillers 

Recently, carbon containing composites amenable to 3D printing have received 

considerable attention. Carbon materials, including graphene, graphene oxide (GO), 

single/multi-walled carbon nanotubes, carbon, carbon back and synthetic 

diamonds, have been widely used in 3D printing due to their chemical stability and 

micro/nano versatility.27 Graphene, being two-dimensional and having atomic level 

thickness, exhibits a series of unique properties, such as low density, exceptional 

mechanical and thermal stability, with high surface area and electrical 

conductivity.30 Graphene together with graphene oxide has been used for the 3D 

printing of micro-electronics, sensors and electro-chemical energy storage devices 
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including batteries and super capacitors.31-34 Graphene oxide is considered as an 

ideal conducting filler for 3D printing, with exceptional printability.  

The addition of synthetic diamonds,35-36 carbon,37 carbon black38, and CNT39 into 

printable polymers has also been reported, enabling the creation of high-

performance functional composites for micro-electronic devices.40 However, more 

efforts are required to develop improved carbon base inks with key features of 

optimum viscoelasticity, and compatible with green solvent, with fast drying times 

and long storing capacity, all of which are critical factors while designing high-

performance composites with superior mechanical properties. 

Fig.1.3 illustrates various types of proprietary materials and the fillers incorporated 

within printable resins.  

Fig.1.3. 3D printing technology using various types of functional fillers. 

1.2.2. Functionalisation with inorganic fillers 

The addition of inorganic fillers, such as metals, metal oxide and metal alloys, 

including iron,41 copper,42 alumina platelets,43 silica,24 zinc oxide,44 titanium 

oxide45, and stainless steel micro-particles46 can change the mechanical behaviour 

and melting point of printable materials. These functionalised feedstock of 

materials have already been used to 3D print micro-electronic components, 
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miniaturised catalytic reactors, micro-actuators, sensors and reinforced bio-

analytical devices.24 However, while using these micro/nano particles, uncontrolled 

distribution at the filler-polymer interface can lead to the uncontrolled 

microstructure of the composite materials that can affect the printing and functional 

performance of the composite. 

1.2.3. Functionalisation with stimuli-responsive materials  

The potential to couple the geometric freedom of 3D printing technology with 

complex stimuli-responsive materials has considerably advanced the field.23 3D 

printing is primarily based upon the use of single-stimulus response materials that 

undergo a chemical and physical transformation to fabricate object in three 

dimensions. One of the representative examples is stereolithography (SLA) 

printing; in which a photo-initiator irradiated by light, triggers the polymerisation 

and cures the exposed region layer-by-layer.  

However, 3D printing technology is beginning to utilise multi-stimuli-responsive 

materials. For instance, a thermo-reversible hydrogel which exhibits a characteristic 

‘sol-to-gel’ behaviour.47 In its sol-state, fillers (such as nanomaterials or living 

cells) can be homogeneously incorporated, and in the gel state, it can be printed 

directly.  

The integration of other stimuli-responsive properties, such as memory shape 

polymers,48 mechano-responsive,49 opto-mechanically responsive,50 

photoconductive,51 photothermally active,52 piezoelectric/resistive53-54 and 

mechano-chromic polymers,55 within 3D printable materials furthers the potential 

of 3D printing technology, delivering new functional 3D devices that are not readily 

produced using traditional approaches. However, the incorporation of stimuli-

responsive materials is generally time-consuming, and involves multi-step 

fabrication processes, which currently hinder application into mainstream 

production.  

1.2.4. Functionalisation with bio-polymers 

More recently, 3D printing is being explored to produce composites based on bio-

polymers. The ability to precisely control the properties of bio-polymers and 
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fabricate three-dimensional structures is critical for future biomedical devices. 3D 

printed composite structures made up of various bio-polymers have been fabricated 

via partial cross-linking, induced cross-linking, or chemical modification.56 3D 

printing of bio-polymers such as alginate,57 gelatin,58 hyaluronic acid59 and 

chitosan60 has seen significant advances. However, 3D printing of natural polymers 

is still in its early stages. Bio-polymers are too soft to support their structures during 

3D printing; therefore, they require in-situ cross-linking before the printing process. 

Low-temperature manufacturing has been developed to solidify these structures 

during printing.61-62 However, these fabrication methods show limited control over 

the resolution of 3D printed structures.63  

Despite such considerable development, the number of printable materials remains 

relatively limited. However, the field of composite fabrication and production for 3D 

printing technology has immense potential and offers many advantages over traditional 

manufacturing methods for providing low-cost, simple and rapid prototyping.  

1.3. Motivation and objectives 

Having highlighted above the current state of the art, in terms of material science 

and 3D printing, the overall objective of the research presented within this thesis, 

was then to enhance the applicability of 3D printed platforms by developing novel 

functional composite materials for next-generation functional miniaturised fluidic 

and analytical devices, with potential application in micro/nano-electromechanical 

(MEMS/NEMS) systems. This work required a prior understanding of the state of 

the art of 3D printing technology, it’s working principles, where the barriers reside 

and how the technology can develop into achieving its full potential. Therefore, the 

following objectives were identified in achieving the above mentioned goals.  

• To explore alternative strategies for the rapid production of fluidic devices with 

the intention to substitute the conventional and laborious photolithographic steps 

with 3D printing technology.  

• To develop fluidic devices by indirect printing using SLA based desktop-printer, 

with the aim to overcome the disadvantage of unknown surface properties of 

commercial resins and the limited functionality of most proprietary resins. 
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• To produce a composite polydimethylsiloxane (PDMS) fluidic chip using 3D 

printed templates, with the inclusion of synthetic high pressure and high 

temperature (HPHT) micro-diamond, with the intention of improving 

understanding of resultant material properties, such as dispersion pattern, 

hydrophobicity, chemical structure, elasticity and thermal properties. 

• To characterise the effects of micro-diamond inclusion on the properties of the 

composite fluidic chip with a particular focus on the heat dissipation within the 

fluidic system, and to explore its potential application for the cooling of future 

electrofluidic, embedded electronics and mechanical-electronic micro systems. 

• To develop a composite filament containing a significantly higher concentration 

of synthetic micro-diamonds, with the aim of direct production of functional and 

robust devices using low-cost FDM printer. 

• To develop a protocol to achieve optimum physical-chemical properties of such 

filaments, including an homogenous dispersion of micro-diamond, suitable 

elastic modulus, surface smoothness and consistent diameter, such that it can be 

reliably fed into FDM printer to allow continuous printing. 

• To characterise the impact of different loadings of micro-diamond, with the 

objective of a comprehensive understanding of the thermal-mechanical 

properties of resultant composite filament. 

• To evaluate the print performance of the composite filaments, and identifying 

their potential practical utility for more efficient thermal management within 

miniaturised microelectronic portable devices.  

• To develop a chitosan-containing composite feedstock filament, with the aim of 

expanding the range of functional and print-compatible materials by employing 

renewable bio-polymer as a filler. 

• To explore the impact of different loadings of chitosan on printing compatibility 

and achieve greater understanding of their anti-bacterial activity, and the ability 

to extract metal ions through functional surfaces.  
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Chapter 2 

3D Printed Microfluidic Devices: Enablers and 

Barriers 

Declaration: This Chapter has been published in ‘Lab on a Chip’, as described in 

the statement of co-authorship. The material in this Chapter is replicated from the 

publication with only alteration in the format for the thesis.  

2.1. Abstract 

3D printing has the potential to significantly change the field of microfluidics. The 

ability to fabricate a complete microfluidic device in a single step from a computer 

model has obvious attractions, but it is the ability to create truly three-dimensional 

structures that will provide new microfluidic capability that is challenging, if not 

impossible to make with existing approaches. This critical review covers the current 

state of 3D printing for microfluidics, focusing on the four most frequently used 

printing approaches: inkjet (i3DP), stereolithography (SLA), two photon 

polymerisation (2PP) and extrusion printing (focusing on fused deposition 

modelling). It discusses current achievements and limitations, and opportunities for 

advancement to reach 3D printing's full potential. 

2.2. Introduction 

In recent years additive manufacturing, or 3D printing as it is more commonly 

known, has gained significant interest and has been spoken of as a third industrial 

revolution.1
 

Developed in the early 1980s, 3D printing converts computer-assisted 

design (CAD) into a physical object in a single process (Fig.2.1).2 It remained a 

technology with relatively restricted use until the expiration of a key patent in 2009, 

but since then there has been a significant increase within the manufacturing 

industry as well the consumer market because of the ability to easily create unique 

bespoke one-off objects.3 The market for additive manufacturing has grown by 

35.2% to $4.1 billion in 2014 and is expected to become a $20.2 billion global 

industry by the end of the decade.4
 



Chapter 2 

 17 

Fig.2.1. The additive manufacturing process. The CAD file is converted into a standard triangulation 

language (STL) file. The STL file is digitally sliced into individual layers that are sequentially 

realised to build an object in a layer-by-layer manner. 

Commercial 3D printers capable of producing structures ranging from few microns 

to several centimetres are beginning to challenge soft lithography as the research 

prototyping approach to microfabrication. The significance of PDMS and soft-

lithography to the microfluidic community is high as it enabled a new generation 

of researchers to undertake research in the field due to the low infrastructure costs 

and ease of manufacture.5 However, it has many limitations, including the material 

properties of PDMS and the fact that this material does not translate well to a 

commercial scale. Nor are the properties similar to mass-production manufacturing, 

such as etching (glass and silicon) or embossing and injection moulding 

(thermoplastics).6-7
 

Furthermore, all of these fabrication approaches are limited by 

the range of features that can be created, with a move from 2.5D (structures with 

varying width but identical depth) to 3D structures significantly increasing 

processing cost and reducing success rates. 

The attraction of 3D printers is twofold. First is the unprecedented ability to 

fabricate in three dimensions in a way that has not been previously possible. This 

presents new opportunities in the field of microfluidics as researchers begin to 

imagine what might be possible when manipulating surfaces and fluids in three 

dimensions. The second feature – the ability to rapidly realise a model – enables 

researchers to adopt a “fail fast and often” strategy. A simple cross fluidic 

microchip can be printed in 10–15 min, while more complex ones may take hours. 

This is in a material that is more similar to thermoplastics than PDMS (and with 

some printers, may actually be the same thermopolymer) suggesting translation into 

commercial outcomes may be simpler. 

Despite of all these benefits, 3D printed structures cannot currently compete with 
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the resolution of structures produced by conventional lithography in a build space 

that is useful. There are also concerns regarding dimensional fidelity, shape 

conformity, surface quality, biocompatibility, optical transparency and material 

availability.  

To date, Waldbaur et al.8 and Vaezi et al.9 have reviewed technical aspects of all 

current 3D printing technologies, including other approaches that have had some 

preliminary reports on printing microfluidic devices (such as selective laser 

sintering).10 Recently, Au et al. published a comprehensive review highlighting the 

impact of 3D printing in the field of microfluidics.11 

This review focuses on progress made towards the use of 3D printing for the 

fabrication of polymer microfluidic devices. Suitable approaches that have been 

used successfully include inkjet 3D printing (i3DP), fused deposition modelling 

(FDM), stereolithography (SLA) and two photon polymerisation (2PP). A practical 

overview of the range of materials that can be processed and the parameters 

influencing printing performance are listed together with the printing accuracies 

realised for various printers. This present review discusses how the current state of 

the art for 3D printing has fabricated microfluidic devices for various applications, 

where the barriers reside and how the technology can develop into achieving its full 

potential.  

2.3. Inkjet 3D printing (i3DP)  

2.3.1. Fundamentals of i3DP  

The i3DP process is based on inkjet technology which either operates in continuous 

or drop on demand mode.12 Continuous mode operates with ink of a lower viscosity 

with higher drop velocity than DoD.13 The DoD mode is the method of choice for 

3D microfabrication as it generates smaller droplets with higher placement 

accuracy which should translate to finer and more repeatable microfluidic 

structures.14 In the DoD technique, a pulse is generated either thermally or 

piezoelectrically as shown in Fig.2.2. In a thermal DoD, ink is heated locally to 

form vapour bubbles that eject as an ink droplet. In piezoelectric DoD, acoustic 

pulses, generated by the deformation of piezoelectric element, push the droplet of 
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ink from the nozzle. Piezoelectric DoD is suited to variety of solvents whereas in 

thermal DoD solvent must be volatile.15 

Fig.2.2. Schematic illustration of DoD printing process.  

There are four critical elements for the high accuracy performance of inkjet printing 

as shown in Fig.2.3. Each element involves different technical considerations, 

which have been discussed in detail by Chen.16  

Fig.2.3. Key factors affecting inkjet process. 

i3DP can be further divided into two categories: powder-based and photopolymer 

based. In powder-based i3DP, solid powder particles are bonded with polymeric 

adhesive solution delivered by an inkjet print head. The process begins with the 

deposition of a layer of powder spread uniformly on the building stage by a roller. 
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The multi-channel printer head sprays droplets of adhesive onto the powder bed at 

the targeted area. After the first layer is completed, the building platform drops and 

second powder layer is distributed and bound by the next layer of adhesive. This 

process is repeated slice after slice until 3D object is formed (Fig.2.4).17  The loose 

supporting powder surrounding the printed object can easily be brushed away 

(except from a fully enclosed structure where the powder remains) and does not 

require any significant post-processing step. The unused powder is continuously 

recycled which lowers the costs of printed objects. The powders are a combination 

of gypsum, polymer and silica particles with adhesives that are composed of 

glycerol and water-soluble acrylates. The powder size is approximately 50–100 μm, 

and with 2–4 particles forming a layer the Z-resolution is limited to 200 μm. The 

particle size, shape and packing density determine the resolution of the printers.18 

The non-bound particles can increase the surface roughness and reduce the 

transparency of printed object because of light scattering by the particles in the bulk, 

hindering microscopy studies desirable for many microfluidic applications.19 

Fig.2.4. Powder inkjet printing process: the roller spreads powder over the bed, with the excess 

powder providing a support to the printing object. Photopolymerisable ink is then deposited onto 

the powder to bind the particles together.20 (Copyright 2008 Custom Part Net) 
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Photopolymer based inkjet printers use an array of inkjet print heads to deposit tiny 

drops of the build- and support-material to form the object in a layer-by-layer 

fashion. The build material is typically an acrylate-based photopolymer and 

includes monomers, oligomers, and a photo-initiator to cure each layer with a UV 

source (Fig.2.5). Despite being limited to photopolymers there are over 100 

commercial composite materials available based on 17 primary photopolymers. The 

multi-material printing allows up to 14 materials to be printed simultaneously on 

the same tray with a wide range of physical properties, including color and surface 

morphology. The composite material includes varying ratios of acrylonitrile 

butadiene styrene (ABS), polystyrene (PS), polypropylene (PP), 

polymethylmethacrylate (PMMA), polycarbonate, ethylene propylenediene 

monomer (EPDM) and high impact polystryrene (HIPS).21  

Fig.2.5. Photopolymer based inkjet printer.20 (Copyright 2008 Custom Part Net) 

Commercial manufacturers, such as Objet Geometries Ltd and Stratasys use DoD 

technology, termed poly jet modelling (PJM), while 3D Systems use multijet 

modelling (MJM). In both cases, the print head has many small holes that jets 

droplets of build material and support material simultaneously, to build 3D 

structure.  
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In PJM, the support structure is a mixture of propylene, polyethylene, acrylic 

monomer and glycerin. This can be removed by high pressure water jetting 

followed by washing in a chemical bath (2% NaOH) to remove residue of support 

material. High pressure water jetting may damage delicate parts. With MJM, the 

support material is made up of paraffin wax and is removed using heat to melt the 

paraffin, with additional steps, like soaking in an ultrasonic bath of oil to remove 

wax from crevices, performed if required. One of the major impediments to the use 

i3DP for microfluidics is the need to remove the support material, which is 

impossible for fully enclosed structures and difficult through narrow channels. The 

clogging of holes in a print head due to dry ink reduces the performance efficiency 

of the printer and thus, to maintain good performance, i3DP needs to be used 

regularly. There is also considerable cost (up to several hundred dollars) in 

changing from one material to another as the system needs to be flushed with the 

new propriety material.  

Printing performance of i3DP in microfluidics: i3DP was the first approach used 

to make a microfluidic device by McDonald et al. in 2002.22 An Objet printer was 

used to make templates with minimum features of 250 × 250 μm that was used for 

soft lithography. The attraction to this approach is the simplicity and speed with 

which templates can be made particularly with different height structures, but it is 

far from the ideal of being able to directly print a complete microfluidic device.  

Bonyár et al. moved closer to this ideal by directly printing 1000 × 2000 μm open 

microchannels using an Eden 250 inkjet system.23 The microgrooves were then 

sealed with a thin transparent foil to create a sealed microchannel. Whilst this 

streamlined the process by directly printing the channels, sealing adds an additional 

step involving a different material. It must also be noted that the feature size of the 

micro-channels is significantly larger than is commonly used in the field.  

In subsequent work, Bonyár et al. critically compared the printing accuracy and 

quality of the matt and glossy printing modes of the Objet Geometries Eden 250 3D 

inkjet printer.24 Test pieces were designed with 6 structural zones. The dimensional 

series were categorised into two groups: one with dimensions that were an even 

integer multiple ranging from 2 to 8 of the printers X, Y, Z resolution (42, 84, 16 



Chapter 2 

 23 

μm) and the second an even integer multiple (2–8) of 50, 80 and 20 μm. More 

accurate prints were obtained when the channel depth was designed as an integer 

multiple of the Z-resolution (16 μm). The average deviation from theoretical depth 

value was 7.3% for the matt mode and 9.9% for the glossy mode, with even multiple 

integer of Z-resolution. In glossy mode, the minimum channel width was 400 μm 

due to sagging of the walls as a result of the absence of support material, with a 

high average deviation from the theoretical width value of 33.5% in X and 51.2% 

in Y for channels with a width above 250 μm. In matt mode, deformation was 

observed for dimensions above 150 μm for the Y direction (13.9% error) and for 

the X direction (18.7% error), with the minimum channel width of 200 μm. It was 

concluded that matt mode was more suitable for microfluidic purposes because of 

its higher accuracy and resolution, but glossy printing provided better transparency.  

Walczak et al. compared dimensional fidelity, shape conformity and surface 

roughness of open and embedded rectangular and semicircular microchannels 

printed using four different inkjet printers (two Stratasys printers and two 3D 

System printers).25 The minimum dimension for printed microfluidic channels was 

approximately 200 μm, with smaller structures not printed or deformed. Generally, 

less deformation was observed in structures printed by 3D Systems, and 

deformation was more prominent along the x-axis than in the y-axis. Significant 

deformation was observed in Stratasys printers working in glossy mode. Moreover, 

Stratasys devices were blocked by support material, as the water jet could not 

penetrate into microchannels. The surface roughness of the structures printed by 3D 

Systems was 0.38– 0.61 μm. This is slightly poorer than micromilling26 and much 

poorer in comparison to 2PP (4–11 nm),27 though better than 3.24–42.9 μm reported 

by FDM.28 Only the highest nominal resolution printer (ProJet 3000 HD+) had 

identical surface roughness values in both horizontal and vertical printing direction, 

due to a specifically constructed printer head and reflow of support material. For 

the other printers, surface roughness was almost double when printing vertically. 

The source of print error in the inkjet printers was related with volume and 

deposition mechanism of a droplet. The authors proposed a simple method of 

correction for this error, which decreased the difference between designed and real 

dimensions to less than 5%.  
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Hwang et al. printed periodic pillars with constant diameter of 250 μm with variable 

pitch (Fig.2.6(A–F)).29 They found the resolution of the printer depended on the 

droplet size, printer nozzle spacing and reflow of material prior to UV curing. These 

factors affected the droplet spreading which ultimately changed the final 

dimensions of printed devices.  

Connor et al. quantified a dimensional fidelity and precision of embedded channels 

using ProJet HD 3500 inkjet printer.30 Rectangular and trapezoidal channel arrays 

were printed in the vertical (perpendicular to XY-axis) and horizontal directions 

(parallel to XY-axis), to determine the influence of print orientation. The vertical 

3D printed channel produced good shape conformity when compared to horizontal 

printing approach as shown in Fig.2.6(G–J). The inferior shape conformity of 

horizontal channels was due to side wall roughness. They concluded that for 

microfluidics, vertically 3D-printed channels yield better shape conformity and 

dimensional fidelity with variances from two to four times larger than conventional 

deep reactive ion etching (DRIE) techniques, but the significance of the individual 

layers along the length of the microchannel and the associated roughness was not 

discussed.  

Lee et al. evaluated microfluidic features using an Objet Eden 350 V printer and 

found an average deviation of 25.2 μm between actual and printed diameter.28 The 

surface roughness was increased with increased side wall angle due to the formation 

of stitch marks, as shown in Fig.2.6(L). The surface roughness ranged between 0.47 

to 8.44 μm for angles between 0° to 60° and at 90° the roughness decreased to 1.7 

μm. The Fullcure 720 built material was found to be hydrophilic in nature, having 

a contact angle of 81.0°.  

Lee et al. determined the operating range of ProJet HD 3500 printer, by printing 

open microchannels of 100–1000 μm in width and 50–500 μm in height.31 It was 

observed that channels with less than 100 μm width and 50 μm height collapsed. 

The microchannel width varied by ∼35 μm between the CAD and printed device 

and the height difference was less than 11 μm. They also concluded that better 

accuracy was obtained when printing in a vertical direction. 
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Fig.2.6. Scanning electron micrograph (SEM) of channels printed by different inkjet printers. (A–

F) Pillars with 250 μm diameters and 1500 μm heights were printed (A), (C) and (E) and imprinted 

in PDMS (B), (D) and (F). The pitch was (A–B) 500 μm, (C–D) 750 μm and (E–F) 1000 μm. The 

final printed pillar diameters were 378 μm, resulting in structures with multiple pillars bleeding into 

one another when the pitch was not large enough (A–B).29 (Copyright 2015 Elsevier) (G) Cross-

section of the vertically and (H) horizontally printed rectangular microchannels. (I) Cross-section of 

the vertically and (J) horizontally printed trapezoidal microchannels. The vertical 3D printed 

channel produced good shape conformity while the inferior shape conformity of horizontal channels 

was due to side wall roughness.30 (Copyright 2015 IOP Publishing) (K–L) The stitch marks 

increased surface roughness. (M) Distribution of width within printed channels (500 × 500) μm due 

to leaning walls.28 (Copyright 2015 Springer)  

Gowers et al. printed microfluidic devices using two different 3D printers.32 First, 

a microfluidic chip was fabricated using an ULTRA 3SP printer and ABS 3SP resin 

– a white build material that allows printing of dimensionally and mechanically 

stable components. The set of three channels having variable dimensions of (i) 520 

× 520 μm (ii) 750 × 550 μm (iii) 1000 × 550 μm were printed. However, the printed 

device had almost 100 μm smaller dimensions than those specified in the design. 

This decrease was attributed to shrinkage of material during printing process. 

Objet260 Connex printer was used to print needle holders. The main advantage of 

using this printer compared to the ULTRA 3SP is the possibility to print rigid and 

soft material simultaneously on the same component. VeroWhitePlus (RGD835) 
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and TangoBlack (FLX973) were employed for the printing of the rigid and soft 

parts, respectively. The 3D printed microfluidic device coupled with novel 3D 

printed holders incorporates removable needle type integrated biosensors, for 

glucose and lactate detection.  

Paydar et al. explored multi-material 3D printing for microfluidic interconnects.33 

They fabricated an interconnect consisting of a flexible elastomer (Tangoblack) O-

ring co-printed with rigid plastic (VeroBlack) barbed clips for mechanical clamping 

onto a microfluidic chip. The clamp and gasket were printed in a single step, 

eliminating the need for adhesives and additional assembly. The low manufacturing 

cost made this interconnect a competitive alternative to other available interconnect 

technology. The interconnect tolerated a sealing pressure up to 416 kPa. However 

subsequent tests with similar interconnect had a lower maximum sealing pressure 

due to material fatigue. Breakage of the interconnect under stress was observed due 

to grains deposited during printing. Robustness of the interconnect could be 

increased by avoiding grains along the axes of stress concentration.  

Sochol et al. used MJM approach for the design and construction of integrated 

microfluidic circuits (IFC) including diodes, capacitors and transistors.34 The 

smallest dimension of fluidic circuit was 200 μm and minimum fluidic component 

thickness was 150 μm. The 3D printed IFC exhibited operational characteristics 

consistent with their electrical analogues, both independently and as part of 

integrated networks. By modifying geometric parameters of the 3D fluidic 

components, one can readily customise core component functionalities. In addition, 

the 3D component models can be assembled as desired to achieve a diverse array 

of integrated fluidic processors and networks.  

Coating 3D printed channels with polydimethylsiloxane (PDMS) and polystyrene 

(PS) was used by the Spence group to overcome the limitation of unknown surface 

chemistry of proprietary resin and also to make it transparent and amenable to cell 

adhesion.35 The printed channels were at the milli-meter scale and therefore support 

material was easily removed, but it was difficult to remove support material for 

channels with dimensions less than 500 μm.36
  Using successive coatings of PDMS 

or PS, the microchannel dimensions were reduced to 100 μm, which is an elegant 
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and functional way to improve the channel size from 3D printing, although it 

requires additional steps.  

Macdonald et al. investigated the biocompatibility of inkjet resin (VisiJet Crystal 

EX200) against zebrafish embryo.37 This resin is categorised as a class VI certified 

material by United States Pharmacopeia (USP) for plastic biocompatibility. The 

result revealed that the untreated commercial resin was incompatible for the growth 

of zebrafish embryos. However, biocompatibility was improved by treating it with 

ethanol. Similar results were found for Fullcure 720 build material which was 

declared to have similar biocompatibility when treated with ethanol.28 

i3DP capabilities have been showcased by making devices with different 

microfluidic functionality by a number of groups, which has been mentioned in 

Table 2.1.  

Strengths and weaknesses of i3DP in microfluidics: i3DP is an attractive 

approach for making microfluidic devices with microchannels greater than about 

400 μm. The main commercial manufacturers have outstanding machines that will 

print multiple devices within hours with simplicity and reliability that has yet to be 

matched by any other 3D printing approaches. High resolution inkjet printing of 

600 × 600 dpi gives a theoretical XY resolution of 42 μm, with Z resolution as low 

as 16 μm possible, although the reality is that features cannot be printed with this 

resolution due to the nature of the printing process. The greatest yet to be realised 

strength of i3DP is the ability to easily print highly complex devices with multiple 

different materials to provide advanced chemical and physical functionality. There 

are printers available that can print two or more materials and the support, and to 

mix composites of these on the fly to create additional blended materials. Critical 

to this being successful is the development of new functional materials, and while 

the restriction of being UV polymerisable does make this more challenging, there 

are some materials with electronic and magnetic properties beginning to emerge. 

i3DP is perhaps the most commercially viable 3D printing approach for 

microfluidics, albeit at a price that is typically 10–100 times higher than SLA and 

FDM printers. The typical XY build space of at least 30 × 30 cm and the inkjet 

printing process allows the fabrication of multiple devices at the same time. 
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Depending on the device size, it is possible to print 20–1000 devices in a single job, 

and if this can be done in 1–2 hours, it may ultimately provide a cheap and 

affordable way for small-scale batch production during early stage 

commercialisation.  

However, in order to truly penetrate the microfluidic field there remain a number 

of significant challenges. At present, i3DP can work with over 100 different raw 

materials. This is insignificant when compared with the enormous range of raw 

materials used in traditional manufacturing. Transparent and highly biocompatible 

materials are required for application in biomedical devices. New support materials 

with different removal processes are necessary if fully enclosed micro-channels in 

the 10–100 μm range are to be printed. Promising steps for optimisation of droplet 

formation and reflow of drops prior to UV curing are also required. This must be 

accompanied by an increase in resolution in both XY and Z planes in order to realise 

this, which will likely come at the expense of build space and print time.  

2.4. Stereolithography  

2.4.1. Fundamentals of SLA printing  

Stereolithography (SLA) was developed by Chuck Hull in 1986 and 

commercialised at 3D Systems in 1988.2 He defined it as “a method and apparatus 

for making solid objects by successively “printing” thin layers of a curable material, 

e.g., a UV curable material, one on top of the other”. There are two important 

configurations: free surface approach (bath configuration) and constrained surface 

approach (bat configuration).38  

In both configurations objects are built in a layer-by-layer manner by spatially 

controlled photopolymerisation of a liquid resin which is performed with either a 

scanning laser or a digital light projector (DLP).39
 

The bath configuration is the 

classical setup for SLA in which a UV beam traces a 2D cross section onto a 

substrate submerged in a tank of photoactive resin that polymerises upon 

illumination as shown in Fig.2.7(A). After completion of the 2D cross section, the 

substrate is lowered further into the resin by a predefined distance, and the UV 

beam begins the addition of the next layer, which is polymerised on top of the 
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previous layer. In between layers, a blade loaded with resin levels the surface of the 

resin to ensure a uniform layer of liquid prior to another round of UV light exposure. 

In this configuration the height of the printed object is restricted to the tank size. 

Chemical reactions with ambient air, resin waste and extensive cleaning procedures 

are serious concern of bottom-up approach.  

Fig.2.7. Two SLA printing configurations. (A) Laser-scanning SL with the free surface/bath 

configuration. (B) DLP SLA with the constrained-surface/ “bat” configuration.43 (Copyright 2015 

Elsevier) 

The constrained surface approach is also called ‘bat’ configuration due to the fact 

that the object is created hanging from the movable substrate like a bat from a 

ceiling as shown in Fig.2.7(B). The movable substrate is suspended above the resin 

reservoir. The light source is located beneath the tank which has an optically clear 

bottom, and a non-stick layer so that the printed structure does not adhere to the 

substrate. The constrained surface approach has several advantages over the bath 

systems and is increasingly being applied in stereolithography.40 The surface of 

resin being illuminated is smoothed and refreshed through gravity and by letting 

the surface rest over a given settling time. Only small amounts of resin with low 

viscosity are required as the object is pulled out of the resin, rather then submersed 

in it. The illuminated layer is not exposed to the atmosphere, so oxygen inhibition 

is limited. The height of printed object is not restricted, and it requires minimum 

cleaning steps as compared to bath configuration.39,41 However, a cured layer is 

sandwiched between the previous layer and the resin vat. The solidified material 

may adhere strongly to the bottom of vat causing the object to break or deform 

when the build platform moves up from the vat during the building process.42  
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Exposure with a DLP has emerged as a promising source for illuminating the resin. 

A digital mirror device (DMD) with an array of several million mirrors is used and 

is essentially a digital projector modified to only emit UV light. The attraction in 

using a DLP is that by projecting a 2D pixel-pattern onto resin, a complete layer of 

resin can be cured at the same time. This means that build times are quicker when 

compared to a rastering laser, as they only depend on the layer thickness and on the 

required exposure time, and not the XY build size of the model.44 They are also 

mechanically simpler, only requiring accurate Z-control and a number of low-cost 

printers (<$5000) have been released by various manufacturers.  

Waldbaur et al. established a DLP lithography system coupled to a high-pressure 

mercury lamp equipped with custom-made demagnifying projection optics.45 The 

projection optics consisted of thousands of individually addressable micro mirrors 

which can be tilted to an on- or off-state. In order to have maximum flexibility the 

system was equipped with high-pressure mercury lamp as the light source, filtered 

to the required wavelength. This technique illuminates an area of 2.0 × 2.5 mm. 

This was combined with a controllable XY-stage to increase the XY build space to 

40 × 30 mm. The projected resolution was 2.5 μm in the XY with a 10 s of exposure 

time.46 While this approach provides excellent resolution over a reasonable build 

time, stitching images increase the print time considerably.  

One of the restrictions of using SLA, similar to that of the inkjet printers, is that the 

resin must be photopolymerisable. The stereolithography resins are typically 

proprietary epoxides and acrylate–epoxy hybrids, although there are a few reports 

of published recipes for homemade resins appearing. The first resins used for the 

stereolithography process were acrylate-based and involved photopolymerisation 

of acrylate monomers by the free radical mechanism. However, since then, epoxy-

based resins were developed and are now widely used.39  
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The performance of laser and DLP-SLA printers can be judged by the dimensional 

accuracy and surface roughness of the printed object. Both these factors are 

dependent on object orientation, layer thickness, resin properties and building style 

as mentioned in Fig.2.8.47-48
 

Fig.2.8. Parameters affecting laser and DLP-SLA print process.  

Printing performance of SLA in microfluidics. SLA has recently become a very 

attractive option for making microfluidics due to the introduction of a number of 

low-cost DLP printers, including one being developed for $100.49
 

These printers 

have varying resolution in both XY and Z, with resolution in all three of 50 μm 

achievable with a number of these.  

Comina et al. used a low-cost consumer grade 3D printer (Miicraft, Taiwan) to print 

a reusable template for casting PDMS.50 The templates had multiple thickness 

structures ranging from 50 μm to several millimetres in a single print. In order to 

properly cast the PDMS, the printed resin template needed to be manually coated 

with a protective ink. Chan et al. used the same printer and demonstrated a three 

step treatment (heating-plasma-salinisation) of the printed template to facilitate the 
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curing of PDMS.51 They developed a single step molding method from a 3D printed 

template to generate true 3D PDMS base microfluidic system. Moreover, a novel 

injection-on-demand microfluidic device was developed, by taking advantages of 

the cracks formed during the single step molding process.  

There has also been considerable work focused on printing open microfluidic 

channels. These are harder to print than templates, but easier to print than enclosed 

channels because it is easier to remove the uncrosslinked resin. Comina et al. again 

used the Miicraft printer to print a complex open microfluidic channel which was 

then sealed with an adhesive tape.52 The device was printed in XY-plane instead of 

Z, which reduced the surface roughness and printing time. This printing direction 

also exploited the resolution limit of the printer.  

Shallan et al. demonstrated the first use of the Miicraft printer for the direct 

fabrication of transparent microfluidic devices having enclosed channels with a 

dimension of 250 μm.53 The printer accuracy was determined by printing positive 

and negative features of varying shape and dimensions (Fig.2.9). The dimension of 

printed channels was 50 or 100 μm greater/smaller than original design due to 

positioning of the sliced image over the pixels. The roof of the sealing channel was 

rough because of back side effect – i.e., the penetration of light into resin to a depth 

greater than the layer thickness. This could be improved by changing curing depth, 

intensity, exposure wavelength, time and the resin itself. The transparent propriety 

resin exhibits 60% transmission from 430–620 nm for a 50 μm thick layer. The 

Miicraft was presented as a good compromise between price, resolution and 

printing time for microfluidics, printing a range of microfluidic functional units 

including droplet generators, gradient generators, and a complex microchip that had 

variable detection path lengths and could also perform standard addition for the 

quantitation of nitrate in water.  
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Fig.2.9.(a–c) SEM images of basic positive and negative 3D printed structures printed with an 

exposure time of 3.5 s and at a 45° angle with respect to the pixels. (a) L-shaped trenches designed 

with x or y dimensions of 300, 350, 400, and 500 μm. Resulting structures are 50 or 100 μm narrower 

than the original design. (b) Rows with three columns and three holes (same x and y dimensions in 

each row). The x and y dimensions from top to bottom were designed to be 500, 400, 350, and 300 

μm with a fixed z dimension of 2000 μm. (c) Rows with three columns and three holes (same x and 

y dimensions in each row). The x and y dimensions from top to bottom were designed to be 250, 

200, and 150 μm, while the 100 and 50 μm columns were not printed, with a fixed z dimension at 

2000 μm. A size error of 50 or 100 μm, corresponding to one or two pixels, respectively, was 

adversely introduced by the slicing software. (d) Photo of five concentric circular steps with varying 

heights of 50, 100, 150 and 200 μm (from left to right, respectively). (e) SEM image of steps that 

are 100 μm high each printed with an exposure time of 3.5 s. (f) SEM image of a transverse section 

of a closed channel designed to be 250 μm wide and deep. The model was printed upside down.53 

(Copyright 2014 ACS)  

The microfluidic assembly shown in Fig.2.10 was directly fabricated by a 3D 

printer (Asiga, Picoplus 27). It consists of two independent open channels with an 

additional glass slip that enables the observation of cells under a microscope, 

assembled on a light addressable potentiometric sensor (LAPS) chip.54 The 

biocompatibility of the printed microfluidic chip was determined by comparing the 

cell growth curve obtained from culturing cells within printed microfluidics and in 

a cell culture flask. The identical growth curve showed that both had similar 

biocompatibility. The demonstrated process simplicity and biocompatibility make 

this a promising achievement in rapid prototyping manufacturing for microfluidics.  
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Fig.2.10. LAPS chip with attached microfluidic channels.54 (Copyright 2015 WILEY) 

Miicraft was used to fabricate a solid phase extraction (SPE) pre-concentrator 

consisting of two extraction channels, micromixer and fittings for connectors.55 

Each extraction channel was filled with 29 layers of ordered cuboids (0.4 × 0.4 × 

0.2 mm), including 526 cuboids in total. The fabrication time of each 

preconcentrator was around 38 min. The acrylate base resin (electron donor group) 

within the printed device was capable of extracting trace elements. The specific 

polymer-metal ion interactions (electron donor–electron acceptor interactions) 

provided the selectivity for the extraction of trace metals ions from samples in high 

salt solution.  

Rogers et al. fabricated microfluidic devices with integrated membrane base 

valves.56 The device was directly printed on a glass substrate. The resin was 

modified to print the smallest channel (350 × 250 μm) with 100% accuracy. Due to 

modification of the resin, the printed device was not fully transparent and showed 

bulk fluorescence, but this was the first demonstration of a 3D printed fluidic device 

with an integrated pneumatic valve. Au et al. printed fluidic valves and pumps for 

the automation of microfluidic devices using the Viper SLA printer.57 The valves 

were added into a digital design as a module to form multi-way switches and pumps. 

These fluid automation devices were user-friendly. Printing resolution and material 

choices were still the critical constraints and made the performance of these printed 

valves inferior to PDMS. Recently Comina et al. has introduced the integration of 

check valves for a unibody lab on chip (ULOC) fabricated through Miicraft.58 In 

another work, Comina et al. printed a ULOC consisting of two modules, a 

microfluidic level and the optics.59 The device manually commands the preparatory 

sequence of mixing two reagents and three analyte concentrations with minimal 

user intervention, limited to finger actuation at a single point. The focusing optics 

created with the same 3D printer, was conceived to image the ULOC detection 

region on different cell phone cameras. They demonstrated a sensible combination 
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of technologies to enable practical autonomous LOC sensing on cell phones. 

Fig.2.11. (A–F) Micrographs of 500 μm tall channels built in a range of widths. The actual width of 

each channels showed deviation of almost 30 μm from design. The 300 μm wide channel could only 

be partially cleared of resin, while the smaller channels did not clear at all and larger channels were 

fully cleared.60
 

(Copyright 2015 RSC)  

Au et al. evaluated the resolution limit of laser-rastering SLA printer (Viper SL 

system) in optically clear printed devices using a mail-order facility.60 The CAD 

file was sent to an external manufacturer with printed devices received a few days 

later. They found that microchannels between 50 to 200 μm sealed during post 

curing, while channels having a di- mension above 400 μm exhibited a deviation 

from the expected width of less than 30 μm each (Fig.2.11). The optical clarity of 

the devices was improved by coating the outer surface with a silicon oil. The 

Watershed XC material met biocompatibility standards but it had poor gas 

permeability, which prohibited long term cell study on a chip.  

(A) (B) 

(E) (F) (D) 
 

(C) 
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Patrick et al. printed fluidic open channel devices using consumer-grade laser-

rastering SLA 3D printer (Form1+ Formlabs) and compared this to a i3DP on-

demand 3D printing service (Frosted Ultra Detail, Shapeways, New York).61 It was 

observed that the smallest circular channel that the Form+1 printer could print had 

a diameter 900 μm and the smallest square was 650 μm. The smallest circular 

channel with the Shapeways printer was 300 μm and the smallest square was 250 

μm. The surface roughness was compared through SEM images as shown in 

Fig.2.12. Striation was clearly visible with the Form1+ as seen in Fig.2.12(A and 

B) which increased the surface roughness. Each fluidic design cost less than $6. 

This work demonstrates the care that must be taken when selecting the right SLA 

printer to use. Materials for SLA are typically proprietary often with poorly 

characterised surface properties. Wang et al. demonstrated a facile and effective 

approach to fabricate structural devices by 3D printing.62 An initiator monomer was 

added into the Miicraft resin to allow simple modification of the surface. This could 

produce material with any desired surface properties such as from extremely 

hydrophobic properties to extremely hydrophilic properties. This method made 3D 

printing technology more practical in the field of microfluidics. 

Fig.2.12. SEM images of open channels printed using the Form1+ (A and B) and Shapeways Frosted 

Ultra Detail (C and D). Each piece was designed to be 5 mm on a side. Channels were designed to 

be 1500 microns wide in A & C and 300 microns wide in B & D.61 (Copyright 2015 Patrick et al.)  
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Recently, Macdonald et al. assessed the biocompatibility of various resins, 

including Watershed 11122XC and Fototec SLA 7150 Clear, against zebrafish 

embryos.37 The results showed that all of the photopolymers were highly toxic to 

the embryos, resulting in fatality. While the exact composition of the resin was a 

trade secret, the material safety data sheet (MSDS) indicated that these resins 

contain acrylate and methacrylate which are toxic.63 However, the post-printing 

treatment of Fototec 7150 with ethanol increased the biocompatibility and made it 

suitable for zebrafish culture.64 
 

Fig.2.13. (A) Schematic illustration of CLIP printer. (B–C) CLIP enables fast print speeds and 

layerless part construction.68 (Copyright 2015 AAAS) 

Due to some attractive features of PDMS, such as its gas permeability and 

flexibility, a PDMS resin has been developed.65
 

Such direct 3D printing of PDMS 
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enabled rapid production of novel chip geometries for a lab on a chip applications. 

However, addition of orange dye in the resin, necessary to print PDMS with an 

acceptable resolution, sacrificed the optical clear nature of PDMS. This is due to 

the photoblocker used (Sudan I) and with a different blocker, this could potentially 

yield optically transparent PDMS.  

Recently, Gong et al. determined the effect of optical property of resin on channel 

size and formulated custom resin containing polyIJethylene glycol) diacrylate 

(PEGDA), 1% Igracure 819 and varying concentrations of photoblocking agent 

Sudan I.66 It was demonstrated that there is fundamental trade-off between the 

homogeneity of the optical dose within individual layers and the critical dose that 

penetrates into a flow channel during fabrication. The minimum channel size 60 

μm × 108 μm for 10 μm build layers was achieved by increasing resin absorbance 

and increasing x–y plane resolution of the projected image from the DLP micro-

mirror array. It was consistently printed with PEGDA by addition of 0.6% Sudan I. 

This work is significant in the push towards printing microfluidic features less than 

100 μm.  

A sample library of standardised microfluidic components and connectors was 

manufactured by using stereolithography by Lee et al.31 and also Bhargava et al.67 

These were used to create a number of modular, reconfigurable microfluidic units 

containing fluidic and sensor elements, adaptable to many different microfluidic 

circuits. This system can make discrete microfluidics; a valuable development 

vehicle for complex designs. With a wider library of passive and active 

components, this system can replace monolithically integrated devices for many 

microfluidic applications. In addition, this system will benefit significantly from 

additive manufacturing technologies, allowing for the further miniaturisation of 

elements and development of a larger selection of elements and materials.  

Strengths and weaknesses of SLA printing: Desktop SLA printers strike a 

balance between resolution, price and performance. Among various desktop DLP 

stereolithography machines, the MiiCraft (MiiCraft, Taiwan) has been used most 

frequently by a number of groups around the world. There are now dozens of 

different desktop SLA printers, both laser and DLP based, and one needs to consider 
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carefully the requirements as to which is the best choice. For example, the Miicraft 

gives a good surface finish with the microfluidic channels as small as 200–300 

μm53, 60 whereas Form1+ (FormLabs, Somerville, Massachusetts, USA) can only 

print a minimum 650 μm.61 However the Miicraft uses toxic resin and constant care 

is required to maintain the Telfon tank bottom, while the Form1+ has sliding resin 

tank, which simplifies cleaning process, in addition to a larger build area than other 

DLP printers. Recently, Form+1 has begun marketing flexible resins which could 

be used to print elastomeric fluidic devices similar to those achieved by PDMS. It 

is important to note that printer resolution is not always equivalent to minimal 

structural dimensions – it is a property of both the printer and the resin, hence the 

number of studies to date looking at fundamental performance of the different 

printers and the smallest channel sizes that can be achieved.  

Despite its attraction for microfluidics, there are still a number of issues that need 

to be resolved. First the resolution is limited by both the physical resolution of the 

DLP/Laser and also the properties of the resin. It is important to note that hardware 

resolution isn’t the main limitation at the moment, but achieving this with a usable 

build space for microfluidics within a reasonable timeframe. Using the 2PP 

nanoscribe system, it is possible to create objects with sub μm structures and voids, 

albeit over a few mm, at a very high price. Continued development will see this 

improve, as well the advent of continuous liquid interface printing (CLIP) which 

demonstrated print speeds 10× quicker than all current SLA printers.68 This 

translates to a 30 × 40 × 5 mm microchip being printed in 2–3 min. Continued 

development of this type of printing with improved resolution will see 3D printers 

emerge as a low-cost and useful fabrication technique for microfluidics, however 

this can only be done with a concur- rent improvement in resin chemistry. The main 

challenge with printing enclosed microfluidic structures is to remove the uncured 

resin. This is easier than i3DP because the resin is a liquid, but it is still challenging 

for small structures. Lower viscosity resins are required, with the improved ability 

to constrain light to only the exposed region (and depth) being critical to be able to 

realise any future improvements in hardware.  

As yet unknown, is the influence on the surface roughness of the fabricated part 

resulting from the movement of the stepper motor. This is again addressed with 
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CLIP printing (Fig.2.13), although the impact of the steps and rough surfaces on 

microfluidic performance has yet to be clearly understood, it nevertheless allows a 

level of control over surface roughness that is unprecedented.  

Although the stereolithography process was introduced almost 25 years ago, there 

is still enough room for further enhancement in the process. Recently, novel micro-

diamond based composite resin was used by Miicraft to print thermally conducting 

prototype.69 It indicates that proprietary resin can be exploited according to the 

particular application. One of the major limitations of all current SLA printers is 

that they are restricted to a single print material at a time. Choi et al. have developed 

a prototype multi-material SLA printer which uses four different resin baths, but 

the process is complex, and each layer requires multiple exposures in each resin, 

making it inefficient.70 Continued development in this area is required for SLA to 

be the ideal method of choice for microfluidics.  

2.5. Two-photon polymerisation (2PP)  

2.5.1. Fundamentals of 2PP printing  

Two-photon polymerisation (2PP) is a laser-based technique which uses a near-

infrared femtosecond laser. The transparent photocurable epoxy resin enables the 

direct creation of 3 dimensional structures. 2PP was first described theoretically by 

Maria Göppert-Mayer in 1931 and first demonstrated practically in 1961 by Kaiser 

and Garrett.71-72 The fully focused femtosecond laser pulses scanned the 

photosensitive resin from the bottom slice to the upside slice. The two photons are 

absorbed simultaneously by the molecule which induces photochemical reaction 

between photo-initiator and monomers.73 The synergic effect of optical, chemical 

and material non-linearities makes it possible to achieve reproducible resolution of 

tens of nanometers.74 The fundamental difference between SLA and 2PP is that in 

SLA a single photon is used to build 3D structure. Furthermore, in 2PP solid resist 

can replace epoxy resin for the direct fabrication of micro and nano-structures.  

The schematic illustration of 2PP is given in Fig.2.14, which consists of a laser 

source, beam direction system (left column), in situ monitoring system (middle 

column), beam steering and motion stage (right column). 
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Fig.2.14. Schematic femtosecond laser direct writing system. The femtosecond laser focused by a 

lens (1.4, oil immersion used here). The laser scanning path was precisely controlled by computer 

according to the pre-programmed structures from the bottom slice to the upside slice until the entire 

3D structure is achieved. The imaging system using a charge couple device (CCD) is useful both for 

optical adjustment and for in situ fabrication monitoring. PBS: polarization beam splitter; OL: 

objective lens; PZT: piezoelectric transducer.75 (Copyright 2015 Elsevier)  

Most of the materials used for 2PP are designed for conventional lithographic 

applications and both negative and positive photoresists. In the case of negative 

photoresists, the two-photon exposure results in the crosslinking of polymer chains 

through radical polymerisation, making the exposed area insoluble in the solvent 

and writing the structure directly in the sample. With positive photoresists, the 

opposite occurs; two-photon absorption causes the photoresist polymeric chains to 

break and become soluble in the development solvent, so the reverse structure is 

written in the sample. Negative photoresists containing acrylic oligomers or epoxy 

resins are the most popular photoresists for 2PP. Their fundamental ingredients 

contain photo-initiators used for radical generation, and monomers and cross-

linkers constituting the main skeleton of micro or nanostructures. Commercially 

available resins have the disadvantage that they cannot be easily modified or 

combined with active components for added functionality. However new, 

organic/inorganic hybrid sol–gel materials are specifically designed for 2PP 

applications. These materials have high optical quality, post-processing chemical 

and electro-chemical inertness, and good mechanical and chemical stability.76-77  

In 2PP fabrication, microstructures are built from voxel (unit volume of a material) 

that can overlap each other. The fabrication accuracy of 2PP is determined by the 

voxel size. The high spatial resolution, precision and accuracy of 2PP can improved 

by considering the factors mentioned in Fig.2.15.  
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Fig.2.15. Parameters affecting 2PP print process.  

Until now considerable work has been done on improving the resolution of 2PP by 

optimising different parameters. Kawata et al.78
 

achieved a milestone with a 

resolution of 120 nm. Other attempts include the use of new photo-initiators,79-

80continuous scanning mode,81 shorter wave-length,82 longer exposure time,83
 

and 

confining the polymerization phenomenon using a quencher molecule in the 

photopolymerisable system27,84 Sugioka et al. comprehensively reviewed 

fundamentals and the fabrication of 3D micro and nanocomponents based on 2PP.85  

Performance of 2PP in microfluidics. 2PP has shown great potential for the 

fabrication of a microfluidic chip. Kumi et al.86 described the fabrication of a master 

for casting PDMS having rectangular micro-channels with varying heights and 

widths, by modifying commercially available SU-8 resin with novel photoacid 

generator. By using the new resin the fabrication speed was increased from 200 μm 

s-1 to 1 cm s-1 with a total print time of 1 h. However, this technique required 

extensive preparation of resin and had a slow build speed. Stoneman et al. coupled 

the 2PP process with emission detection to construct a master for microfluidic 

devices.87 In this method, linear features were fabricated by scanning a photoresist-

coated microscope slide through the focal point of tightly focused near-IR beam 

from a femtosecond laser. The fluorescence emitted during exposure was monitored 

through a CCD camera to allow real-time monitoring of printing process. However, 

this method involves prior extensive knowledge of photoresist emission function. 

Venkatakrishnan et al. reported single fluidic channel geometry of 110 nm on glass 

substrate by 2PP.88 Zhou et al. demonstrated the fabrication of an embedded open 

microchannel structure by 2PP using a positive photoresist89 as shown in Fig.2.16(a 
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and b). The use of positive photoresists seems a good choice as the hollow 

microchannel occupies only a small proportion of a whole microfluidic chip, thus 

making it more time-economical where only the microchannels are exposed in 

contrast to negative resists where the chip body needs to be exposed.  

Fig.2.16. (a–b) Schematic illustration of a 3D microchannel structure fabricated by two-photon 

using positive photoresists. Microfluidic structure consists of two rectangular cavities (width, 100 

μm; length, 20 μm; depth, 20 μm) and a sloped side wall that are connected by 12 microchannels. 

(b) Scanning electron micrograph of the final structure, viewed normal to the substrate and two-

photon fluorescence images of the final structure at and below the surface.89(Copyright 2002 AAAS) 

(c–d) A conceptual microfluidic device fabricated by 2PP of SU-8. SEM view of the 3D microfluidic 

systems with 100 μm diameter disk and 15 μm height. Here, the internal portion of the background 

volume is solidified by additional ultraviolet exposure.90 (Copyright 2009 RSC)  

Despite the fact that commercial negative photoresists have better modeling and 

conformal capacities, they are not frequently used for fabrication of microfluidic 

structure as prolonged processing time is required due to additive type fabrication. 

However, Wu et al. proposed a profile scanning method for the prototyping of a 

microfluidic chip (Fig.2.16c and d) using negative-tone photoresists.90 The surface 

profile scanning followed by additional UV irradiation reduces the processing time 

for formation of structures with large interior volumes, but this process is not 
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effective for high porosity or thin structures. Ober et al. presented a very interesting 

approach utilising PDMS base resin instead of classical photoresist for microfluidic 

channels having dimensions of few tens of microns.91 2PP technologies used by 

different researchers for direct fabrication of microfluidic chips or masters are 

mentioned in Table 2.1. 

2PP has been used for the formation of micro or nano-devices which can be 

integrated into open or closed micro-fluidic channels prepared by other techniques. 

The typical example of the integration of various functional units includes micro-

sieves,92 micro-over-passes,93 micro-mixers,94-96 micro-heaters,97 optofluidic 

devices,98 surface enhanced Raman scattering monitors99 and catalytic micro-

reactors.100
 

The hybrid approach that involves the combination of other techniques 

for making a single microfluidic is not the focus of this article. Xu et al.101 and 

Sugioka et al.102 critically review the integration of functional micro-devices within 

a microfluidic chip.  

Strengths and weaknesses of 2PP printing. The attraction of 2PP technology is 

that it can create computer-designed, fully 3D structures with high spatial 

resolution, in the range of sub-100 nm with precision and accuracy and can produce 

the highest resolution 3DP structures currently known. A wide array of processable 

materials makes 2PP a promising enabler for both the fabrication and 

functionalisation of microfluidic chips. Similar to SLA, the only post-processing 

required is the washing and removal of the non-illuminated and non-

photopolymerised material, which can be challenging when making small fully 

enclosed structures as it is difficult to remove this material.  

Despite these unique capabilities of 2PP and its potential applications in 

microfluidics, it is not viewed as the best fabrication tool at this stage, unless it is 

for its outstanding resolution. This is due to a number of factors: first, it is 

extensively time-consuming process, with for instance, the time required to 

fabricate a 1 mm3 volume microfluidic structure exceeding 104 days.85 Several 

methods like surface profile scanning, multifocal scanning and use of parallel multi 

beams have been developed for increasing the speed but are not widely available. 

Second, the high costs of femtosecond lasers, positioning systems and optics is 
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another hindering factors. Furthermore, it needs absolute clean room conditions. 

Finally, as with SLA, multi-material print capability is difficult. These barriers have 

prevented the use of 2PP in the field of microfluidics outside of niche applications 

that require the construction of nm–μm sized structures.  

2.6. Extrusion printing  

2.6.1. Fundamentals of extrusion printing  

In 1989, Scott Crump filed a patent for a technology called fused deposition 

modelling (FDM).103 He co-founded the company Stratasys Ltd to commercialise 

the technology. Currently it is one of the most widely used additive manufacturing 

technologies. In FDM a thermoplastic material is extruded through a high 

temperature nozzle to build a 3D model layer-by-layer.104 The nozzle contains a 

temperature control unit that maintains the temperature of thermoplastic material 

just above its melting point so that it can flow easily through the nozzle. The molten 

material, after flowing from the nozzle, immediately solidifies in the desired area. 

Once a layer is built, the platform lowers, and the extrusion nozzle deposits another 

layer. This process continues until the whole object is formed (Fig.2.17). The layer 

thickness and vertical dimensional accuracy is determined by the extruder die 

diameter. While FDM is the most popular extrusion type printer, it is also important 

to recognise that since its original inception, there have also been other extrusion 

printers developed that can print gels and other biocompatible structures, although 

these will not be discussed in detail here.105-106  
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Fig.2.17. Schematic illustration of FDM 3D printer. The feedstock filament of thermoplastic 

material is drawn from a spool into the FDM extrusion head, in which it is heated into a semiliquid 

state and then by drive wheels it is extruded out through nozzle on a built platform.20 (Copyright 

2008 Custom Part Net) 

A notable advantage of FDM is that it can process almost all types of thermoplastic 

polymers. This is important because thermoplastics are used for mass replication 

fabrication with hot embossing or injection molding. This means that FDM chips 

can be made in materials that are compatible with mass production techniques. 

Acrylonitrile butadiene styrene (ABS), polystyrene (PS) and polycarbonate are 

commonly used materials107 and there is a wide range of bio-compatible polymers 

including polycarpolactone (PCL), poly-lactic acid (PLA), polybutylene 

terephthalate (PBT) and poly-glycolic acid (PGA).108 Beside these conventional 

materials, access to composite materials such as reinforced polymer composites109 

and nano composites make FDM an attractive choice for the fabrication of objects 

for different applications.  

These are also capable of printing multi-materials, traditionally equipped with 

multiple heads to accommodate the different polymer-based materials, but more 

recently several early stage nozzle designs have been published enabling material 

switching inside the nozzle. While it is common that one of the materials is a 
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support material (and most software assumes that this is the case), it is possible to 

print multi-material devices without a support opening the way to integrated 

functional fluidic devices.  

Performance of extrusion printing in microfluidics: In FDM, the filament 

material is extruded through the circular hole of the nozzle and the deposited layer 

has a round profile. The bottom surface is typically printed on a heated bed, and 

can provide a smooth base, while all other surfaces have undulating features from 

the deposition of the filament. This will produce a staircase effect on curved 

surfaces and results in a grainy surface finish. As a consequence, devices fabricated 

through FDM technology faces the inherent limitations in dimensional accuracy 

and surface texture.110  

Fig.2.18. Parameters affecting FDM process.  

The simplicity, low-cost and availability of a wide range of materials, encourages 

researchers to use FDM technology in the field of microfluidics. Lee et al., 

performed an extensive study by printing microfluidic features via FDM printer 

(Dimension Elite, Stratasys) for evaluating printing resolution, accuracy, surface 

roughness and biocompatibility of ABS plus-P430 filament.28 It was observed that 

the accuracy of printed features had an average deviation of 60.8 μm and 71.5 μm 

along the Y and X axis, respectively. The printed channels had a rough surface with 

protruding filament strands (Fig.2.19).  
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Symes et al. demonstrated the production of reusable, robust and self-healing 

bespoke reactionware through Fab@Home extrusion printer using acetoxysilicone 

polymer.111The reactionware, with built-in catalyst, enabled the reaction to be 

monitored in situ and was used for organic and inorganic synthesis.  

Fig.2.19. (A) Channels printed by FDM, (B–C) Staircase effect causing roughness in channels.28 

(Copyright 2015 Springer) 

In another study, Kitson et al. fabricated polypropylene based reactionware, having 

cylindrical channels 0.8 mm in diameter and a total reaction volume of 60 μL.112A 

benefit to these organic reactionware devices was that they can be fabricated in a 

few hours and, due to the millimeter scale of the devices, can avoid blockages due 

to the formation of precipitates. Furthermore, the potential of 3D manufacturing 

was demonstrated by stopping mid-print to deposit solid reagents into a chamber 

which was then sealed with the printer, something not easily done with i3DP or 

STL. Fabrication of such miniaturised reactionware provides an alternate to the 

traditional passive-vessel approaches.113
 

 

FDM was used for the fabrication of capillary valves in centrifugal microfluidic 
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disc.114 Microfluidic structures containing valve channels with different widths, 

heights and radial distances from the center of rotation were compared with the 

capillary valve theories.115 Trapezoidal modules each containing one microfluidic 

architecture having widths of 254 μm and 508 μm with variable heights of 254, 408, 

762 and 1016 μm were printed. Due to the printing process, the produced valve 

channels possessed a ridged pattern. It was concluded that as the height of the valve 

channel was reduced, the critical rpm was found to become progressively more 

width-dependent. Operable centrifugal valves with ridged surfaces could be printed 

for complex fluid handling.  

He et al. demonstrated a simple, low-cost microfluidic chip with a novel 3D sugar 

printer.116A desktop extrusion printer was modified with a redesigned extruder that 

extruded melted sugar (maltitol) with pneumatic force. Sugar lines were printed on 

PDMS base layer followed by casting PDMS onto the sugar layer. This process was 

repeated and microchannels were sealed. The sacrificial sugar was removed by 

placing the chip in boiling water; printed structure size was 25 × 25 × 2.2 mm 

having microchannels with a diameter of 200 μm. The printing quality was 

dependent on printing speed, and impressively small channels a few microns wide 

could be achieved using a very small sized nozzle. With a nozzle size of 0.3 mm, a 

minimum microchannel diameter was 40 μm. The 3D printed microfluidic chip was 

used for cell culturing.  

A low-cost and sensitive microfluidic immunosensor for multiple protein detection 

was printed through MakerBot Replicator 2X.117 The device was composed of PLA, 

with 40 mm length × 30 mm width at the base, having three reagent chambers 

connected to a microfluidic channel with a height of 200 μm and a volume of 160 

μL. The device had could detect three prostrate cancer biomarkers simultaneously 

in 35 min.  

Kise et al. fabricated a sandwich-format mixer having three different designs with 

3D printed spacer using FDM technology, coupled with three different 

spectroscopic probes.118 A polymer spacer was sandwiched between two 

transparent windows, which created a closed microfluidic system. The channels of 

the mixer were defined by regions in the polymer spacer that lacked material. Each 
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mixer design had a diameter of 25 mm and layer thickness was 200–250 μm. Two 

optically transparent windows sandwiched a spacer for the assembly of the mixer. 

The sandwich format alleviated the requirement of optical transparency of mixer 

material. This device offered versatility in microfluidic mixing. 

Bishop et al. reported semi-transparent fluidic device using 

poly(ethyleneterephthalate) with threaded ports which enable the integration of 

commercially available tubing as well as specially designed 3D printed fittings119. 

These devices included channels having dimensions of 800 × 800 μm square cross 

sections and were semi-transparent to allow visualization of the solution-filled 

channel. A low-cost replicator 2X desktop 3D printer (MakerBot) was used for 

fabrication of the device. Prussian blue nanoparticles were prepared in a 3D printed 

mixing channel and applied to electrode surfaces for H
2
O

2
 sensing via flow-

injection amperometry.  

Chips printed by FDM were used to rapidly monitor the presence of pathogen 

microorganisms. Chudobova et al. utilised ABS polymer and printed a chip via a 

Profi3Dmaker printer. The 3D-printed chip was suitable for bacterial cultivation, 

DNA isolation, PCR, and detection of amplified gene using gold nanoparticle 

(AuNP) probes from 10–500 μL of sample. A specific interaction between mecA 

gene with the AuNP probes was used for detection of pathogen.120 Krejcova et al. 

printed a chip with dimensions 42.64 × 14.95 × 4.87 mm for the detection of 

influenza virus.121 The principle of microfluidic chip was based on a two-step 

procedure that includes isolation based on magnetic beads and electro-chemical 

detection. Such fabrication provided a promising and powerful platform for the 

diagnostic purposes.  

Dolomite has recently launched the fluidic factory that offers the first microfluidic 

targeted FDM 3D printer. An innovative printer head design allows reliable printing 

of cyclic olefin copolymer while new software has changed the focus to producing 

finished surfaces on the inside, while all other 3D printing approaches at this stage 

focus on the external surface being the best.122
 

The potential and success of the 

printer will be determined over the next few years, but it has the potential to replace 

PDMS as the method of choice for in-house fabrication of polymer devices.  
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Strengths and weaknesses of FDM printing. FDM machines are safe, reliable, 

easy to use, office friendly and have a low purchase price and hence are well known 

as 3D printers throughout the community. There is almost no post-processing, 

except for support removal if used, and to improve the surface finish, and the 

printed object can be handled almost immediately after fabrication. Being an 

extrusion-based process, only the required amount of filament material is used to 

create an object and support structure, and it is therefore a very efficient type of 

printer with minimal wastage of material. It is compatible with a wide range of 

thermoplastic polymers, which means it is ideal for rapid prototyping of devices for 

subsequent mass production using embossing or molding techniques. When 

combined with the ability to extrude different materials in a single print run, it can 

potentially make quite complex integrated devices with advanced chemical and 

physical functionality. The ever-increasing range of extrusion filaments means that 

there is considerable choice regarding material properties, and it is possible to 

obtain flexible, conducting and magnetic filaments, as well as a range of colours 

and polymer types.  

While showing great promise for microfluidics, dimensional accuracy and surface 

finish is often compromised during FDM printing, and the minimum channel 

dimensions are still quite large by microfluidic standards. As the stage must move 

linearly throughout the XY plane, before moving to the next Z layer, print time is 

dependent on the build size, and is quite slow in comparison to i3DP and SLA. 

Despite these limitations, it is currently the only 3D printing approach in which 

materials can be placed inside the half-printed structure prior to finishing the print 

run.  
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Table 2.1. 3D printing technology used in different field of microfluidics.   

Printing 

Technology 

Model 

(manufacturer) 
Material 

Resolution 

(x, y, z) μm 

Advantages 

reported 

Disadvantages 

reported 
Applications 

Inkjet 3D printing (i3DP)   

MJM 

(3D Systems) 

ProJet 3500 HD Acrylonitrile 39 × 39 × 29 Vertically printed 

channels have 

dimensional 

stability and 

smooth surface 

 

Features printed 

along Y-axis show 

rough surfaces 

and low 

dimensional 

accuracy 

 

Study of printing 

performance for 

microfluidic 

features30 

    39 × 39 × 16 Solve alignment 

problem and cost 

effective 

n.r. 

 

 

Droplet production 

through  

T-junction123 

 ProJet 3500 

HDPlus 

VisiJet Crystal 

VisiJet S300 

50 × 50 × 32 

25 × 25 × 29 

Repeatable 

production of 

models for 

biocompatibility 

studies with 

zebrafish 
 

Photopolymers are 

not biocompatible 

with fish embryo 

test 

Evaluation of 

biocompatibility of 

inkjet, SLA and 

FDM 3D printers37 

  VisiJet M3 

Crystal 

34 × 34 × 16 Module like 

assembly, 

Recyclable, easy 

access for non-

expect user 
 

Channels less than 

100 μm in width 

and 50 μm cannot 

be printed. 

Fabrication of liver 

cancer diagnostic 

device31 
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Table 2.1. 3D printing technology used in different field of microfluidics (con’t).  

 

Printing 

technology 

Model 

(manufacturer) 
Material 

Resolution 

(x, y, z) μm 

Advantages 

reported 

Disadvantages 

reported 
Applications 

 ProJet 3000 HD 

 

 

VisiJet M3 

Crystal 

38 × 38 × 32 Modular 

approach. Fluidic 

components for 

static and 

dynamic physical 

elements. 

Develop 

integrated micro-

fluidic circuits 

 

Observed residual 

flow through 

closed 

interactions. 

Material exhibits 

limited optical 

characteristics and 

biocompatibility 

Fabrication of 

fluidic circuit 

components 

including 

capacitors, diodes 

and transistors34 

 ProJet3000 HD+ VisiJet M3 

polymer 

38 × 38 × 16 Better nominal 

resolution and 

accuracy 

achieved. 

Identical surface 

roughness in both 

axis. No manual 

work is required 

to remove 

support material 

for printer. 200 

μm open 

channels 

achieved 

 

Deformation is 

prominent while 

printing in X-axis. 

Microchannels 

slightly smaller 

Evaluation of 

printing 

performance of four 

inkjet printer for 

microfluidic 

features25 
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Table 2.1. 3D printing technology used in different field of microfluidics (con’t). 

 

Printing 

technology 

Model 

(manufacturer) 
Material 

Resolution 

(x, y, z) μm 

Advantages 

reported 

Disadvantages 

reported 
Applications 

 ProJet 3510 HD 

 

ABS 68 × 68 × 32 Reusable, reduce 

waste, reduced 

set-up time 

n.r. Micro-capillary 

device for double 

emulsion 

generation124 

 

 ProJet 3510 SD VisiJet M3 

polymer 

67 × 67 × 32 Better nominal 

resolution and 

accuracy 

achieved. No 

manual work is 

required to 

remove support 

material for 

printer. 200 μm 

open achieved 

channels 
 

Deformation is 

prominent while 

printing in X-axis. 

Microchannels 

slightly smaller 

Evaluation of 

printing 

performance of 

four inkjet printer 

for microfluidic 

features25 

 

 Thermo-Jet Thermo-Jet 

2000 

85 × 64 × 42 Rapid process, 

Multi-level 

features, Non-

toxic 

Channels below 

250 μm were not 

achieved and 

surface roughness 

effect optical 

performance 

 

Fabrication of 

molds and 

microfluidic 

mixers22 
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Table 2.1. 3D printing technology used in different field of microfluidics (con’t). 

 

Printing 

technology 

Model 

(manufacturer) 
Material 

Resolution 

(x, y, z) μm 

Advantages 

reported 

Disadvantages 

reported 
Applications 

PJM(Stratasys) Objet24 VeroWhiePlus 

RGD-835 

 

42 × 42 × 28 Easy fabrication 

of multi-level 

and helical molds 

Limitation in 

printing 

resolution 

 

Fabrication of 

complex microfluidics 

molds29 

 

 `Objet24 VeroWhiePlus 

RGD-835 

42 × 42 × 28 200 μm open 

channels 

achieved 

Deformation is 

prominent while 

printing in X-

axis. The surface 

rough-ness of 

parallel and 

perpendicular 

directions was al-

most double. 

Default printing 

pattern. Micro-

channels slightly 

bigger  

 

Evaluation of printing 

performance of four 

inkjet printer for 

microfluidic features25 

 Objet Eden350V FullCure 720 42 × 42 × 16 Biocompatibility 

increases with 

treatment with 

ethanol 

 

Surface 

roughness varies 

with printing 

angle for i3DP 

  

Evaluation of printing 

performance for 

micro-fluidic 

features28 
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Table 2.1. 3D printing technology used in different field of microfluidics (con’t). 

 

Printing 

technology 

Model 

(manufacturer) 
Material 

Resolution 

(x, y, z) μm 

Advantages 

reported 

Disadvantages 

reported 
Applications 

 Objet Eden250  FullCure 720 42 × 82 × 16 Matt mode is 

more accurate, 

Glossy mode give 

transparency  

Glossy mode 

showed high 

deviation from 

designed 

dimensions 

Study of printing 

accuracy of two 

modes for 

microfluidic 

device24  

    Direct printing of 

microfluidic 

prototypes, Cost 

effective process  

Sealing of device 

makes it multistep 

process  

Storage of 

gynaecological 

cervical sample23  

 Objet Connex 350 VeroClear 42 × 42 × 16 Modular device Difficulty in 

removing support 

material 

Study of drug 

transport, cell 

viability and 

electrochemical 

sensing36 

 

 
 

  

Rugged, robust, 

reusable, user 

friendly device  

Difficulty in 

removing support 

material below 

250 μm. 

Study of electrical 

cell lysis in 

polymer coated 3D 

printed devices35 
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Table 2.1. 3D printing technology used in different field of microfluidics (con’t). 

 

Printing 

technology 

Model 

(manufacturer) 
Material 

Resolution 

(x, y, z) μm 

Advantages 

reported 

Disadvantages 

reported 
Applications 

    Modular device Difficulty in 

removing support 

material below 

250 μm 

Electrochemical 

detection of ATP 

and RBC 

purification in 

intergrated micro-

fluidics devices.125 

 

 

 Vero-WhitePlus 42 × 42 × 16 Biocompatible, 

Reusable, 

modular device 

 

n.r. Study of drug 

transport and cell 

viability126 

 Objet260 Connex FLX973 Vero-

WhitePlusRGD-

835 RGD-835 

42 × 42 × 16 Modular device. 

Possibility to 

print rigid and 

soft material 

simultaneously 

on the same 

component 

 

n.r. Microfluidic 

device for 

subcutaneous 

monitoring of 

tissue glucose and 

lactate 32 

 n.r. 

(Quickparts 

M.O.) 

Tango-Black 

Vero-Black 

n.r. Multi-material 

fabrication of 

low-cost 

interconnects 
 

 

Printing services 

do not mention 

model number of 

printer 

 

Fabrication of 

inter-connects for 

microfluidics 33 
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Table 2.1. 3D printing technology used in different field of microfluidics (con’t). 

 

Printing 

technology 

Model 

(manufacturer) 
Material 

Resolution 

(x, y, z) μm 

Advantages 

reported 

Disadvantages 

reported 
Applications 

3SP (Scan, spin and selectively photocure) 

 EnvisionTEC 

ULTRA 3SP 

ABS 3SP 

White 

100 × 100 × 25 

 

 

Modular device.  

Easily removable 

partially cured 

perforated 

supports and 

single material is 

used for both 

build and support 
 

n.r. Microfluidic 

device for 

subcutaneous 

monitoring of 

tissue glucose and 

lactate 32 

Stereolithography (SLA) 

DP-SLA 

 

Miicraft Acrylate based 

resin gradient 

56 × 56 × 50 

 

Low-cost and 

transparent 

microfluidic chip 

Improvement in 

resin property 

and hardware is 

required 

Development of 

mixer, generation, 

Droplet extraction 

and determination 

of nitrate in tap-

water53 

 

    Accept 40% 

methanol water 

mixtures and pH 

between 2–10 at 

concentration of 

50mM 

 

n.r. 

 

 

Achieve mixing 

from 4 channels 

for acid/base 

reactions and 

methanol water 

mixtures127 
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 Table 2.1. 3D printing technology used in different field of microfluidics (con’t). 

 

Printing 

technology 

Model 

(manufacturer) 
Material 

Resolution 

(x, y, z) μm 

Advantages 

reported 

Disadvantages 

reported 
Applications 

    Modification in 

resin and cost 

effective 

 

n.r Tunable surface 

properties 62 

    Multi-level sealed 

channels with 

varying thickness 

from 50 to 500 μm 

were achieved 

Coating of 

template is 

required 

Fabrication of 

template, Deter-

mination of 

micromixer 

performance and 

glucose sensing50 

 

    Direct printing of 

multi-level 

microfluidic chip 

n.r. Determination of 

H2O2 and glucose 

sensing52 

 

    Rapid, cost 

effective process 

Limitation in 

resolution, post 

treatment is 

required 

Fabrication of 

chaotic mixer, 

peristaltic valve and 

injection on demand 

microfluidic 

devices51 
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Table 2.1. 3D printing technology used in different field of microfluidics (con’t). 

 

Printing 

technology 

Model 

(manufacturer) 
Material 

Resolution 

(x, y, z) μm 

Advantages 

reported 

Disadvantages 

reported 
Applications 

    Sensitive method n.r. Fabrication of solid 

phase extraction 

pre-concentrator for 

selective extraction 

of trace elements 

and removal of 

unwanted salt55 

 

    Autonomous 

LOC sensing on 

cell phones. 

Possibility to 

operate on cell 

phones of diverse 

brands. 

 

 Quantitative glucose 

detection via 3D 

printed, disposable 

unibody LOC 

configured on cell 

phone59 

 B9Creator 3D 

printer v1.1 
Modified resin 

(Irgacure 819 

and Sudan I) 

50 × 50 × 50 Horizontal 

channels with 

350 × 250 μm 

were 100% 

accurate 

 

Modification in 

resin caused bulk 

fluorescence 

Fabrication of 

microfluidic device 

with valves56 
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Table 2.1. 3D printing technology used in different field of microfluidics (con’t). 

 

Printing 

technology 

Model 

(manufacturer) 
Material 

Resolution 

(x, y, z) μm 

Advantages 

reported 

Disadvantages 

reported 
Applications 

 n.r. (Shapeway 

Frosted Ultra 

Detail M.O.) 

Clear acrylic 

polymer 

100×100 ×50 Cost effective, 

fast delivery, 

inexpen-sive and 

clear photoactive 

resin 

 

Limitation in 

printing 

resolution. 

Golden gate DNA 

assembly in 3D 

microfluidics. Co-

laminar mixer61 

UV-LED PicoPlus 27 

(Asiga) 

Plas- 

CLEAR 

27 × 27×0.25 Simple, accuracy, 

biocompatible 

n.r. Microfluidic chip 

coupled with light 

addressable 

potentiometric 

sensor was 

printed for cell 

culturing54 

 

  Plas-CLEAR 

FSL Clear 

PR48 

Modified re-

sin (PEGDA, 

Irgacure 819, 

Sudan I 

27 × 27 × 1 Higher 

resolution. 

Microfluidic 

channels with 

less than 100 μm 

can be printed 

n.r Formulation of a 

new resin for 3D 

printing 

microfluidic 

channels. 

Comparison with 

other commercial 

resins66 
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Table 2.1. 3D printing technology used in different field of microfluidics (con’t). 

 

Printing 

technology 

Model 

(manufacturer) 
Material 

Resolution 

(x, y, z) μm 

Advantages 

reported 

Disadvantages 

reported 
Applications 

Laser Viper SL System 

(3D Systems) 

Water-Shed 

XC11122 

100 × 100 × 50 

 

Low-cost, 

biocompatible 

skill-less technique 

 

Limitations in 

resolution, and 

post treatment is 

required to 

decrease surface 

roughness and 

increase optical 

clarity 

 

Evaluation of 

printing 

performance of 

SLA printer60 

    User friendly, low-

cost, biocompatible 

 

Limited printed 

resolution, 

Performance of 

valve was inferior 

than traditional 

PDMS 

 

Integration of 

microfluidic chip 

via 3D printed 

valves and pumps57  

    Effective detection 

of pathogen 

 

n.r. 

 

 

Detection of 

pathogenic bacteria 

in food sample128 

 Viper pro (3D 

Systems) 

Water-Shed 

11122XC 

Dreve Fototec 

7150 clear 

 

25 × 25 × 50 Post treatment 

process make 

Fototec  SLA 7150 
 

Resins are not 

biocompatible 

with fish embryo 

test 

Evaluation of 

biocompatibility of 

inkjet, SLA and 

FDM 3D printers37 
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Table 2.1. 3D printing technology used in different field of microfluidics (con’t). 

 

Printing 

technology 

Model 

(manufacturer) 
Material 

Resolution 

(x, y, z) μm 

Advantages 

reported 

Disadvantages 

reported 
Applications 

 Agilista-3000 AR-M2 39 × 61 × 15 Effective as a mold 

for rapid 

production of 

PDMS micro-

fluidic chips 

Lack printing 

accuracy 

Study of concentration 

gradient of soluble 

factors within PDMS 

micro-fluidic channels 

and their effect on 

human cell129 

 

 Form1+ Clear 

photopolymer 

(FLGPCL02) 

300×300 × 25 Cost effective, fast 

delivery, 

inexpensive and 

clear photoactive 

resin 
 

Limitation in 

printing 

resolution. 

Golden gate DNA 

assembly in 3D 

microfluidics. Co-

laminar mixer61 

 

 n.r. (FineLine 

Prototyping M.O) 

Somos 

Water-Shed 

11122 XC 

n.r. Modular and 

reconfigurable 

fluidic components 

n.r. 

 

A sample library of 

standardised 

microfluidic component 

and connector67 

 

 EnVisionTEC  

(180 W Hg Lamp) 

Own 

formulation 

(PDMS based) 

 

30 × 30 ×100 Orange dye 

increases 

resolution. 

Effective direct 

printing of gas 

permeable PDMS 

membranes 

 

Optical clarity 

is sacrificed 

PDMS CO2 permeable 

membrane65 
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Table 2.1. 3D printing technology used in different field of microfluidics (con’t). 

 

Printing 

technology 

Model 

(manufacturer) 
Material 

Resolution 

(x, y, z) μm 

Advantages 

reported 

Disadvantages 

reported 
Applications 

Two-photon polymerisation (2PP)a 

Femtosecond 

Laser 

Ti:sapphire laser 

(Coherent Mira 

900-F) 

 

Modified resin 

(SU-8 2150 

based) 

 

n.r. Fabrication speed 

was increased from 

200 μm s−1 to 1 cm 

s−1 

 

Preparation of resin 

is time consuming 

Fabrication of 

template86 

 Ti:sapphire laser  

(Kapteyn-Murnane 

Laboratories Inc., 

CO) 

SU-8 2025, 

Negative 

photoresist n.r. 

Fabrication time 

was 45 min 

Time consuming 

process for the 

complicated 

structures 

 

Fabrication of 

template for trapping 

yeast cell87 

 n.r. SU-8 negative 

photoresist 

n.r. Does not require 

mask 

n.r. Fabrication of 

microchannels88 

 n.r Modified 

positive 

photoresist 

n.r Hollow micro-

structure occupies 

small portion of 

microfluidic chip 

Positive resist 

involve subtractive 

type of fabrication 

Fabrication of 

microchannels89 

 n.r SU-8 negative 

photoresis, 

NOA 61 

n.r Surface profile 

scanning reduces 

fabrication time 

Not effective for thin 

and porous structure, 

Addition-al UV 

exposure is required 

Fabrication of free 

standing and 

mechanical micro-

valves, levers, 

nanoshell90 
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Table 2.1. 3D printing technology used in different field of microfluidics (con’t). 

 

Printing 

technology 

Model 

(manufacturer) 
Material 

Resolution 

(x, y, z) μm 

Advantages 

reported 

Disadvantages 

reported 
Applications 

 n.r. PDMS 

 

n.r. High resolution 

microfluidic 

structure 

n.r. Fabrication of 

microchannels91 

Fused deposition modelling (FDM)b 

Extrusion Fab@Home 

Version 0.24 RC6 

freeform 

 

Acetoxy-

silicone 

polymer 

(LOCTITE 

5366) 

 

n.r. 

 

Reusable, inbuilt 

and self-healing 

bespoke reaction-

ware. Low-cost, 

reconfigurable and 

highly accessible 

format 

 

Poor resolution 

 

Fabrication of 

reactionware for 

organic 

synthesis and 

analysis111 

 3DTouch 

 

Poly-propylene 

 

125×125×200 

 

Inert and low-cost 

material, time and 

cost-effectiveness 

 

Suitable for 3D-

printed milli-

devices. Blockage 

may occur due to 

formation of 

precipitate 

 

Miniaturised 

fluidic reaction-

ware fabrication 

for chemical 

syntheses112 

 Dimension Elite ABSplus-P430 178×178×178 Biocompatibility 

increases with 

treatment with 

ethanol 

High surface 

roughness for 

FDM 

Evaluation of 

printing perfor-

mance for micro-

fluidic features28 
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Table 2.1. 3D printing technology used in different field of microfluidics (con’t). 

 

Printing 

technology 
Model 

(manufacturer) 
Material 

Resolution 

(x, y, z) μm 
Advantages 

reported 
Disadvantages 

reported 
Applications 

 Dimension SST 

768 

ABS-P400 254×254×254 

 

Variable widths 

were achieved in 

single device at 

low-cost 

 

Surface roughness 

effect laminar 

flow, Choice of 

polymer is limited 

 

Characterisation of 

capillary valves in 

centrifugal 

microfluidics 

devices114 

 

 n.r. (modified 

desktop 3D 

printer) 

Sugars PDMS 100×100 ×n.r. Biocompatible, 

cost effective 

microfluidic 

devices with 

acceptable 

printing 

accuracy 

 

Nozzle blockage 

may happen with 

sugar purity lower 

than 95%. 

3D sugar printing 

of microfluidic 

chip116 

 MakerBot 

Replicator 2X 

PLA 400 ×400 ×200 Low-cost and 

portable device 

Detection limits 

are lower, 

sequential task 

must be 

completed by 

operator 

Electrochemi-

luminescent 

immunoassay for 

the detection of 

cancer bio-marker 

proteins117 

 

 

 

 



 

 67 

Table 2.1. 3D printing technology used in different field of microfluidics (con’t).  

Printing 

technology 
Model 

(manufacturer) 
Material 

Resolution 

(x, y, z) μm 
Advantages 

reported 
Disadvantages 

reported 
Applications 

  PET ABS 

 

400 × 400×200 Reusable, 

mechanically 

stable devices 

with reproducible 

detections 

 

Semi-transparent 

devices 

Low-cost 3D-printed 

fluidic mixer for 

H2O2 sensing via 

flow-injection 

amperemetry using 

Prussian blue 

nanoparticles119
 

 

 Easy3DMaker  

 

PLA 100 ×100× 80  

 

Rapid, sensitive, 

specific detection 

of influenza virus  

 

Optimization 

steps needed  

 

Electrochemical 

detection of influenza 

hemagglutinin for 

infectious diseases121  

 ProfiDmaker ABS 100 x 100 x80 Rapid and 

sensitive 

detection of 

pathogens 

 

 Detection of 

pathogens in food120 

aResolution in 2PP is very high compared with the other 3D printer techniques explained here (<1 μm). Resolution of the printer is normally not reported.b
 
XY 

resolution was based on the nozzle diameter of the FDM printers. M.O. mail order; n.r. not reported. 
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2.7. Conclusions  

The last 2–3 years have shown a phenomenal growth and interest in 3D printing in 

general and this has echoed within the microfluidic community. The unprecedented 

ease in fabrication of complex microfluidic devices, and the low-price tag of 

consumer-focused desktop printers combined with a rapidly increasing number of 

3D printing service providers makes 3D printing affordable for many researchers 

around the world. Despite the enthusiasm of the early up-takers, its applicability is 

limited in part by the technical inability to reliably print microfluidic channels with 

dimensions less than several hundred microns in a reasonable sized device. No 

printer type is perfect with i3DP, SLA, 2PP and FDM having unique capabilities 

and features when it comes to printing microfluidic devices. i3DP allows for 

printing channels as small as 25 μm in a range of materials, but is hindered by the 

difficulties in the removal of the support material from small fluidic features as well 

as by a relatively wasteful print process. SLA enables similar feature sizes without 

the need for a support material, but the materials are limited to UV curable resins. 

2PP currently can achieve the smallest enclosed channels and features in the nano 

range however, the limited build volume and infrastructure required for operation 

restrict the practicality of using it for microfluidic devices. Lastly, FDM printing 

allows for the use of a wide range of thermopolymers and provides therefore a 

material compatibility with mass manufacturing. Unfortunately, the resolution that 

can be obtained with FDM is 100 μm with rough channel surfaces, reducing its 

appeal for microfluidics. To secure a future in microfluidics, printer specifications 

will need to improve to enable the fabrication of enclosed micro-channels down to 

10 μm, in a range of materials with varying physical and chemical properties, and 

allow for the printing of integrated multifunctional and multi-material devices. 

Whether this can be done at a cost and speed that will make it a viable 

manufacturing approach has yet to be seen, but 3D printing certainly has the 

potential to replace soft lithography in PDMS as rapid prototyping technique 

because of the material compatibility.   
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Chapter 3 

Enhanced Physicochemical Properties of 

Polydimethylsiloxane based Microfluidic Devices 

and Thin Films by Incorporating Synthetic Micro-

diamond 

Declaration: This Chapter has been published in ‘Scientific Reports’, as described 

in the statement of co-authorship. The material in this Chapter is replicated from 

the publication with only alteration in the format for the thesis.  

3.1. Abstract 

Synthetic micro-diamond-polydimethylsiloxane (PDMS) composite 

microfluidic chips and thin films were produced using indirect 3D printing and 

spin coating fabrication techniques. Microfluidic chips containing up to 60 wt% 

micro-diamond were successfully cast and bonded. Physicochemical properties, 

including the dispersion pattern, hydrophobicity, chemical structure, elasticity 

and thermal characteristics of both chip and films were investigated. Scanning 

electron microscopy indicated that the micro-diamond particles were embedded 

and interconnected within the bulk material of the cast microfluidic chip, whereas 

in the case of thin films their increased presence at the polymer surface resulted 

in a reduced hydrophobicity of the composite. The elastic modulus increased 

from 1.28 for a PDMS control, to 4.42 MPa for the 60 wt% composite, along with 

a three-fold increase in thermal conductivity, from 0.15 to 0.45 W m−1 K−1. 

Within the fluidic chips, micro-diamond incorporation enhanced heat dissipation 

by efficient transfer of heat from within the channels to the surrounding substrate. 

At a flow rate of 1000 μL/min, the gradient achieved for the 60 wt% composi te 

chip equalled a 9.8 °C drop across a 3 cm long channel, more than twice that 

observed with the PDMS control chip. 

3.2. Introduction 

In recent years, the development of polymeric microfluidic devices with integrated 

functionality has progressed significantly.1-2 During this period it is also true that 
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polydimethylsiloxane (PDMS) has evolved as the standard material for 

microfluidic device manufacture, mainly due to its optical transparency, gas 

permeability, biocompatibility and elasticity.3 However, one of the deficiencies of 

PDMS is its low thermal conductivity (0.18 W m−1 K−1), which equates to poor heat 

transfer, both from and to fluids held within the micro-channels. As a consequence, 

for certain temperature sensitive systems, or indeed those involving exo- or 

endothermic reactions, the internal temperature of the microfluidic platform can 

vary significantly, which can lead to the deterioration or under-performance of the 

microfluidic device. Such thermally sensitive systems, wherein thermal 

management is very important, might, for example, include various lab-on-a-chip 

(LOC) and micro-electro-mechanical systems (MEMS)4 specifically those 

involving chemical synthesis in microreactors,5 polymerase chain reactions (PCR)6 

preconcentration and electromigration based separation techniques7
 and other 

highly integrated microsystems.8 

As early as 1981, Tuckerman et al. demonstrated the use of high aspect ratio 

microchannels for enhanced heat removal.9 Since this pioneering work, 

microchannel heat sinks have received considerable attention in many fields. 

Plastics and composites exhibiting increased thermal conductivity are also in 

demand to improve heat dissipation and aid stable device performance of high 

density electronics.10-11 To-date, PDMS has been modified via the addition of 

various metallic particles, such as silver (Ag)12, gold (Au)13, alumina (Al2O3),
14 

silica,15 chromium oxide (CrO2)
16 and iron oxide (Fe2O3).

17 However, the inclusion 

of these metallic micro-structures within PDMS is challenging. The low surface 

energy of PDMS leads to very poor adhesion between the metallic filler and the 

polymer substrate, which causes structural failures, particularly in the bonding of 

thin layers.10
 In order to overcome the incompatibility of PDMS and metallic fillers, 

highly conductive carbonaceous materials are also being investigated.18 For 

example, carbon black has been incorporated into PDMS in order to enhance the 

electrical properties of the composite.19 Brun et al. have also reported the 

integration of carbon-PDMS nanocomposite electrodes in a PDMS microfluidic 

chip.20 This filler preserves PDMS’s processing properties and sustains a high 

electric field intensities and frequencies without any carbon release. Unger et al. 
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have reported doping of carbon black powder above the percolation threshold to 

create electro-magnetic devices,21 and carbon nanotubes (CNTs) have also been 

incorporated in PDMS to improve electrical, rheological and elastic properties in 

the development of MEMS.22 

Among these various carbonaceous materials, diamond, specifically detonation 

nanodiamond and diamond microparticles synthesised at high pressure and high 

temperature (further called “micro-diamond”), are considered promising candidate 

fillers due to their hydrophilicity, biocompatibility, non-toxicity, thermal stability, 

hardness and wear resistance. Several studies have reported the advantages of nano 

and micro-diamonds as reinforcing enhancers in polymer composites.23-24 

Nakajima et al.25 developed a thermal interface material (TIM) with high thermal 

conductivity and electrical insulating property by incorporating diamond and 

hexagonal boron nitride (h-BN) particles within a silicone matrix. More recently, 

novel 3D printed composites, containing both nanodiamond26 and micro-

diamond,27 have been reported, both displaying enhanced mechanical and thermal 

properties. 

Following these studies, the potential application of micro-diamond-polymer 

composites in the fabrication of thermally conductive microfluidic devices has 

emerged. In recent studies, using photo-polymerisation based 3D printing for such 

applications, the composite material produced were limited to a maximum of 

30 wt% of micro-diamonds.27 This not only limited the obtainable improvement in 

thermal conductivity, but also limited the composite to print compatible polymers, 

specifically acrylate based polymers, having limited biocompatibility. Other 

diamond containing microfluidic devices have been reported, e.g. by Babchenko et 

al. who fabricated PDMS based microfluidic devices bonded with diamond films,28 

and Karczemska et al. who produced diamond based microfluidic devices 

fabricated through photolithography and etching, with considerable fabrication 

complexity and cost.29 

In rapid prototyping of fluidic platforms, the print, cast and peel (PCP) approach, 

also known as indirect 3D printing, is a promising technique. Herein, we report on 

such an approach for the rapid fabrication of robust thermally conductive PDMS 
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based microfluidic chips, being doped with micro-diamond at up to 60 wt%. The 

composite microfluidic chips were fully characterised to reveal their homogeneity, 

hydrophilicity, flexibility and thermal properties. Enhanced heat dissipation 

properties were investigated within a microfluidic system at flow rates of up to 

1000 μL/ min. 

3.3. Materials and methods 

3.3.1. Materials 

A Sylgard® 184 silicone elastomeric kit was purchased from Dow Corning 

Corporation (Midland, USA). Commercially available Miicraft+ resin (BV-003), 

acrylate-based photopolymer, was purchased from Young Optics Inc., Hsinchu, 

Taiwan. Industrial non-porous high pressure and high temperature micro-diamond 

powder (2–4 µm) was obtained from Hunan Real Tech Super-abrasive & Tool Co., 

Ltd. (Changsha, Hunan, China). The micro-diamond powder was purified 

according to the procedure described elsewhere.30 Sodium hydroxide, nitric acid 

and triethoxy (1 H,1 H,2 H,2H-perfluoro-1-octyl) silane were obtained from Sigma 

Aldrich (Sydney, Australia). Isopropanol was purchased from Ajax Finechem Pty 

Ltd (Sydney, Australia). 

3.3.2. Template fabrication 

The template was designed with computer aided design (CAD) (Autodesk 

AutoCAD 2016) software and converted to a STL file with triangle facets using 

Creation Workshop DataTree3D (Dallas, Texas, USA). The digital 3D model was 

sliced into 2D cross section layers of 50 μm depth and printed using colourless 

acrylate-based resin BV-003. A Miicraft + (Miicraft, Hsinchu, Taiwan) 3D printer 

based on Digital Light Processing Stereolithography (DLP-SLA) with resolution of 

56 × 56 × 50 μm (XYZ) was used to print the features. The CAD design and printed 

template are shown in Fig.3.1(A) and (B). The dimensions of the microchannel 

were 500 × 500 μm × 3 cm (width × height × length). 

Initial experiments revealed the 3D printed template interfered with the curing of 

PDMS. This has been postulated to be due to uncured resin left behind on 3D 

printed template.31 To overcome this, a post-print surface treatment method was 

https://www.nature.com/articles/s41598-017-15408-3#Fig6
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developed to facilitate the curing of PDMS on the template. Comina et al. reported 

a treatment involving coating the template with a protective ink through 

airbrushing.32 The group claimed this step required practice to have an optimal 

finish. Ho et al. proposed a more complicated three step method for post-print 

treatment of templates, involving heating, plasma treatment and surface 

silanisation.31 However, it was observed that the heating step involved in the latter 

method caused cracks in the templates. 

Fig.3.1. CAD Design and photographs showing the steps involved in the fabrication of diamond 

PDMS microfluidic chips: (A) CAD design of the template with 500 μm channels ending at 8 mm 

high pillars. (B) 3D printed template fabricated using the Miicraft+ DLP-SLA 3D printer. (C) After 

silanisation of the template the composite chip is cast. (D) Composite chip is peeled from template. 

A new approach was therefore followed to overcome the disadvantages of the 

previously reported methods. To this end, a printed template was cured for 

5 minutes within the UV chamber of the Miicraft+ printer and soaked in isopropanol 

for 6 hours. The post-print curing and soaking of the template in isopropanol 

assisted in removing the uncured resin, thought to inhibit the curing of PDMS. 

Subsequently, the printed template was treated by laboratory corona (air plasma) 

treatment (BD-20AC, Electro-Technic Products Inc. Chicago, USA) at high power 
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and atmospheric pressure for 1 min and then silanised using triethoxy 

(1 H,1 H,2 H,2H-perfluoro-1-octyl) silane in a desiccator under vacuum for 3 hours. 

Silanisation was used to provide a hydrophobic fluorinated monolayer on the 3D 

printed master mould to prevent the PDMS from sticking, allowing the cured 

PDMS to be peeled off easily (Fig.3.1(C) and (D)). 

3.3.3. Formulation and casting of PDMS/micro-diamond composite 

device 

In order to fabricate any PDMS–diamond composite fluidic chip, the micro-

particles must be homogeneously and uniformly distributed within the PDMS 

matrix. The procedure involved mixing the appropriate amount of micro-diamond 

powder in the PDMS, followed by sonication for 4 hours. Mixtures of 15, 30 and 

60 wt% were prepared and labelled as PD15, PD30, PD60, respectively. The curing 

agent was then added in a weight ratio of 1:10 to the PDMS-monomer in the 

mixture. The sample was stirred manually and degassed for 30 min in a vacuum 

desiccator to remove the trapped air bubbles. The PDMS-diamond composite was 

then poured onto the 3D printed template as shown in Fig.3.1(C). To eliminate any 

need for hole-punching into the PDMS, pillars of 8 mm height were printed for both 

inlet and outlet. The composite was cured in an oven at 70 °C for 2 hours, and 

subsequently peeled from the 3D printed template (Fig.3.1(D)). Each composite 

chip was bonded with a thin film top layer, having dimensions of 

30 × 45 mm × 160 μm (width × length × thickness), of identical composition to the 

underlying material, using laboratory corona treatment.33 

3.3.4. Preparation of composite thin film 

The mixtures of PDMS containing 15, 30 and 60 wt% micro-diamond was 

sonicated for 4 hours. These mixtures were poured onto a polymethylmethacrylate 

(PMMA) substrate (50 × 75 × 15mm), placed in a spin coater (WS-650-23NPP, 

Laurell Technologies, Pennsylvania, USA) and spun under vacuum for 30 sec. The 

mixture was uniformly coated as a thin film on the substrate. This was then placed 

in an oven at 70 °C for 2 hours. The film was peeled off from the substrate and used 

as a top cover for composite chip. Fig.3.2 shows the resultant composite thin film 

and microfluidic chip top cover. A pure PDMS cover was used as a control.  

https://www.nature.com/articles/s41598-017-15408-3#Fig6
https://www.nature.com/articles/s41598-017-15408-3#Fig6
https://www.nature.com/articles/s41598-017-15408-3#Fig6
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Fig.3.2 PDMS-micro-diamond composite thin film produced using spin coating approach. 

Synthetic micro-diamond and PDMS cost $0.275 and $0.119 USD per gram, 

respectively. In the case of PD60 chips, cost increased approximately by $0.60 USD 

based on raw material. 

3.4. Characterisation of PDMS micro-diamond 

microfluidic chip and films 

Scanning electron microscopy (SEM) imaging was performed with a field emission 

SEM Hitachi SU70 instrument (Hitachi High Technologies America, USA). 

Sample cross-sections were cut and placed on carbon tape on Al SEM stubs. 

Samples were sputtered with a thin (approx. 4 nm) layer of platinum to avoid the 

accumulation of charge. The dispersion was observed at 1.5 kV. 

The hydrophobicity of the PDMS control and each composite were assessed by 

measuring the contact angles of water droplets placed on their surfaces. The setup 

used for measuring apparent contact angles is shown in Supplementary Fig.S3.1. A 

droplet of 6 μL of Milli-Q water was dispensed from an automated 50 μL eVol XR 

digital analytical syringe (Trajan Scientific and Medical, Melbourne, Australia) on 

to the sample surface. The image of the drop on the surface was captured using a 

Canon DSLR camera (Canon Inc, Tokyo, Japan) with a 70 mm F2.8 EX DG Macro 

lens (Sigma Corp, Kawasaki, Japan). Apparent contact angles were measured using 

ImageJ software with an implemented plugin DropSnake.34 Measurements were 

carried out at five different points on each chip and average contact angle was 

measured. 
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A Renishaw inVia Raman microscope (Wotton-under-Edge, UK) using a 

monochromatic laser of wavelength 532 nm and StreamlineTM imaging 

technology was used to produce Raman spectra. A cross-section was cut from the 

sample and placed in a sample holder. The laser was focused onto specific areas 

with a power of 1.6 mW and an approximate x-y spot size of 1 µm. The scattered 

light from the surface was collected and directed through the Raman spectrometer 

using an acquisition time of 10 s and a grating of 1200 lines per mm, resulting in a 

spectral resolution of about 2.5 cm−1. The 2D hyper spectral image was recorded 

with a step size of 1 µm and an acquisition time of 1 s. 

Elasticity was measured on an in-house apparatus, as shown in Supplementary 

Fig.S3.2(A). This consisted of a Mitutoyo dial height gauge, which was graduated 

in 10 µm increments, brass weights and a two decimal place balance. The specimen 

was cut as shown in Supplementary Fig.S3.2 (B). The upper end was attached to 

the height gauge arm via a spring clamp. The lower end was attached to brass 

weights sitting on the balance pan via another spring clamp. The sample was then 

stretched by raising the height gauge in 1 mm increments and the apparent mass of 

the brass weights was recorded. The sample was stretched to breaking. Readings of 

the load applied against extension produced were recorded. The detailed procedure 

can be found in supplementary information. 

Thermal conductivities of the composite chips were measured using a C-therm TCi 

thermal conductivity analyser (C-Therm Technologies Ltd., Canada), using 

samples of 2.2 cm length and width and 5 mm thickness. The heat transfer 

measurements were carried out using a computer controlled Peltier thermoelectric 

heater/cooler system as detailed elsewhere.35 The system could operate from room 

temperature to 100 °C. The composite materials under investigation were placed in 

the form of blocks having dimension of 22 × 38 × 5 mm (width × length × height) 

into the system set at room temperature. The loss of heat from the block to the 

surrounding atmosphere was minimised by enclosing the object within insulation 

foam during the experiment. A thermocouple was placed on the top surface of the 

composite to monitor the temperature as the block was heated. Thermal degradation 

measurements of the composite materials were performed using a Q500 

thermogravimetric analyser (TA instruments, USA). 20 mg of each sample was 

https://www.nature.com/articles/s41598-017-15408-3#MOESM1
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weighed and placed in a platinum crucible. The temperature increased from 35 to 

800 °C at a heating rate of 10 °C/min in an atmosphere of nitrogen gas. 

The efficiency of heat dissipation within microfluidic chips was studied using the 

experimental setup shown in Supplementary Fig.S3.3. A syringe pump Harvard 

PHD 2000 (USA) was used to pass Milli-Q water through the system. The syringe 

was connected to an approximately 300 cm long metallic coil with 0.01 mm outer 

diameter submersed in a hot water bath. Temperature of the bath was maintained at 

62 °C using a hot plate fitted with a temperature control sensor. Continuous stirring 

was provided to ensure uniform heating within the water bath. The heated water 

was then passed through microchannel at flow rate of 250, 500, 1000 μL/min. Heat 

dissipation across the external surface was monitored using an infrared camera 

(FLIR Systems, VIC, Australia). Once a steady state was attained, the temperature 

at the inlet and outlet was measured by IR camera. Thermal images were taken from 

underneath the microfluidic chip, which had a 160 μm thick thin film top cover of 

the same composite formulation. All experiments were carried out in triplicate. 

3.5. Result and discussions 

3.5.1. Homogeneity of PDMS/micro-diamond composites 

The dispersion pattern of micro-diamond on the top surface and cross-sectional 

surfaces of both control and composite chips containing varying concentrations (15, 

30 and 60 wt%) of micro-diamond was observed using scanning electron 

microscopy (SEM). Images of the top surface of the composite microfluidic chips 

revealed that the micro-diamond was not present in abundance at the surface, as 

shown in Supplementary Fig.S3.4. However, SEM images shown in Fig.3.3(A–F) 

reveal the difference between control and composite material when viewing cross-

sections of the various chips. Fig.3.3(B and D) show the more scattered distribution 

of micro-diamond at lower diamond concentrations, where the micro-diamonds 

form obvious clusters. At the higher micro-diamond concentrations, as shown in 

Fig.3.3(E–F), the diamond was homogenously distributed and interconnected. 

Contrary to thicker microfluidic chips, SEM micrographs of thin films revealed 

more evenly scattered distributions of micro-diamond on the top surface of the 
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material. These minor differences were due to different fabrication method used. 

Applying a spin coating approach to produce the thin film does not provide the 

depth of PDMS, or time, for the diamond particles to sink below the surface 

polymer layer, such that their presence throughout the film is maintained. 

Supplementary Fig.S3.5(A–F) reveals the micro-diamond evident at both the 

surface and evenly distributed throughout the 160 μm deep thin films.   

Fig.3.3. SEM micrographs of a cross-section of microfluidic chip (A) PDMS control, (B) PD15, (C) 

distribution of micro-diamonds within PD15, (D) PD30, (E) PD60 and (F) dispersion of micro-

diamond within polymeric matrix of composite PD60. 

3.5.2. Hydrophobicity of PDMS/micro-diamond composite 

The hydrophobicity of PDMS doped with micro-diamond was investigated by 

measuring the apparent contact angle (θ°), using the experimental setup shown 

as Supplementary Fig.S3.1. The measured contact angle for the PDMS control 

was 113.7° ± 2.1, which is in close agreement with values reported in the 

literature.36 The apparent contact angles for composite microfluidic chips, PD15, 

PD30 and PD60, measured on the top surface, were 112° ± 2, 116° ± 2 and 

113° ± 2, respectively (n = 5). These minor changes in the apparent contact 

angles of composite microfluidic chips with respect to the control were not 

unexpected, as the micro-diamonds were fully encapsulated within the polymeric 

matrix at the surface, and thus the surface properties of PDMS were not altered. 

However, when the above experiments were repeated using spin coated films 

(160 μm thick) for each of the various composites, apparent contact angles of 

94° ± 5, 85° ± 4 and 81° ± 5, were obtained, for PD15, PD30 and PD60 films, 
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respectively. The comparison of the contact angle of composite microfluidic 

chips and thin films is shown in Supplementary Fig.S3.6. These results suggested 

the diamond induces a change from an overall hydrophobic material to one which 

is considerably more hydrophilic in nature. The diamond particles used herein 

have been previously characterised confirming their hydrophilic properties with 

dominant presence of hydroxyl groups, few of carboxylic groups, and free silica 

particles.30 

3.5.3. Raman spectroscopy of PDMS/micro-diamond composite 

Raman spectroscopy was used to characterise the PDMS after the addition of 

micro-diamond. Fig.3.4(A) shows the Raman spectra of pure PDMS, micro-

diamond itself and the composite material. In the case of pure PDMS, the intense 

peaks at 2968 cm−1 and 2914 cm−1 indicate the asymmetric and symmetric 

stretching of CH groups, respectively. The peak at 707 cm−1 represents the 

symmetric stretching of Si-C, while the peak at 484 cm−1 indicates the presence 

of Si-O-Si.37 The Raman spectra of pure micro-diamond has a characteristic peak 

at 1337 cm−1.38 The spectra for the composite also exhibits this diamond peak at 

1337 cm−1. Compared to the control, the stretching of CH (2968 cm−1 and 

2914 cm−1) was significantly decreased with the incorporation of micro-diamond 

particles. Raman mapping of the composite confirmed the even distribution of 

the diamond throughout, as shown in Fig.3.4(B).  

Fig.3.4. (A) Raman spectra of control, pure micro-diamond and composite. (B) Raman mapping of 

PDMS containing micro-diamonds. Red spot indicates micro-diamond distribution based on the 

peak integration 1319–1348 cm−1, while blue indicates polymeric matrix based on the integration 

2889–2927 cm−1. 
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3.5.4. Elasticity of PDMS/micro-diamond composite 

The elastic moduli of the control and diamond composites are compared with 

other composites and polymers in Table 3.1. The measured elastic modulus for 

the control is again in agreement with literature values.39 PD60 displayed a 

significantly higher (4.42 MPa) elastic modulus as compared to the control, as 

shown in Fig.3.5(A). The low elastic modulus of the control reflects the 

elastomeric nature of the polymer.40 

PDMS readily losses its elasticity following incorporation of the micro-diamond 

within the polymer matrix. Fig.3.5(B) represents stress-strain curve for both 

control and composite films. It was observed that the composite films (PD15, 

PD30 and PD60) loss elasticity as doping with micro-diamond increases. 

However, in all cases the composites demonstrated stress levels higher than 

5 MPa. 

Fig.3.5. (A) Thermal conductivity and elastic modulus for control and composites. (B) Stress vs 

strain curve for control and composite films.
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Table 3.1 Comparison of elastic modulus, thermal conductivity, onset degradation temperature of composite with various loading of fillers 

and different thermoplastic polymers. 

 

Polymer  

Matrix 

Filler  

loading 

(wt%) 

Elastic  

Modulus 

(MPa) 

Thermal 

Conductivity 

(W/m.K) 

Onset  

degradation 

temperature (°C) 

References 

PDMS - 1.28 0.15 284 This study 

PDMS Micro-diamond 15 % 1.46 0.20 
297 

This study 

PDMS Micro-diamond 30 % 1.64 0.27 
304 

This study 

PDMS Micro-diamond 60 % 4.42 0.45 
310 

This study 

Polyamide66 Nano-diamond 3 % - 0.38 
- 

44  

Polyamide11 Nano-diamond 20 % 8000 - 
- 

45  

PDMS Al2O3 10 % 1.94 0.35 
- 

14  

Polyamide66 - 1700-2000 0.25-0.27 
- 

46  

Polyamide11 - 1100-1400 0.28 
- 

46 

Polymethyl 

acrylate 
- 1800-3100 0.17-0.25 

- 
46 

Diamond - - 900-2320 
- 

41 
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3.5.5. Thermal analysis of PDMS/micro-diamond composite 

3.5.5.1. Thermal conductivity 

The thermal conductivity of these new polymer-carbon composite materials is a 

key parameter for many potential applications.41 From the values shown in Table 

3.1 it is evident that the thermal conductivity of the composite material increases 

with increasing micro-diamond concentration. With an increase in the 

concentration of micro-diamond, there is an increase in the number of conductive 

islands within the matrix and hence an increase in the thermal conductivity of the 

overall composite. The PD60 composite had a thermal conductivity of 

0.45 W m−1 K−1, which is three times higher than the PDMS control (0.15 W m−1 

K−1), and ~twice higher than other basic polymers (e.g. PMMA, polyamide) 

listed in Table 3.1. Recently reported composites of PDMS with both Al2O3
14, 

and nano-diamond42 fillers are also listed in Table 3.1 for comparison, with the 

PD60 composite described herein providing an ~ 30% and 20% increase in 

thermal conductivity, respectively. 

3.5.5.2. Heat transfer measurements 

To measure heat transfer rates, samples of 5 mm thickness were placed upon a 

heating system set at 100 °C, and the temperature at the top surface was measured 

every 20 sec. Fig.3.6(A) shows a plot of the top surface temperature for both 

control and composite chips as a function of time. The highest temperatures 

recorded for the control, PD15, PD30 and PD60 were 62, 79.2, 81 and 83 °C, 

respectively. After reaching these maximum temperatures they all maintained 

steady state profiles. As is evident from Fig.3.6(A), the rise in temperature and 

time required to reach steady state was considerably improved with an increasing 

percentage of micro-diamonds, reaching the maximum temperature after only 

~3 min for PD60. This confirms the increased thermal conductivity translates 

into a practical performance parameter, in heat dissipation. 
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Fig.3.6 (A) Temperature variation of top surfaces of the control and composite microfluidic chip, 

contact heated from below (100 °C) with varying concentration of micro-diamond with respect to 

time. (B) Thermogravimetric curve for control and composite microfluidic chips. (C) Derivative of 

thermogravimetric curve of control and composite microfluidic chips. 

To demonstrate the improved heat dissipation capability of the composite further, 

heat transfer across the thin films was measured/observed. Thin films of each 

composite and the control PDMS, of 75 mm long and ~160 μm thick, were 

compared by placing one end of film on a Peltier heater module and other end on 

insulating foam, as shown in Fig.3.7(A). The temperature of the Peltier module 

was raised to 100 °C and the transfer of heat observed using the IR camera. 

Fig.3.7(B) shows IR image of the control PDMS and each composite film. The 

change in colour along the length of each film indicates how heat energy is being 

transferred to the insulating foam. PD60 film shows a distinct change in colour 

along its length demonstrating clearly that the composite material was indeed 

providing improved heat distribution away from the heated surface.  
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Fig.3.7. (A) Spun coated control, PD15, PD30 and PD60 films attached onto a Peltier module and 

heated up to 100 °C. (B) IR image of control, PD15, PD30 and PD60 films heated at 100 °C from 

the attached Peltier module.  

3.5.5.3. Thermogravimetric analysis (TGA) 

The impact of micro-diamond on the thermal degradation of PDMS within the 

various composites was studied using TGA. Fig.3.6(B) shows the thermal 

decomposition profiles for the control and composite chips. The degradation 

onset temperatures measured for the control, PD15, PD30, PD60 were 284, 297, 

304, and 310 °C, respectively. Obviously the overall weight loss of each sample 

decreases with the increasing loading of micro-diamonds, due to its relatively 

high thermal stability.43 Fig.3.6(C) shows the derivative of the thermogravimetric 

profiles revealing the temperatures where the maximum rate of weight loss 

occurred. The first peak around 450 °C, was due to the loss of methyl groups in 

the Si–O backbone. The second peak, at around 620 °C, where maximum weight 

loss rate is observed, results from the complete degradation of polymeric chain.42
 

Clearly the two peak maxima for the three composite materials are shifted 

towards higher temperatures, compared to that of the PDMS control, confirming 

their slightly higher thermal stability. 

3.5.5.4. Heat dissipation within PDMS/micro-diamond microfluidic chips 

Heated Milli-Q water was pumped through the channels of the control and 

composite based microfluidic chips at 250, 500 and 1000 μL/min. Representative 

IR images obtained at each flow rate are shown in Fig.3.8(A). The temperature 
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measured at the inlet and outlet of the microfluidic chip can be found in 

Supplementary Table S3.1. 

Fig.3.8.(A) IR photographs indicating temperature distribution whilst hot water is passing through 

the internal channel within the microfluidic chips, prepared using the PDMS control, PD15, PD30 

and PD60 materials, at flow rates of 250, 500 and 1000 μL/min. (B) Microchannel indicating points 

where temperature were measured. (C) Change in temperature (ΔT) at points A and B, (D) points C 

and D, (E) points E and F with respect to flow rate of 250 μL/min, 500 μL/min and 1000 μL/min for 

control, PD15, PD30 and PD60. 
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As expected, the increase in micro-diamond concentration enhances the transfer of 

heat from the internal channel and across the chip, increasing the temperature of the 

surrounding area. This results in a greater reduction of the temperature along the 

length of the channel, achieving greater differences between the inlet and outlet 

temperatures. A very clear thermal gradient within the channel of the PD60 chip 

can be seen, highlighting the efficiency of heat transfer out of the fluidic channel. 

Six points were selected on each microfluidic chip to quantify the variation in 

temperature. Points A and B on Fig.3.8(B) mark the temperature at the inlet and 

outlet. Points C and D are on the upper side of the inlet and outlet, while points E 

and F are on the lower side. Plots of temperature change (ΔT) at the inlet and outlet 

for each flow rate and composite chip are shown as Fig.3.8(C–E). The average 

change in temperature for the control at points A and B, at 250 μL/min, was 3.1 

°C ± 0.5, while for PD60 the ΔT was 4.8 °C ± 0.3. The improvement in heat 

dissipation at 250 μL/min observed with PD60, as compared to the control, 

was + 56%. At a flow rate of 500 μL/min, ΔT for the control, PD15, PD30 and PD60 

were 3.0 ± 0.1, 4.5 ± 0.1, 5.2 ± 0.5 and 7.3 °C ± 0.1, respectively. At 1000 μL/min, 

the ΔT for PD60 was 9.8 °C within the short 3 cm long channel, more than twice 

that possible with pure PDMS. A similar trend was observed at points C-D and 

points E-F. As can be seen in Fig.3.8(D) and (E), PD60 achieved approximately 3 

times the temperature change compared to the control at flow rates of 500 and 

1000 μL/min, while at 250 μL/min ΔT was approximately doubled. 

Up to 60% (wt) micro-diamond were successfully dispersed within the polymeric 

matrix of PDMS. Micro-diamond PDMS composites provided a 200% increase in 

thermal conductivity, significantly enhancing the dissipation of heat, achieving the 

optimum dissipation at 60% (wt) micro-diamond. Across a 3 cm long microchannel 

in a PD60 chip, with a 1000 μL/min flow of water, a ΔT of 9.8 °C was recorded, 

more than twice that possible with pure PDMS. This proof of concept study offers 

real potential for a practical solution for the cooling of future electrofluidic, 

embedded electronics and mechanical-electronic micro systems. 

  

https://www.nature.com/articles/s41598-017-15408-3#Fig5
https://www.nature.com/articles/s41598-017-15408-3#Fig5
https://www.nature.com/articles/s41598-017-15408-3#Fig5
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3.6. Supplementary information 

Contact angle Measurement 

 

Fig.S3.1. Setup for the measurement of contact angle. 

Elasticity of PDMS/micro-diamond composite 

Elasticity was measured on an in-house apparatus, as shown in Fig.S3.2(A). The 

specimen was cut as shown in Fig.S3.2(B). This technique allows load to be 

resolved to ±0.01 gm force, while extension is measured to ±10 micron resolution. 

This technique is further automated by adding a Linear Variable Displacement 

Transducer (LVDT) to the height gauge and a webcam, to read the balance display. 

The LVDT is connected to an NI6221 Data AcQuisition (DAQ) card and a 

Microsoft LifeCam to the PC via a USB port. Using LabVIEW (2012), software 

was designed to monitor the LVDT, and to trigger a photo of the balance display 4 

seconds after the LVDT movement had stopped.  

Thus the test sequence was: 

• Increase the height of the height gauge, stretching the specimen. 

• The software waits 4 seconds after the height gauge has stopped moving. 

• The webcam takes a picture of the balance reading. 

• The software stores the picture of the reading, labeling it with the LVDT 

reading which is the same value as the height gauge reading. 

The software also stores the height reading in a CSV file. 
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Once the specimen failed, the photos of the balance reading were reviewed, and the 

readings were entered into a CSV file with the corresponding height reading, giving 

a complete record of extension and load for each specimen.  

Fig.S3.2. (A) Setup for the measurement of Load and extension (B) The geometry of sample. 

Experimental setup for heat dissipation in a micro-diamond containing 

microfluidic chip   

An experimental setup for heat dissipation measurement in a microfluidic chip is 

shown in Fig.S3.3. It consists of syringe pump, hot plate, temperature sensor, stand 

for holding microfluidic chip, microfluidic chip and IR camera. 

Fig.S3.3. Photo of an experimental setup for thermal measurements of microfluidic platform with 

flow of Milli-Q water using IR camera 
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Homogeneity of PDMS/micro-diamond composites 

Fig.S3.4. The top surface of control and composite. 

Fig.S3.5. SEM micrographs of a top surface of films (A) PD15, (B) PD30 and (C) PD60. Cross-

section of films (D) PD15, (E) PD30 and (F) PD60. 
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Contact angle of composite microfluidic chips and thin films 

Fig.S3.6. Comparison of contact angle of microfluidic chip (A) PD15, (B) PD30, (C) PD60 and thin 

films (D) PD15, (E) PD30 and (F) PD60. 
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Table S3.1. The temperature at inlet and outlet of the microfluidic chip at different flow rate.  

 

Sample 
Inlet 
Temperature 
(°C) 

Outlet 
Temperature 
(°C) 

Inlet 
Temperature 
(°C) 

Outlet 
Temperature 
 (°C) 

Inlet 
Temperature  
(°C) 

Outlet 
Temperature  
(°C) 

Flow rate 250 μL/min 500 μL/min 1000 μL/min 

Control 32.3 29.2 38.5  35.5 46.13 42.3 

PD15 32.0 29.8 40.6 35.9 47.3 41.9 

PD30 32.7 28.4 39.6 34.4 45.8 40.6 

PD60 32.1 27.3 39.3 32 46.7 36.9 
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Chapter 4 

Three-Dimensional Printing of Abrasive, Hard, 

and Thermally Conductive Synthetic Micro-

diamond–Polymer Composite Using Low-Cost 

Fused Deposition Modelling Printer 

Declaration: This Chapter has been published in ‘Applied Materials and 

Interfaces’, as described in the statement of co-authorship. The material in this 

Chapter is replicated from the publication with only alteration in the format for the 

thesis.  

4.1. Abstract 

A relative lack of printable materials with tailored functional properties limits the 

applicability of three-dimensional (3D) printing. In this work, a diamond–

acrylonitrile butadiene styrene (ABS) composite filament for use in 3D printing 

was created through incorporation of high-pressure and high-temperature (HPHT) 

synthetic micro-diamonds as a filler. Homogenously distributed diamond 

composite filaments, containing either 37.5 or 60 wt % micro-diamonds, were 

formed through pre-blending the diamond powder with ABS, followed by 

subsequent multiple filament extrusions. The thermal conductivity of the ABS base 

material increased from 0.17 to 0.94 W/(m·K), more than five-fold following 

incorporation of the micro-diamonds. The elastic modulus for the 60 wt % micro-

diamond containing composite material increased by 41.9% with respect to pure 

ABS, from 1050 to 1490 MPa. The hydrophilicity also increased by 32%. A low-

cost fused deposition modelling printer was customised to handle the highly 

abrasive composite filament by replacing the conventional (stainless-steel) filament 

feeding gear with a harder titanium gear. To demonstrate improved thermal 

performance of 3D printed devices using the new composite filament, a number of 

composite heat sinks were printed and characterised. Heat dissipation 

measurements demonstrated that 3D printed heat sinks containing 60 wt % diamond 

increased the thermal dissipation by 42%. 
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4.2. Introduction 

Additive manufacturing, commonly referred to as 3D printing (3DP), has emerged 

as a powerful and dynamic technology to produce a wide range of complex 

structures/components, already enabling rapid prototyping and beginning to impact 

industrial production significantly.1-4 3DP can provide a route to the rapid 

production of highly customised structures, tailored toward specific applications, 

while simultaneously reducing the cost and time associated with traditional 

subtractive fabrication techniques.5-6 

Among all of the 3DP technologies, fused deposition modelling (FDM) is currently 

the most commonly applied print technology, essentially due to its simplicity and 

low-cost, together with the availability of a wide variety of base print materials.7-9 

Polymer FDM printing involves the forced extrusion of a thermoplastic filament 

through a pinch roller mechanism into a heated nozzle, which is capable of three-

directional movement. This movement allows the nozzle to build a 3D structure in 

a layer-by-layer process.10 Acrylonitrile butadiene styrene (ABS) is one of the most 

commonly used thermoplastic polymer filaments in FDM printing. ABS has a 

relatively low glass-transition temperature with excellent processability. 

Additionally, the noncrystalline nature of ABS reduces its shrinkage ratio during 

the cooling process and enables high-precision printing and dimensional stability.11 

However, ABS has no specific functional advantages per se and has an intrinsically 

low thermal conductivity, which hinders its use in many applications, 

including high-powered miniaturised electronic devices.12 

There is a general consensus among users that new print-compatible materials, 

including composite and functional materials, are required to expand the 

applicability of 3D printing.13-15 This need has seen a considerable effort being 

placed into the investigation of so-called “fillers” to provide enhanced functionality 

to resultant polymer-based composites, while remaining amenable to 3D printing. 

Recent developments in this area include the incorporation of carbon-based 

nanomaterials into printable polymer composites, such as carbon nanotubes 

(CNTs),16 carbon blacks,17-18and graphene,19-20 which together have seen the 
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creation of devices with improved electrical conductivity, electromechanical 

properties, chemical selectivity, and mechanical strength.21 

Among the various carbonaceous fillers available, high-pressure and high-

temperature (HPHT) nano-/micro-diamond possesses several attractive features, 

which have practical utility in a range of printable devices. These include its 

hydrophilicity, biocompatibility, nontoxicity, thermal stability, thermal 

conductivity, electrical insulation (or indeed electrical conductivity in boron-doped 

variants), hardness, wear resistance, and low-cost. Hence, several studies have 

already reported the advantages of nano- and micro-diamonds as reinforcing 

enhancers in polymer composites.22-24 

In terms of fabrication approaches applied when using such composites, Su et al. 

recently reported hot pressing techniques applied to poly(lactic acid) (PLA) micro-

diamond composites, which delivered a 10-fold increase in thermal conductivity as 

compared to pure PLA.25 More recently, Angjellari et al. reported a simple syringe-

based method to “print” nanodiamond composite materials directly in the form of 

a poly(vinyl alcohol) (PVA) slurry.26 In our own previous work, we have reported 

an acrylate-based composite material containing a maximum of 30 wt % of micro-

diamonds compatible with stereolithography (SLA)-based printing.27 Although this 

approach proved reasonably successful, using the SLA-based printing limited the 

concentration of fillers that could be used as this significantly impacted the 

photocuring of the resin at higher loadings. In addition, it was observed that the 

stability of the resin-filler suspension, if not carefully controlled, could lead to 

heterogeneous distribution of the filler within the final printed material. More 

recently, to overcome such difficulties and achieve higher loadings, we have 

applied a “print, cast and peel” approach,22 which utilised a simple 3D printed 

microfluidic template within which a 60 wt % micro-diamond-

polydimethylsiloxane composite resin could be cast, cured, and readily removed for 

subsequent testing and application. However, obviously in this case the composite 

material was not actually being printed. 

To create composite filaments containing the above significant wt % of functional 

or structural fillers, which are compatible with FDM printing, there are several 
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challenges that need to be overcome.28 First, the nano- or micromaterials must be 

homogenously distributed within the filament; otherwise, the structure and function 

of the printed object will be compromised. Second, the formed composite filament 

must be suitably flexible, strong, smooth, and have a consistent diameter, such that 

it can be reliably fed into the extrusion nozzle of an FDM printer without 

interruption or stress, allowing continuous printing.29 Third, the increase in 

viscosity (or other related properties) of the composite material when melted, 

caused through the addition of the particles to the base polymer, should not be so 

high as to cause a blockage or damage to the print head (nozzle).30 

With the above challenges in mind, herein we report the development of new 

diamond composite filaments, which can be used with standard low-cost FDM 

printing and which contain up to 60 wt % of synthetic micro-diamonds. The ability 

to produce a homogenous distribution of micro-diamonds within the composite 

filaments was investigated, and the process was optimised using a multiple filament 

extrusion protocol. The same multi-extrusion approach was investigated with 

regard to improved filament smoothness, reduced variations in filament diameter, 

and reduced filament porosity. Various micro-diamond composite filaments were 

characterised for mechanical stability and thermal conductivity. The print 

performance of the new composite filaments and their practical utility were 

evaluated via the printing and characterisation of a number of test heat sink designs. 

4.3. Experimental Section 

4.3.1. Materials 

ABS pellets were supplied by Aurarum Ptv Ltd. (VIC, Australia). Industrial 

nonporous high-pressure and high-temperature micro-diamond powder (2–4 μm) 

was obtained from Hunan Real Tech Super-abrasive and Tool Co. Ltd. (Changsha, 

Hunan, China). Acetone LR was from Chem-Supply Pty Ltd. (VIC, Australia). 

4.3.2. Pellet preparation 

To form a 37.5 wt % filament, 200 g of ABS pellets and 120 g of micro-diamonds 

were dissolved in acetone separately and sonicated for 80 min. Both solutions were 

then mixed and sonicated for a further 80 min. After sonication, a smooth slurry of 
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ABS containing micro-diamonds was formed (Fig.4.1A). Using this slurry, pellets 

were formed manually ranging in size between 5 and 10 mm. All pellets were left 

to dry at room temperature overnight, followed by drying in an oven at 100 °C for 

2 h. All pellets containing micro-diamonds were stored in a desiccator until used. 

Pellets containing 60 wt % micro-diamonds were formed following the same 

procedure, here incorporating 40 g of micro-diamonds within 26.5 g of ABS.  

Fig.4.1. (A) Slurry containing 37.5 wt% synthetic micro-diamond in ABS (B) Pellets of composite 

material were formed from the slurry. (C) Filament after first extrusion. (D) Porous core after second 

extrusion. (E) A solid core was achieved after sixth extrusion. (F) Coil of composite filament with 

diameter between 1.60 mm and 1.90 mm. 

4.3.3. Extrusion of the composite filament 

A benchtop single-screw Wellzoom filament extruder (Shenzhen Mistar 

Technology Co., Ltd., China) with independent dual-temperature zones was used 

at a power setting of 240 W, with filament extrusion at 1800–2500 mm/min. The 

extruder line was connected with a Wellzoom water-cooling tractor (Shenzhen 

Mistar Technology Co.), equipped with a stepping motor for controlling the 

diameter of the filament (shown in Supporting Information as Fig.S4.1). The 

melting and extrusion temperatures were set at 180 and 185 °C, respectively. The 

filament was pulled from the nozzle at a constant speed via the water-cooling 

tractor. Molten filament was passed through a moving water sink, within a larger 

water bath, in which the water was continuously circulated using a pump, for 

controlled cooling of the filament, helping deliver a uniform filament diameter.31 

http://pubs.acs.org/doi/suppl/10.1021/acsami.8b18232/suppl_file/am8b18232_si_001.pdf
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Filaments extruded only once were significantly ruptured, with a rough and brittle 

surface (Fig.4.1C), reflecting the non-uniform distribution of micro-diamonds 

within the feed pellets. To decrease porosity and enhance mechanical properties, 

the filament was cut into ∼1.5 cm lengths and re-extruded. This process was 

repeated multiple times. As can be seen in Fig. 4.1D, the second extruded filament 

was unruptured but displayed large pores across the filament diameter. After the 

sixth extrusion, the filament was smooth and dense with no visible pores as shown 

in Fig.4.1E. Through carefully controlling the extrusion speed, an ABS composite 

filament containing 37.5 wt % micro-diamond (named as D-ABS(37.5%)) was 

produced with a diameter between 1.6 and 1.9 mm, shown as a whirl in Fig.4.1F. 

Following similar procedures, a filament containing 60 wt % was also produced 

with matching diameter uniformity, hereafter named as D-ABS(60%). 

4.3.4. Three-dimensional printer conditions 

A desktop FELIX 3D FDM printer (version 3.1; Nieuwegein, The Netherlands) 

with dual heads was used for printing. SolidWorks 2015–2016 (Dassault 

System̀esSE, France) was used for designing the various heat sinks. A wing-shaped 

heat sink design was downloaded from the GrabCAD Community Library.32 

KISSlicer v1.5 was used for digital slicing and creation of the G-code using the 

following parameters: layer thickness, 250 μm; extrusion width, 500 μm; infill, 

100%; 2 loop stroke. A second nozzle was used to extrude PLA at 190 °C as a 

support material, and the diamond composite was extruded at a temperature of 230 

°C for the first layer and 220 °C for the rest. The build platform was set at 70 °C 

throughout the print. Once the print was completed, the support material was 

detached from the printed structure. 

4.3.5. Three-dimensional printer modifications 

Due to the highly abrasive nature of the micro-diamond composite filament rapid 

abrasion of the FELIX printer stainless-steel corrugated gears for driving the 

filament into the heating elements was observed when first attempting to print the 

new composite material. The extent of this abrasion can be seen within the 

supporting information (Fig.S4.2), and it repeatedly occurred within a short time of 

printing with the abrasive composite. The eroded gears led to failure in the pinch 

https://pubs.acs.org/doi/full/10.1021/acsami.8b18232#fig1
https://pubs.acs.org/doi/full/10.1021/acsami.8b18232#fig1
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roller feeding mechanism of the printer and so halted the delivery of the filament 

through the extrusion nozzle. To address this issue, several different gears produced 

from various materials were tested, all of which are shown in the Supporting 

Information (Fig.S4.2). The majority of materials failed to withstand the abrasive 

nature of the composite filament; however, a custom-made titanium alloy gear, 

produced using a Realizer SLM-50 metal 3D printer (Realizer GmbH, Germany) 

using titanium grade 5 powder (Ti6Al4V, TLS Technik GmbH, Bitterfeld, 

Germany), proved sufficiently resistant with a hardness of 392 HV. This 

exceptionally hard gear (as shown in Fig.4.2) displayed the best performance and 

enabled the printer to provide a constant feed of the composite filament without 

further abrasion-based problems. 

Fig.4.2. Schematic illustration of the mechanism of fused deposition modelling (FDM)-based 

printing. A feedstock thermoplastic filament is fed into the heating element and to the extrusion 

nozzle by the serrated gear. The commercially supplied stainless-steel gear was replaced by a 3D 

printed titanium alloy gear of matching dimensions. 
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4.3.6. Characterisation 

Scanning electron microscopy (SEM) imaging was performed with an analytical 

UHR Schottky emission scanning electron microscope (model SU-70, Hitachi, 

High Technologies America). The filament was cut and placed on carbon tape on 

Al SEM stubs. The samples were sputtered with a thin (approx. 4 nm) layer of 

platinum to avoid the accumulation of charge. The dispersion was observed at 1.5 

kV. The effect of micro-diamond concentration on the thermal behavior of the ABS 

composites was measured using a Q500 thermogravimetric analyzer (TA 

Instruments, New Castle, DE). Each sample was weighed and placed in an 

aluminum crucible. The temperature was increased from 20 to 600 °C at a heating 

rate of 10 °C/min in an atmosphere of nitrogen gas. Differential scanning 

calorimetry (DSC) measurements were performed using a Q200 calorimeter (TA 

Instruments) under nitrogen flow. The samples were heated from 35 to 200 °C. The 

thermal diffusivities and specific heat capacities of micro-diamond-containing ABS 

composite filaments were measured using an LFA 467 HyperFlash light flash 

apparatus at 25 °C (NETZSCH GmbH, Selb, Germany). The filaments were melted 

and pressed to form a film with thickness of ca. 1.5 mm using a hot press (Carver 

Inc., Wabash, IN). An optical microscope (Leica Microsystems Pty Ltd., Sydney, 

NSW, Australia) was used to measure the thickness of samples. Uniform samples 

of size 10 × 10 mm2 were cut using a laser cutter (Universal Laser Systems Inc., 

Scottsdale, AS). Finally, both sides of the films were coated with graphite spray. 

The bottom surface of each square-shaped sample was heated using a xenon flash 

lamp with energy controlled by voltage and pulse length. The resulting temperature 

increase on the rear surface was measured using an IR detector (InSb). Data 

acquisition and evaluation were performed via Proteus 6.0 software (NETZSCH 

GmbH). Specific heat capacities of samples were determined using pyroceram as 

the standard reference sample. Thermal conductivity of samples was calculated 

using the following equation: 

λ = α·Cp·ρ 
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where λ represents thermal conductivity [W/(m·K)], α represents thermal 

diffusivity [mm2/s], Cp is specific heat capacity [J/(g·K)], and ρ represents sample 

bulk density [g/cm3]. 

The hydrophilicity of the composite was observed by measuring the apparent 

contact angle of water droplets deposited on the material. ABS and composite 

filaments were thermally compressed to yield an ultraflat surface using a hot 

embosser (Tetraderon, San Diego, CA). Briefly, a 6 μL droplet of Milli-Q water 

was dispensed from an automated 50 μL eVol XR digital analytical syringe (Trajan 

Scientific and Medical, Melbourne, Australia) onto the sample surface. The image 

of the drop on the surface was captured using a Canon DSLR camera (Canon Inc, 

Tokyo, Japan) with a 70 mm F2.8 EX DG Macro lens (Sigma Corp, Kawasaki, 

Japan). Apparent contact angles were measured using ImageJ software with the 

DropSnake plugin.33 

The elastic moduli of the ABS and composite filaments were measured using a 

Monsanto Type W Tensometer (Melbourne, VIC, Australia). The grips for holding 

the filament were prepared using PVC sleeves, thrust washers, and cyanoacrylate, 

as shown in the Supporting Information (Fig.S4.3). The load and extension data 

were measured using LabVIEW. 

Heat dissipation measurements were performed using a computer-controlled Peltier 

thermoelectric heater/cooler system.34 The system operates from room temperature 

to 100 °C. Three-dimensional printed heat sinks were placed on the Peltier module 

and heated for 10 min. Heat dissipation across the external surface was monitored 

using an infrared camera (FLIR Systems, VIC, Australia). 

4.4 Results and discussions 

4.4.1. Surface morphology and porosity 

The novel ABS composite filaments containing either 37.5 or 60 wt % of synthetic 

micro-diamonds were developed for the use with low-cost FDM printers. To 

produce the desired functional enhancements in printed devices, the distribution of 

the filler materials within the composite filament is of crucial importance. Herein, 

to confirm the uniform distribution of the micro-diamonds within the composite, 
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the morphology of the various extruded filaments was observed using SEM. Images 

were taken following multiple consecutive extrusions of the composite (Fig.4.3) to 

evaluate the increasing filament density (loss of voids) and composite homogeneity 

(diamond distribution) (Fig.4.4). Filaments extruded only once were significantly 

ruptured, with an inconsistent diameter (Fig.4.1C), reflecting the nonuniform 

distribution of micro-diamonds within the feed pellets. Highly voided structures 

were evident in the filaments extruded for the second and third times (Fig.4.3A–B), 

although these reduced in size and number drastically following the fourth 

extrusion and were essentially no longer detectable in the filaments from the fifth 

and sixth extrusions (Fig.4.3 D and E). After the final sixth extrusion, the filament 

was dense with an evenly distributed diamond loading, and consistent filament 

diameter. 

The apparent percentage of cross-sectional void area (%) of the third- to sixth-time 

extruded filaments was measured by processing SEM images through ImageJ 

(1.51j8) software as described elsewhere.35 SEM images were binarized based on 

threshold (shown in Supporting Information (Fig.S4.4), and the percentage of the 

apparent void area was calculated. Fig.4.3F shows how the cross-sectional void area 

(%) of the extruded filaments decreased exponentially to ∼1% as the number of 

extrusions increased. Internal voids within the filament act to decrease the overall 

thermal conductivity as pores not only disrupt the interconnectivity of the micro-

diamonds but also act as a thermal insulator within the polymer matrix. Large voids 

can also negatively impact the resolution of the resultant 3D print. 
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Fig.4.3. (A–E) SEM images of cross section of the second- to sixth-time extruded D-ABS(37.5%) 

filament. (F) Apparent void area of the second- to sixth-time extruded filaments.  

Fig.4.4 (A, B) SEM images of D-ABS(37.5%) and (C, D) D-ABS(60%) filaments showing the 

homogenous distribution of synthetic micro-diamonds. 

Fig.4.4(A–D) shows high-resolution SEM images of the cross sections of cut D-

ABS(37.5%) and D-ABS(60%) filaments (following the sixth extrusion). Fig.4.4(A 
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and B) shows the incorporation of 37.5 wt % of diamonds, sized between 2 and 4 

μm, that are clearly mostly isolated from each other while embedded within the 

polymer matrix. The images reveal the lack of any visible agglomerations of the 

particles following the multiple extrusion process. However, the SEM analysis 

reveals how the micro-diamond is embedded physically within the polymer matrix 

but is not chemically bonded, or in other ways coated, with the polymer. The 

dislodging of the micro-diamonds from the polymer upon cutting, leaving obvious 

and numerous voids (see Fig.4.4A and B), together with clear voids around the 

embedded diamonds, shows how the diamond is not physically connected to the 

surrounding polymer. Fig.4.4A and B also reveals the presence of small pores 

within the ABS matrix for the D-ABS(37.5%) composite, which are far less obvious 

in the D-ABS(60%) filament (Fig. 4.4C,D). The images of the D-ABS(60%) 

composite reveal a significant amount of connectivity between microparticles and 

a much denser and less porous overall composition. At 60 wt % loading, the 

edges of the diamond particles are connected with surrounding particles, held in 

place by the thinner (∼0.5–1.5 μm) cementing polymer matrix, as observed in 

Fig.4.4D. 

4.4.2. Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) was performed in order to observe the impact 

of micro-diamond content on the thermal stability of the ABS-based composite. 

The thermal stabilities of pure ABS pellets, D-ABS(37.5%) and D-ABS(60%), 

were investigated using TGA, and the results are shown in Fig.4.5A. Differences in 

the onset degradation temperature of composites (T5% = temperature at which mass 

is reduced by 5 wt %) are often used to measure changes in thermal stability.36-39 

Here, TGA (Fig.4.5A) revealed that for ABS, D-ABS(37.5%), and D-ABS(60%), 

T5% increased from 374.1 to 378.7 to 391.5 °C, respectively. The increased onset 

degradation temperature is more significant with the greater diamond loading, with 

the rise in T5% of only 4.6 °C for D-ABS(37.5%) as compared to pure ABS, whereas 

for D-ABS(60%), a rise of 17.4 °C was observed. This reflects the structure of the 

two composites, with the D-ABS(37.5%) composite effectively segregating 

diamond particles within the bulk ABS polymer, as opposed to the D-ABS(60%) 

material, which, as observed in Fig.4.4, is a considerably denser connected diamond 

https://pubs.acs.org/doi/full/10.1021/acsami.8b18232#fig4
https://pubs.acs.org/doi/full/10.1021/acsami.8b18232#fig4
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particle structure. Upon combustion, the greater density of diamond particles at the 

combustion surface acts as a more resistant barrier to progression of decomposition 

through the polymer matrix. 

Fig.4.5. (A) Thermogravimetric analyses of ABS, D-ABS(37.5%), and D-ABS(60%). (B) Differential 

scanning calorimetric (DSC) of ABS, D-ABS(37.5%), and D-ABS(60%). (C) Thermal conductivities of 

ABS, D-ABS(37.5%), and D-ABS(60%). 

Pure ABS showed a sigmoidal curve with a 95.7% mass loss across the temperature 

range 379–476 °C, consistent with previous reports.38 The final residue containing 

char at 600 °C was 4.3%. The D-ABS(37.5%) filament showed a significant weight 

loss between 388 and 455 °C, again corresponding to the structural decomposition 

of the ABS polymer. The final residue containing char and micro-diamonds was 

equal to 40.2% at 600 °C, thus confirming the diamond content of the composite at 

(or within 2% of) the nominal 37.5%. The final residue at 600 °C for the D-

ABS(60%) composite was also as expected for the nominal composition, equal to 

58.6%. These results are listed together within Table 4.1. 

https://pubs.acs.org/doi/full/10.1021/acsami.8b18232#tbl1
https://pubs.acs.org/doi/full/10.1021/acsami.8b18232#tbl1
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Table 4.1. Summary of physical–chemical properties of ABS, D-ABS(37.5%), and D-ABS(60%) filament 

Sample 
T5% 

(°C) 

Wtres 

(%) 

Tg 

(°C) 

Tm 

(°C) 

Thermal 

Diffusivity 

(mm2/S) 

Thermal 

Conductivity 

(W./m.K) 

Contact 

angle 

() 

Elastic 

Modulus 

(MPa) 

Elongation 

at break 

(%) 

ABS 379 4.3 108 138 0.13-0.1843 0.1740 94±2.0 1050±109 4.32 

D-ABS(37.5%) 383 40.2 - - 0.27±0.01 0.37 65±4.0 1380 ±242 2.65 

D-ABS(60 %) 400 58.6 114 146 0.46±0.01 0.94 63±1.2 1490 ±374 1.7 
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4.4.3. Differential scanning calorimetry 

The thermal properties of the composite materials were further investigated using 

differential scanning calorimetry. Fig.4.5B shows the resultant DSC thermograms 

for ABS, D-ABS(37.5%), and D-ABS(60%). In the case of ABS, two transition 

peaks are clearly visible, that is, the glass-transition temperature (Tg) of styrene at 

about 108 °C, followed by an endothermic peak at about 138 °C associated with the 

melting of acrylonitrile.41 It is apparent from the DSC curves for D-ABS(37.5%) 

that the transition peaks become broader and less distinct. The unbound micro-

diamond particles within the polymer matrix as observed under SEM (Fig.4.4B) 

contribute to the less distinct Tg and Tm peaks.42 In the response recorded for the D-

ABS(60%) filament, the Tg peak for styrene moves toward a higher temperature of 

114 °C, followed by an endothermic peak at about 146 °C for the acrylonitrile melt. 

The D-ABS(60%) filament has significantly interconnected micro-diamonds that 

entrap the polymeric matrix and provide a physical interlock to the mobility of 

polymeric matrix imparting, albeit a marginal increase of 6 °C in Tg.
37 Wei et al. 

have made similar observations while incorporating graphene into ABS.20 

4.4.4. Thermal conductivity 

The thermal conductivity of the majority of polymers ranges between 0.1 and 0.25 

W/(m·K).43-44 As shown in Fig.4.5C, the D-ABS(60%) composite exhibited a 5.2-

fold increase in thermal conductivity, as compared to the pure ABS, equal to 0.94 

W/(m·K), resulting from the high diamond loading. Diamond has intrinsically the 

highest thermal conductivity, equal to 1000–2200 W/(m·K) and acts as an excellent 

heat conductor.45-47 With an increase in loading of micro-diamond, there is a 

corresponding increase in conductive pathways within the composite, which 

delivers the significant increase in thermal conductivity for the D-ABS(60%) 

material. 

To place the current composite filament in context, Table 4.2 presents the thermal 

conductivities of various “3D printable” composites reported to date within the 

literature. For example, recently Goa et al. developed a 3D printed fabric containing 

boron nitride with a thermal conductivity of 0.078 W/(m·K).48 Nam et al. reported 

a hybrid filler of carbon fiber and graphite flakes incorporated within printable ink, 

https://pubs.acs.org/doi/full/10.1021/acsami.8b18232#tbl2
https://pubs.acs.org/doi/full/10.1021/acsami.8b18232#tbl2
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which increased the thermal conductivity up to 2 W/(m.K).49 However, in this case, 

the approach required careful optimisation of rheological properties of the ink as 

well as post-curing after printing. Jia et al. demonstrated the highest through-plane 

thermal conductivity (5.5 W/(m.K)) for a 3D printed object by vertically aligning 

graphite flakes during printing within a blend of polyamide 6 (PA6), maleic 

anhydride grafted poly(ethylene-1-octene), and polystyrene [PA6/POE-g-

MAH/PS].50 However, obtaining such high thermal conductivity was dependent on 

printing direction and orientation of flakes, which was not achievable with low-cost 

commercial FDM printers. 
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Table 4.2. Thermal conductivities and elastic moduli of 3D printable composites. 

  

Polymer Filler 
Filler content 

(Wt%) 

Thermal 

conductivity 

(W./m.K) 

Applied in 3D 

printing 
Limitation 

Elastic 

Modulus 

(MPa)  

References 

ABS - - 0.15 FDM -  40 

ABS - - - FDM - 1100-2900 51 

ABSplus - - - FDM - 2200 52 

ABS Mont-

morillonite 

5.0 - FDM - 3600 53 

ABS Boron nitride 35.0  0.93 FDM -  54 

ABS Copper  50.0 0.912 FDM - 930a 55 

ABS Iron 30.0 - FDM - 978.5 55 

Epoxy Graphene oxide 3.0  0.75 Direct ink 

writing 

- - 56 
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Table 4.2. Thermal conductivities and elastic moduli of 3D printable composites (con’t). 

 

Polymer Filler 
Filler content 

(Wt%) 

Thermal 

conductivity 

(W./m.K) 

Applied in 3D 

printing 
Limitation 

Elastic 

Modulus 

(MPa)  

References 

PVA Boron nitride 5.0  0.078 Direct ink 

writing 

Single layer was 

printed 

- 48 

PLGA Boron nitride 63.2  2.1 Direct ink 

writing 

Tri-solvent 

system for ink 

formulation 

develops micro-

structures 

20 57 

PA6/POE-g-

MAH/PS 

Graphite 

 

50.0 5.5 FDM Dependent on 

printing direction  

- 50 

Epoxy Carbon+ 

graphite 

7.60 +9.30  ≈2 Direct ink 

writing 

Post-processing 

at elevated 

temperature 

- 49 

ABS Micro-

diamonds 

60.0  0.94 FDM - 1490 This study 

aElastic modulus for 30 wt % of copper. 
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4.4.5. Hydrophilicity and elasticity of the composite filament 

The diamond particles used herein have been previously characterised confirming 

their hydrophilic and ion-exchange surface properties.58 Incorporation of such a 

hydrophilic particle as a filler within the polymer matrix should obviously have a 

significant effect upon surface properties and the wettability (surface 

hydrophilicity) of the resultant composite. The apparent contact angles of the ABS, 

D-ABS(37.5%), and D-ABS(60%) filaments were measured to determine these 

changes. The apparent contact angle data recorded (θ°), shown in  Fig.4.6A, reveals 

the significant impact the incorporation of synthetic micro-diamonds had upon the 

surface hydrophilicity of the composite, showing a 32% decrease in the measured 

contact angle for the D-ABS(60%) filament. The results confirm that the diamond 

is sufficiently present at the surface of the filament to effect this change in surface 

properties and not fully enclosed or coated. This enhanced hydrophilicity may also 

contribute to developed thermal properties, as previous studies indicate that 

hydrophilic surfaces tend to exhibit higher heat-transfer coefficients in comparison 

to more hydrophobic surfaces.59 

Fig.4.6.(A) Apparent contact angles and (B) elastic moduli of D-ABS(37.5%) and D-ABS(60%) 

filaments. 

The elastic modulus of a material is a measure of its resistance to deformation or 

stiffness. For functional 3D printed devices, inherent resistance to deformation 

under stress can be a useful additional property. Fig.4.6B shows the elastic moduli 

of the ABS, D-ABS(37.5%), and D-ABS(60%) filaments. Incorporation of the 

micro-diamond at the 60 wt % level (D-ABS(60%)) saw a 41.9% increase in the 

elastic modulus with respect to the pure ABS filament. Elastic modulus of the 
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composite is dependent upon the interaction between the filler and the polymer as 

well as on the dispersion pattern of the filler. The high elastic modulus of the 

ABS(60%) filament is attributed to well-dispersed and interconnected micro-

diamond particles within the composite as witnessed in SEM images (Fig.4.4C and 

D). As mentioned above, the micro-diamond interlocks the polymer matrix and 

restricts its mobility, resulting in higher elastic modulus. This significant increase 

in the elastic modulus is also in agreement with similar previous studies.24,60 The 

reported elastic moduli of various 3D printable polymers and composites are also 

given within Table 4.2. 

The measured elongation at break is an indication of the plasticity (ductility) of the 

polymer. The percentages of elongation-at-break values for ABS, D-ABS(37.5%), 

and D-ABS(60%) filaments are given in Table 4.1. Herein, it was observed that 

elongation at break (%) decreases with an increase in the micro-diamond content. 

These results further confirm that the incorporation of micro-diamond within the 

polymeric structure restricts the mobility of the ABS chains, resulting in the 

observed higher stiffness, elastic modulus, and less elongation.61 High elastic 

modulus is required in certain application fields, such high-performance 

engineering and medical applications, and again can be a useful additional property 

of such printable functional materials. 

4.4.6. Heat dissipation within 3D printed heat sinks 

Over recent years, it has become very evident that electronic devices have been 

getting smaller and more powerful. Within such devices, there is often the need for 

efficient and low-cost thermally conductive materials, such as heat sinks, which can 

dissipate or distribute unwanted heat from areas within the electronic devices and 

thus enhance their performance or function. 

Three-dimensional printable miniature polymer heat sinks can improve the 

performance of electronic devices, while potentially dramatically reducing 

production costs. To demonstrate the potential of our 3D printable diamond 

composite material, various conventional and nonconventional heat sinks were test 

printed as shown in Fig.4.7A–E. A detailed comparison of heat sink designs and 

their performance is given elsewhere.62-64 However, here, using a low-cost 

https://pubs.acs.org/doi/full/10.1021/acsami.8b18232#tbl2
https://pubs.acs.org/doi/full/10.1021/acsami.8b18232#tbl2
https://pubs.acs.org/doi/full/10.1021/acsami.8b18232#tbl1
https://pubs.acs.org/doi/full/10.1021/acsami.8b18232#tbl1
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commercial 3D printer, we were able to reproduce a variety of these designs and 

additionally design and print heat sinks with complex structures that would not be 

easily achieved (or indeed possible at all) using either traditional direct milling or 

embossing. 

Fig.4.7.(A–E) Photographs of conventional and nonconventional 3D printed diamond-ABS 

composite heat sinks. 

To evaluate heat dissipation through the new composite material following its 

printing, a set of winged heat sinks were printed from the ABS, D-ABS(37.5%), 

and D-ABS(60%) filaments using the customised FDM printer. The resultant 3D 

printed winged heat sinks (30 mm wide and 16 mm high) are shown in Fig. 4.8(A–

C). A Peltier heater module set at 100 °C was used to examine heat-transfer 

performance of the various printed heat sinks. The temperature differences and heat 

distributions of the three heat sinks were determined using a thermal imaging 

camera. Thermal images of the winged heat sinks printed from the ABS, D-

ABS(37.5%), and D-ABS(60%) are shown in Fig. 4.8 (D–F). The heat sinks were 

heated for 10 min, and the temperature was recorded at three points. The IR images 

for the D-ABS(60%) heat sink showed ∼6–14 °C higher temperatures for all three 

points. The highest temperature difference was observed at the top surface, 

although significant differences were also recorded at the point closest to the Peltier 

heater. At the bottom of the 3D printed winged heat sink, the temperatures were 

79.2, 83.0, and 85.0 °C for ABS, D-ABS(37.5%), and D-ABS(60%), respectively. 

At the top surface of the heat sink, the increase in temperature for the D-ABS(60%) 

was equal to +42% in comparison to the pure ABS heat sink, representing a 

considerable difference over a relatively short distance.  

https://pubs.acs.org/doi/full/10.1021/acsami.8b18232#fig8
https://pubs.acs.org/doi/full/10.1021/acsami.8b18232#fig8
https://pubs.acs.org/doi/full/10.1021/acsami.8b18232#fig8
https://pubs.acs.org/doi/full/10.1021/acsami.8b18232#fig8
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Fig.4.8. (A–F) 3D printed wing heat sinks with ABS, D-ABS(37.5%), and D-ABS(60%) filaments 

with IR photograph showing temperature distribution after heating for 10 min. (G) Temperature 

variation at the top surface of the 3D printed heat sink with respect to time. 

The heat-transfer capability of the 3D printed winged-shaped heat sinks with 

varying concentrations of micro-diamonds was further evaluated by measuring 

surface temperature with respect to time. The winged heat sinks were heated by 

using a heating system set at 100 °C. The temperature at the top surface was 

measured for 20 min using an IR camera. Fig.4.8G shows a plot of time versus the 

top surface temperature for the 3D printed ABS and composite heat sinks. The 

highest temperatures recorded after 20 min for ABS, D-ABS(37.5%), and D-

ABS(60%) heat sinks were 38.1, 46.0, and 49.1 °C, respectively. The recording of 

the highest surface temperatures of these printed devices with increasing 

concentration of micro-diamonds is consistent with the above thermal conductivity 

measurements for the composite filaments. 

4.4.7. Recycling of waste print 

During optimisation of the 3D printer with the new composite filaments, various 

unsuccessful/waste prints were obtained. The waste printed parts (D-ABS(37.5%)) 

were dissolved in acetone, pellets were reformed, and the filament was extruded 

just once. Following this simple process, it was noted that thermal conductivity was 

identical to the original filament, whereas the elastic modulus decreased by 16% as 

compared to the original filament. However, it was therefore possible to use the 

recycled filaments to print further devices, while essentially maintaining their 

functional properties. 
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4.5. Conclusions 

Homogenous and uniform ABS filaments containing 37.5 and 60 wt % synthetic 

micro-diamonds were produced following a multiple extrusion procedure. The 

incorporation of synthetic micro-diamonds was shown to significantly improve 

thermal conductivity by more than five-fold compared to ABS itself. TGA analysis 

also confirmed increased thermal stability for the D-ABS(60%) material. The 

elastic modulus for the 60 wt % micro-diamond containing composite material 

increased by 41.9% with respect to pure ABS, from 1050 to 1490 MPa. The 

hydrophilicity also increased by 32%. The apparent contact angles for pure ABS 

and D-ABS(60%) filaments were 94 and 63°, respectively. A customised low-cost 

desktop FDM printer was used to print the composite filaments into 3D polymer-

based heat sinks for evaluation of performance. A D-ABS(60%) printed heat sink 

demonstrated enhanced heat dissipation as compared to that of pure ABS. 

As electronics become smaller and more powerful, thermal management has 

become one of the key limiting factors in device performance. With an increasing 

demand for thermally conductive but electrically insulating materials for cooling of 

miniaturised microelectronic devices, for example, within portable/wearable 

medical devices, this novel, low-cost micro-diamond containing the ABS 

composite provides a potential practical solution. In addition, its compatibility with 

FDM printing for production of complex geometries at low-cost could be of 

significant advantage in miniaturised and compact thermal management 

applications.  
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4.6. Supplementary Information 

Fig.S4.1. Wellzoom extruder line provided with cooling tractor. 

Fig.S4.2 (A) Built in gear. (B) Microscopic view of eroded gear. (C) High tensile bolt treated with 

oxy-acyetlene flame. Micro-diamond accumulated within groves of gear. (D) Gear hob covered by 

rubber. (E) Rubber get ruptured into two pieces during pinch roller mechanism of gear hob (F) 

Hardened steel gear. (G) Gear covered by leather which does not support pinch mechanism.  
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Fig.S4.3 Holding filament in PVC sleeves using cyano-acrylate and thrust washer. 

Fig.S4.4 Comparison of SEM images and binarized images obtained through imageJ. Red pigment 

indicates void areas within filament.  
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Chapter 5 

Low-cost Three-Dimensional Printing of Chitosan 

Composite: Antibacterial and Metal Extraction 

Properties 

Declaration: This Chapter has been submitted to ‘Scientific Reports’ for 

publication. The material in this Chapter is replicated from the submitted 

publication with only alteration of the format for the thesis.  

5.1. Abstract 

3D printing has evolved as a manufacturing tool to fabricate customised devices 

ranging from prototypes to end-user applications. In the current work, a novel 

chitosan-acrylonitrile butadiene styrene (ABS) filament was developed for the 

fabrication of functional devices using a low-cost fused deposition modelling 

(FDM) printer. Composite filaments containing 5, 10 and 30 wt% of chitosan were 

produced through pre-blending of chitosan flakes with ABS using acetone as a 

solvent. Extrusion of the chitosan impregnated ABS produced a fibre with a 

heterogeneous surface and open macroporous channels. The printability of each 

composite filament was investigated using FDM printing. A chitosan-ABS filament 

containing up to 10 wt% chitosan was printed successfully with prominent 

macroporous features. As a proof of concept, the antibacterial activity of 3D printed 

ABS and composite discs containing 5 and 10 wt% chitosan was tested against the 

model bacteria Escherichia coli. The 10 wt% chitosan composites inhibited the 

growth of bacterial cells. The composite filaments were also used to print monoliths 

to investigate their ability to extract Cu2+ ions from solution. Overall, the 5 wt% 

chitosan-ABS monolith achieved 28% Cu2+ extraction efficiency, while the 10 

wt% composite monolith attained 78% extraction efficiency after 144 hours 

exposure. 

5.2. Introduction 

3D printing is an established technology that is gaining popularity in the production 

of functional components.1 It is now possible to print highly customised devices 



Chapter 5 

 143 

and structures due to ongoing improvement in print resolution and the increase in 

available print materials.2-4 Examples have been reported with functional properties 

ranging from anti-microbial composites to catalytically active materials.5-6 

Generally, these functional devices have been obtained by utilising printing 

techniques such as stereolithography, extrusion-based methods or inkjet printing.7-

10 

Among the different printing techniques, those based on the material extrusion from 

nozzles are particularly versatile in terms of the availability of a wide range of 

printable inks and their capacity for multi-material printing.11 Due to rapid progress 

in the development of functional composite and print-compatible materials, the 

number of functional 3D printable materials has exponentially increased.12 For 

instance, Couck et al. recently developed a new print method for producing a 

zeolite-based monolith for gas separation. This method involved 3D printing of 

several layers of zeolite fibres on top of each other in a well-defined manner, 

resulting in an open monolithic structure with acceptable gas separation 

performance.13 Thakkar et al. proposed a formulation integrating amino–silica 

adsorbents into monolithic structures using liquid deposition modelling printing 

for adsorbing carbon dioxide.14 The researchers also concluded that 3D printing 

provides a promising approach for developing amine-based adsorbent monoliths 

that can be easily applied to large-scale gas separation processes.15 3D printed 

metal-organic framework monoliths for gas adsorption have been discussed in 

several reports.16-17 In addition to gas-separator monoliths, 3D-printed metal-

organic frameworks also served as structured catalysts, mixers and reactors.18-20 

However, these reports involve additive deposition of material layers directly 

from a solution, with potential application for gas separation or chemical reactors.  

There has been limited research conducted on 3D-printed monoliths for metal ion 

adsorption using a fused deposition modelling (FDM) printer. This involves 3D 

extrusion of thermoplastic polymers that are mechanically fed as a filament (1.75 

and 3.0 mm) from a spool into the extrusion print head.21-22 The gap in the current 

research is addressed in the present study by employing FDM printing for the direct 

printing of chitosan composites as a bio-adsorbent with the ability to extract metal 

ions. 
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Chitosan is a natural polysaccharide that has been investigated in a variety of 

applications owing to its biocompatibility, biodegradability (with non-toxic 

products) and antimicrobial properties.23 It has also sparked interest in the field of 

water treatment due to a number of additional advantages including low-cost, ready 

availability, processability into desired porous configurations, positive charge, and 

reactive functional groups that can interact selectively with target molecules.24-25 

Previously, chitosan incorporated in pristine polylactide (PLA) and maleic 

anhydride-grafted polylactide (PLA-g-MA) polymer demonstrated enhanced cyto-

compatibility and anti-bacterial activity in a 3D printed composite.26 Several other 

studies have demonstrated the fabrication of 3D printed structures using chitosan 

for biomedical applications.27-28 Very recently, Dongxing et al. demonstrated the 

development of a chitosan-laden 3D porous monolith that could adsorb metal ions. 

The monolith was printed using a commercial resin and then coated with chitosan 

using a prolonged post-processing step.29 

Herein, motivated by the combined advantages offered by 3D printing and the 

incorporation of chitosan, a novel acrylonitrile butadiene (ABS) filament 

impregnated with chitosan was developed. A number of factors needed to be 

considered in the development of this FDM-compatible filament. Firstly, the 

formulation of the filament should be mechanically and rheologically balanced.30 

Secondly, the filament must exhibit a low melt viscosity but, at the same time, have 

sufficient strength to provide structural self-support. Thirdly, the filament should 

exhibit a high Young’s modulus to avoid buckling.31-32 Finally, it must be of a 

precise diameter (1.75 mm in this work).33 Keeping all these factors in mind, the 

production of a novel filament impregnated with varying amounts of chitosan (5, 

10 and 30 wt%) was explored, and their print-compatibility investigated. The anti-

bacterial activity was explored against Escherichia coli. As a proof of concept, the 

chitosan composite filaments were used to print a monolith and its ability to extract 

copper (Cu2+) ions from aqueous solution was also investigated. 
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5.3. Materials and methods 

5.3.1. Materials 

ABS pellets were supplied by Aurarum Ptv Ltd (Victoria, Australia). Chitosan 

(Mw= 310000-375000 Da) was purchased from Sigma Aldrich (Saint Louis, USA). 

Acetone LR was from Chem-Supply Pty Ltd (Victoria, Australia). Copper (II) 

sulfate pentahydrate (CuSO4.5H2O) was purchased from Sigma-Aldrich, Sydney, 

Australia. Atomic absorption spectroscopy (Varian, SpectrAA 55B, Burladingen, 

Germany) was used for measuring concentration. 

5.3.2. Pellet preparation 

To form a 5 wt% filament, 47.5 g of ABS pellets were dissolved in acetone and 

sonicated for 80 min. 2.5 g of chitosan was added to the solution and sonicated for 

a further 80 min. After sonication, a suspension of ABS containing chitosan was 

formed. Using this suspension, pellets were formed ranging in size from 5 to 10 

mm, as shown in Fig.S5.1 (Supplementary Information). All pellets were left to dry 

at room temperature overnight, followed by drying in an oven at 100 °C for 2 hours. 

Pellets containing 10 and 30 wt% chitosan were formed following the same 

procedure, incorporating 5.6 g of chitosan in 50 g of ABS and 15 g of chitosan in 

35 g of ABS, respectively (Fig.S5.1(A–C)).  

5.3.3. Filament extrusion 

A benchtop single screw Wellzoom filament extruder (Shenzhen Mistar 

Technology Co., Ltd., China) was used to extrude ABS or ABS-chitosan filaments. 

The melting and extrusion temperatures were set at 170 °C and 175 °C, 

respectively. Filaments, containing 5, 10 and 30 wt % chitosan, named as ABS-

CH(5%), ABS-CH(10%), and ABS-CH(30%), respectively, are shown in supplementary 

Fig.S5.1(D–F).  

5.3.4. Three-Dimensional printing conditions 

A desktop FELIX 3D FDM printer (version 3.0; Nieuwegein, The Netherlands) 

with dual heads was used for printing. SolidWorks 2017−2018 (Dassault 

System̀esSE, France) was used for designing a disc for determining antibacterial 
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properties, and a monolith for the extraction study of metal (Cu2+) ions. Simplefy3D 

(Version 3.1.1, 2016) was used for digital slicing and creation of the G-code. The 

following parameters were used for printing the disc: layer thickness 500 μm; 

extrusion width 800 μm; infill 100%; infill angle 45° and 90°, 2 loop stroke. For 

the Cu2+ ion extraction, a monolith was printed with 50% infill having angles 45° 

and -45°. The chitosan composite was extruded at a temperature of 220 °C for the 

first layer and 210 °C for the remainder. The build platform was set at 70 °C 

throughout the print.  

5.3.5. Surface Morphology 

Scanning electron microscopy (SEM) imaging was performed with an analytical 

UHR Schottky emission scanning electron microscope (Model SU-70, Hitachi, 

High Technologies America, USA). The filaments were cut and placed on carbon 

tape on aluminium SEM stubs. Samples were sputtered with a thin (approximately 

4 nm) layer of platinum to avoid the accumulation of charge. Similarly, the 

morphology of the 3D printed monolith was also observed using SEM.  

5.3.6. Anti-bacterial activity 

Inoculation preparation: A colony of Escherichia coli (E. coli) (TOP 10 Invitrogen) 

was inoculated into a sterile luria broth (LB) and incubated at 37 °C overnight. The 

E. coli from the LB was then diluted and spread onto LB agar plates and again 

incubated overnight at 37 °C. This gave a cell count of 3.97 x 109 colony forming 

units (CFU/mL). 10 mL of the E. coli from the LB was centrifuged at 3600 rpm for 

5 min to remove the broth and then suspended into 10 mL of phosphate buffer 

solution (PBS). 1 mL of E. coli was transferred onto a sterile petri plate and named 

as a control. 

Swabbing procedure: Each 3D printed disc, namely ABS, ABS-CH(5%), and ABS-

CH(10%), was exposed to UV light for 15 minutes in a laminar hood, transferred onto 

a sterile petri dish and labelled accordingly. 1 mL of the E. coli in PBS solution was 

transferred aseptically onto each 3D printed disc and left at room temperature. A 

sterilised glass rod was swabbed immediately on the surface of each inoculated 3D 

printed disc, transferred onto a sterile LB agar plate and incubated at 37 °C 

overnight. It was labelled as T0. The same procedure was repeated for the control 
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(without disc). The swabbing procedure was repeated every 2 hours for 8 hours and 

labelled as T2, T4, T6 and T8. The final swab was performed after 24 hours for the 

control and the 3D printed discs and incubated at 37 °C overnight. 

5.3.7. Adsorption studies 

Adsorption studies were conducted by fully immersing the 3D printed ABS, ABS-

CH(5%), and ABS-CH(10%) monoliths into a 6 mg/L Cu2+ solution at pH 5.6 with 

continuous stirring. The concentration of Cu2+ ions in solution was measured using 

atomic absorption spectroscopy (Varian, SpectrAA 55B, Burladingen, Germany), 

at a wavelength of 327.4 nm with a slit width of 0.2 nm, initially after 2 hours and 

then every 24 hours for 6 days. 

Extraction efficiency (EA) was calculated by 

EA(%) =
Co−Ct

Co
 x 100……………Equation (5.1) 

Where Co is the initial concentration of Cu2+ ions and Ct is the concentration at time 

t. 

5.4. Results and discussions 

5.4.1. Surface morphology and three-dimensional printing 

performance 

Scanning electron microscopy (SEM) imaging was performed to understand the 

morphology of blended ABS-chitosan filaments (Fig.5.1). It is evident from 

Fig.5.1(A–B) that the surface and cross-section of neat ABS filament is smooth with 

no visible pores. However, with the impregnation of chitosan, the surface 

smoothness decreased to give a heterogeneous surface with open macroporous 

channels. As the amount of chitosan increased from 5 to 30 %wt, the filament 

becomes more heterogeneous with prominent macroporous features, as evident in 

Fig.5.1(C–H). Though filaments were extruded thrice to reduce porosity and 

heterogeneous morphology, macroporous channels were still present throughout 

the filament. In the ABS-CH(30%) filament, the voids between chitosan and the 

matrix became more prominent indicating poor adhesion between the ABS matrix 

and chitosan.34 
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Fig.5.1. Images of the surfaces and cross-sections of thrice extruded filaments of: (A–B) ABS; (C–

D) ABS-CH(5%); (E–F) ABS-CH(10%); (G–H) ABS-CH(30%). 

3D printed monoliths (30 mm wide and 15 mm high) were printed using the ABS, 

ABS-CH(5%), ABS-CH(10%) and ABS-CH(30%) filaments discussed above. These are 

shown in Fig.5.2(A–D). It was observed that pure ABS, ABS-CH(5%) and ABS-
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CH(10%) filaments printed successfully. Due to its highly porous nature, the ABS-

CH(30%) filament only printed a few discontinuous layers and then failed to complete 

the print (Fig.5.2 (D)). The properties of ABS-CH(30%) filaments were not 

investigated further.  

Fig.5.2. 3D printed monolith using (A) ABS, (B) ABS-CH(5%), (C)ABS-CH(10%) and (D)ABS-

CH(30%) filament. 

Detailed surface morphology of the 3D printed monoliths was also observed with 

SEM (Fig.5.3). The pristine ABS filament printed without any visible pores as 

shown in Fig.5.3(A and D) while the ABS-CH(5%) and ABS-CH(10%) monoliths 

showed significant morphological changes developing an open framework of 

macroporous channels. Previously, a similar observation was made when pulp fibre 

was incorporated into PLA.35 This is attributed to the difference in hydrophilicity 

between chitosan and ABS, resulting in poor adhesion, ultimately leading to open 

macroporous structures.36 
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Fig.5.3. SEM images of 3D printed monoliths printed using (A and D) ABS; (B and E) ABS-CH(5%) 

; (C and F) ABS-CH(10%) filaments. 

5.4.2. Antibacterial activity 

E. coli is widely used as a biological indicator for measuring contamination in water 

and was chosen as a model bacterium for determining the antibacterial activity of 

the 3D printed discs.37 The 3D printed discs with varying amounts of chitosan are 

shown in Fig.5.4. 

Fig.5.4. 3D printed discs of: (A) ABS; (B) ABS-CH(5%); (C) ABS-CH(5%). 

A sterilised rod was swabbed on the surface of each inoculated 3D printed disc 

(ABS, ABS-CH(5%) and ABS-CH(10%)) and transferred onto sterile LB agar plates at 

time intervals mentioned in the experimental section. The control (with no disc) 

was run in parallel for the comparison of bacterial colonies with respect to 3D 

printed discs. After incubation, the growth of bacterial colonies was observed and 

shown in Supplementary Data (Fig.S5.2). After the initial swabbing and 

inoculation, at T0, the plates had a very similar appearance. However, at T6 and T8 

the media plate labelled ABS-CH(10%) showed a clear decrease in bacterial colonies 
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as compared to other samples, as shown in Fig.S5.2. This decline in bacterial colony 

numbers became more prominent after 24 hours. Fig.5.5 shows colonies formed 

after 24 hours of swabbing on (A) control (without disc), (B) ABS (C) ABS-CH(5%) 

and (D) ABS-CH(10%) discs. The agar plates labelled as control and ABS show very 

similar patterns of colony growth. The number of colonies is significantly higher 

for ABS-CH(5%) disc. However, for the ABS-CH(10%) media, the number of colonies 

decreased dramatically, confirming the anti-bacterial properties of the 3D printed 

composite disc containing a high level of chitosan. The underlying mechanism for 

antibacterial activity of chitosan is that the positively charged chitosan binds to the 

negatively charged bacterial surface, which results in rupturing of the bacterial 

membrane, leading to leakage of intracellular constituents and bacterial cell 

death.38-39 Therefore, ABS-CH(10%) disc with more functional groups on the surface 

exhibits significant antibacterial properties as compared to the  ABS-CH(5%) disc. 

Fig.5.5. Images of incubated agar plates of swabs taken after 24 hours (T24) exposure to: (A) Control; 

(B) an ABS disc; (C) an ABS-CH(5%)disc; (D) an ABS-CH(10%) disc. 
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5.4.3. Heavy metal extraction 

A further proof of concept study was performed to explore the capacity of a 3D 

printed monolith as a metal scavenger based upon the varying amount of chitosan, 

specifically for the extraction of the Cu2+ ions from aqueous solutions. The 3D 

printed ABS, ABS-CH(5%) and ABS-CH(10%) monoliths were fully immersed in a 

6.0 mg/L Cu2+ solution. The concentration of Cu2+ ions in the solution was 

measured every 24 hours using atomic absorption spectroscopy. Fig.5.6 (A) shows 

the residual concentration of Cu2+ ions in solutions containing the ABS, ABS-

CH(5%) and ABS-CH(10%) monoliths over time. It was observed that for the solution 

in which the pristine ABS monolith was immersed, the concentration of Cu2+ ions 

slightly increased with the passage of time. This was due to slow evaporation of the 

solvent (water) at room temperature, increasing the concentration of Cu2+ ions in 

solution. For the ABS-CH(5%) monolith, there was a very slight decrease in the 

concentration of Cu2+ ions over time. However, for the ABS-CH(10%) monolith the 

change in concentration of Cu2+ ions solution was dramatically different, as the 

concentration decreased from 6.0 mg/L to 1.34 mg/L over a 6 day period.  

Fig.5.6. (A) Residual concentration of Cu2+ ions in a solution containing the ABS, ABS-CH(5%) and 

ABS-CH(10%) monoliths against time. (B) Extraction efficiency of ABS-CH(5%) and ABS-CH(10%) 

monoliths against time. 

The extraction efficiency (%) for ABS-CH(5%) and ABS-CH(10%) monoliths was 

calculated using Equation 1 and the results are shown in Fig.5.6(B). The ABS-

CH(5%) extracted only 2% of Cu2+ ions in the first 24 hours while the ABS-CH(10%) 

monolith achieved 28% extraction efficiency over the same period. For the ABS-
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CH(10%) monolith, the extraction efficiency increased to 78% after 144 hours, 

whereas ABS-CH(5%) achieved only 10%. It is widely known that chitosan has 

ability to form complexes with metal ions and has strong affinity in particular with 

Cu2+ ions.40 The proposed mechanism involves the formation of coordination bonds 

with Cu2+ ions with reactive amine (-NH2) and hydroxyl (-OH)) groups present 

within chitosan available at the surface of the monolith.41 The extraction efficiency 

of an ABS-CH composite is due to the metal ion binding sites (-NH2) and (-OH)) 

available at the surface of the monolith. In the case of ABS-CH(5%), there are again 

only limited amine and hydroxyl groups at the surface of the monolith available for 

coordination with Cu2+ ions, so ABS-CH(5%) shows very low extraction efficiency. 

The colour of the printed monolith was not changed after the completion of the 

experiment. Previously, Yuanchun et al. demonstrated the fabrication of surface 

functionalised 3D printed ABS plates with polyoxometalate that exhibited 67% 

removal efficiency of Cu2+ ions from an aqueous solution over the period of 12 

hours.42 However, such a high extraction efficiency within 12 hours was achieved 

by using three plates simultaneously.  

5.5. Conclusions 

This work has demonstrated the fabrication of chitosan-ABS composite filaments 

having a macroporous structure. A filament containing up to 10 wt% chitosan was 

printed successfully. The printed functional devices demonstrated some anti-

bacterial activity against E. coli that could be developed as a potential antibacterial 

filter for contaminated water. The composite filaments were also used to print 3D 

monolith structures to extract Cu2+ ions from aqueous solution. The 3D printed 

monolith containing 10 wt% chitosan removed 78% of Cu2+ ions over 144 hours. 

These proof of concept results indicate that porous 3D printed monoliths can be 

used as a low-cost device for removal of heavy metals such as Cu2+ ions and for 

water disinfection with potential application in remote areas where clean water 

supply infrastructure is not available. However, future work will investigate the 

adsorption kinetics of Cu2+ ions at various pH and temperature conditions.  
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5.6. Supplementary information 

Fig.S5.1 (A) ABS pellets containing 5 wt% chitosan; (B) 10 wt% chitosan; (C) 30 wt% chitosan; 

(D-F) Extruded filaments ABS-CH(5%), ABS-CH(10%) and ABS-CH(30%). 

Fig.S5.2. Bacterial colonies formed after swabbing the control and each inoculated 3D printed disc 

at 0, 2, 4, 6 and 8 hours represented as T0, T2, T4, T6 and T8, respectively.   
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Chapter 6 

Conclusions and Future Work 

“The important thing is not to stop 

questioning….Never lose a holy curiosity.” (Albert 

Einstein) 

6.1. Concluding remarks 

This thesis presented new strategies and approaches for enhancing the applicability 

of 3D printing technology within the field of microfluidic and microelectronic 

mechanical platforms by developing novel composite materials. In the first phase 

of this research project, a print, cast and peel (PCP) approach was opted to 

substitute the conventional and laborious photolithographic steps. This approach 

successfully overcomes the disadvantage of unknown surface properties of 

commercial resin by fabricating 3D printed template within which a 60 % wt micro-

diamond-PDMS composite was cast, cured and removed for subsequent 

characterisation and application. A composite PDMS fluidic chip was 

characterised in detail, providing valuable information on dispersion pattern, 

hydrophobicity, chemical structure, elasticity and thermal properties. The PDMS 

composites provided a 200% increase in thermal conductivity, significantly 

enhancing the dissipation of heat, achieving the optimum dissipation at 60% (wt) 

micro-diamond. Within the fluidic chips, micro-diamond incorporation 

successfully enhanced heat dissipation by efficient transfer of heat from within 

the channels to the surrounding substrate. This proof of concept study offers real 

potential for a practical solution for the cooling of future electrofluidic, embedded 

electronics and mechanical-electronic microsystems. 

In the next phase of the research project, 60 % (wt) diamond composite filaments 

were fabricated for direct printing of functional and robust devices through desktop-

FDM printer. Multiple extrusion protocol was developed to achieve a homogenous 

distribution of micro-diamond, improved filament smoothness, reduced variation 

in filament diameter, and minimal filament porosity within the composite filament. 

The incorporation of synthetic micro-diamond significantly improved thermal 
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conductivity by more than 5-fold compared to the pristine polymer. A low-cost 

FDM printer was successfully customised to print highly abrasive composite 

filament by replacing built-in feeding gear (stainless steel) with harder titanium 

gear. A number of composite heat sinks were printed to demonstrate continuous 

printing compatibility of the customised printer. The detailed investigation of 

thermal properties of this novel composite provides insight to the thermal 

performance of 3D printed devices containing synthetic diamonds. Heat dissipation 

measurements for 3D printed wing shape heat sink containing 60 % (wt) diamond 

demonstrated an increase in the thermal dissipation by 42 %. From the 

environmental perspective, the newly developed diamond containing filament was 

easily recyclable and could help reduce waste and costs associated with such 

material. With an increasing demand for thermally conductive but electrically 

insulating materials for cooling of miniaturised microelectronic devices, for 

example, within portable/wearable medical devices, this novel, low-cost micro-

diamond containing the ABS composite provides a potential practical solution.  

Lastly, the range of functional and print-compatible material was further broadened 

by selecting a renewable, antibacterial bio-polymer, namely chitosan as a filler.1 

Extrusion of the chitosan impregnated ABS produced a fibre with a heterogeneous 

surface and open macroporous channels. The printable chitosan-ABS composite 

(10 % wt) showed antibacterial activity against E.Coli. The composite filaments 

were also used to print 3D monolith structures to extract Cu2+ ions from aqueous 

solution. The 3D printed monolith containing 10 wt% chitosan removed 78% of 

Cu2+ ions from aqueous solution. These proof of concept results indicate that 3D 

printed monoliths can be used as a low-cost device for the removal of heavy metals 

such as Cu2+ ions and for water disinfection with potential application in remote 

areas where clean water supply infrastructure is not available.  

To conclude, this research project has successfully created new knowledge and 

ideas to accelerate the applicability of 3D printing technology by developing novel 

functional materials for next-generation smart miniaturised microfluidic and micro-

electro-mechanical systems  
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6.2. Limitation of the thesis 

In this research work, optimised interfacial compatibility between the filler and the 

matrix was not investigated in detail. The interface between filler and polymer is a 

critical factor in determining and enhancing the physical-chemical properties of 

polymer composites.2 Interfacial compatibility can be optimised by surface 

modification of filler by introducing oxygen carrying functional groups such as 

C−O, O-H, C=O, and O−C=O, that can improve the interfacial adhesion between 

filler and polymer.3 For instance, the synthetic diamond could be functionalised by 

octadecyl amine (ODA) to improve interfacial adhesion of diamond with the 

polymeric matrix that could further enhance thermal properties of composite.4 

Similarly, chitosan could be functionalised by carboxy-methylation to improve the 

metal-complex formation ability of chitosan. 

Detailed investigation should be conducted to improve the compatibility of filler-

matrix interface of composite materials by using advance surface analysis 

techniques coupled with the modelling software that would further enhance the 

mechanical, electrical and/or thermal properties of the composite. 

6.3. Future directions 

Following are the recommendations for the future work: 

• In parallel to the development of composite printable material, there is also 

a need for the progress of computational modelling and simulation software, 

which helps in predicting the composite performance at the design stage. 

By introducing several parameters, namely, the composition of material, 

distribution, and alignment of fillers at the design stage can significantly 

enhance the composite performance. 

• Designing machines with multifunctional printing capability, combining 

different 3D printing techniques with more advance and intelligent software 

are the future routes.  

• By enhancing the resolution and speed of 3D printing machines with less 

structural defects, 3D printing would replace traditional manufacturing 

techniques. 
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• The future opportunities are envisaged to formulate 3D printable materials 

that combine multiple–responsive functionalities as a strategy to create 

micro-sensors, detectors and actuators.  
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