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Executive Summary  

This project focuses on the construction, programming and optimisation of a fully operational 

rapid prototyping machine based on a current desktop system, known as the Fab@Home, 

developed by Cornell University. The goal of the project is to demonstrate the fabricating 

ability of the machine by accurately building a 3-dimensional object with practical 

applications.  

 

Previously developed fabrication processes and building materials used for fabrication were 

researched and further investigated ensuring the SFF machine utilised all significant 

technological developments in the associated areas. Material testing of thermoplastic 

polymers and silicone adhesives determined ethylene-vinyl acetate (EVA) to be the ideal 

working material for use in the fabrication machine. A fabrication machine based on the 

Fab@Home Model 1 machine was then successfully constructed to design specifications 

using open source procedures. Due to the selection of thermoplastic as the working material, 

modifications to the material deposition system to incorporate a heated screw extruder system 

were completed. The modifications effectively heat the thermoplastic working material and 

deposit the heated substance accurately onto the working surface, enhancing the fabrication 

capabilities of the machine.  

 

The completed fabrication machine was then calibrated with the working material to produce 

a range of accurate objects containing well defined straight edges, accurate curves and precise 

gradients demonstrating the ability of the fabrication machine to produce a complete range of 

3D objects without design limitations on the dimensions and shape of the object. 
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1  

Introduction 

This report discusses the research, development and construction of a working three-

dimensional rapid prototyping machine. The design will utilise revolutionary technology 

known as solid freeform fabrication (SFF), which is capable of fabricating accurate, 

functional objects from computer models. The project will be supported with sponsorship 

from the Head of the School of Mechanical Engineering and completed by two final year 

undergraduate engineering students from The University of Adelaide. Project completion will 

involve a two stage process where initial research and design is to be conducted prior to 

construction and experimental testing of the fabrication machine. Using the Fab@Home 

fabrication machine developed at Cornell University’s Computational Synthesis Lab as a 

foundation for advancement, a solid freeform fabrication desktop machine is to be 

constructed.  

 

Rapid prototyping systems are a relatively new form of manufacturing that builds physical 

3D objects using an additive approach by incrementally and electively depositing material 

from a source onto a substrate. A rapid prototyping machine takes 3D computer aided 

drawing data, most commonly a .STL file, and then processes the model into individual 

layers. From this processed data the machine manufactures the model, depositing layer upon 

layer to form a completed object. 

 

Mass production has become the cheapest form of manufacture, with one off objects and 

prototype models being highly expensive. Consequently, the consumer has had limited 
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accessibility to the creation of unique and distinctive objects. Hence, fabrication for 

consumers has always been restricted due to the significant associated costs.  This has led to a 

need in the market for a low cost desktop fabricator to allow consumers to experience the 

technology and benefits of rapid prototyping. Therefore, successful creation of the rapid 

prototyping desktop machine will ultimately bridge the gap between current commercial 

production and consumers changing the way we design, manufacture and consume products. 

 

The project aims to design, source and construct a fully operational rapid prototyping desktop 

machine that can fabricate a practical object and furthermore be used as a learning tool for 

future University of Adelaide studies. Using open source software, firmware and readily 

available parts, the assembly, construction and operational programming of the machine is to 

be achieved. The machine will ultimately be used to demonstrate its ability to precisely 

manufacture a 3D object with practical applications. 

 

A literature study will provide relevant background information regarding the Fab@Home 

project and its significance. Commercially available rapid prototyping machines and their 

materials will be simultaneously researched to determine their advantages and disadvantages 

in relation to our project goals. From this comprehensive research, a suitable fabrication 

material will be selected. A comprehensive selection criteria will be developed to ensure the 

material is compatible with this SFF machine and suitable for achieving the project goals. 

Any modifications to the existing mechanical and electrical systems will also be discussed 

and documented. The benefits of these modifications will be quantitatively analysed in a 

series of trial testing. The final results of these trials will be quantified to determine the 

machines accuracy to complete the project goals. A cost analysis of the project will also be 

provided. 
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2  

Literature Review 

2.1 Introduction 

Automated fabrication is a modern technology that allows the creation of three dimension 

solid objects directly from a computerised model and raw material.  Rapid prototyping is a 

common form of automated fabrication defined as “a special class of machine technology 

that quickly produces models and prototype parts from 3D data using an additive approach to 

form a physical model” (Pique & Chrisley, 2002). Solid Freeform Fabrication (SFF) is a 

general term used to describe automated fabrication processes, Rapid Prototyping, additive 

manufacturing and 3D printing with the same goal of building objects by having a machine 

deposit material under the direction of a computer. SFF more accurately does not include the 

term “rapid” in its description as the rapid prototyping process is not a fast procedure. 

Furthermore SFF correctly includes “fabrication” excluding the restriction of the term 

“prototyping” as the uses of the process are not limited solely to prototyping (Malone, 2007). 

 

Fabrication for consumers has always been restricted due to the costs involved with the 

process, thus requiring the need in the market for a low cost home fabricator to allow 

consumers to experience the technology and benefits of rapid prototyping. Consequently the 

benefits of the SFF technology to consumers would be unbounded, changing the way 

products are consumed (Binns, 2007). 
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2.2 Application and Benefits of 3D Home Fabrication  

An emancipating technology creates freedom for the great majority of people to work and 

play independently in a new way that was previously restricted to a few (Lipson, 2005). 

Traditional fabrication methods were previously limited to commercial use due to the 

immense cost associated with the equipment and technology required for manufacture. Mass 

production is the cheapest form of manufacture with one off objects and prototypes being 

highly expensive, thus limiting the accessibility of consumers to the creation of these objects. 

Consequently, the creation of a 3D home fabrication machine capable of producing these 

previously unattainable objects would ultimately bridge the gap between current commercial 

production and consumers changing the way we design, manufacture and consume products 

(Bowyer, 2007).  

 

Using a home fabrication machine you could custom make items that would perfectly satisfy 

your own personal requirements. Three-dimensional printing will therefore help us move 

away from the mass consumption that is so deeply ingrained in our culture (Binns, 2007). 

2.3 The Fab@Home Project 

The Fab@Home project is attempting to make multi-material SFF accessible on a global 

scale, giving people a new freedom to create tangible material objects (Lipson, 2005). The 

Fab@Home project was developed by Professor Hod Lipson and postgraduate student Evan 

Malone at the Cornell University’s Computational Synthesis Lab. The Fab@Home 

fabrication machine can be purchased for approximately one tenth of the cost of currently 

available commercial 3-D printers. Only basic hobby skills such as soldering are required to 

assemble a Model 1 kit as shown in Figure 1. This SFF machine, commonly referred to as a 

“fabber”, has the ability to produce thousands of three-dimensional objects from a range of 

materials by following simple directions sent to it by a personal computer. The silicone 

squeeze bulb shown in Figure 2 is just one example of the capabilities of the machine.  

 

The accompanying website, Fab@Home (fabathome.org), has been developed to provide 

support for the fabrication system and to educate people how to build their own fabrication 

machines. It is also a resource for amateur inventors to share their blueprints and ideas online. 

The open source nature of the project enables hobbyists or companies to obtain this 
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technology, further experiment with it, improve it, and develop new applications and uses for 

it (Binns, 2007). The ultimate goal of the Fab@Home project is to make a desktop machine 

that prints other machines, such as robots, complete with circuit boards from the comfort of 

their own home (Binns, 2007). Fabricating circuit boards would require multi-material 

fabrication, first producing the plastic circuit boards followed by the extrusion of conductive 

electronic circuits. This would ultimately be possible in the future with further development 

and testing of suitable materials required. 

 
Figure 1: The Fab@Home Model 1 Fabber (Cornell University, 2007) 

 

 
Figure 2: Image Of Silicone Squeeze Bulb Fabricated With The Fab@Home Model 1 (Cornell University, 

2007) 

2.3.1 Fab@Home Home Fabrication Revolution 

Commercial production manufacturing methods involve very high initial start-up costs and 

long lead times before the first part is produced (Falby, 2007). Commercial fabrication 

machines typically cost in excess of $100,000 with further funds required for the materials, 
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technical knowledge and maintenance. Furthermore, the associated time involved with the 

production of fabricated objects can often be extensive before the first object is produced. 

Accessible low cost solutions are required for home use for production of one off parts. 

Desktop home fabrication machines can ideally create useful items on demand from 

computer-generated design specifications at your home without the cost associated with the 

previous commercial production methods and also without the perceived constraints about 

how something is to be made (Burns, 1995). Therefore, SFF home fabrication is a universal 

technology that has the potential to revolutionise our lives by enabling consumers to design 

and manufacture individualised objects (Binns, 2007).  

2.3.2 How The Fab@Home Project Will Lead The Revolution 

The release of the simple personal computer kit, the Altair 8800, in the seventies allowed 

household consumers the opportunity to build and customise computers for a reasonable price. 

Current electronic computers of the time were very expensive and did not have the ability to 

be customised, subsequently limiting their technological advancement. The Altair 8800 

spurred the development of software, operating systems and user interface devices through its 

customisable features, allowing consumers to advance its technology (Anonymous, 2007) 

The Altair 8800 is regarded as the precursor of the personal computer (Simonite, 2007). 

 
Figure 3: Altair 8800 Personal Computer (Wikipedia, 2007) 

The Fab@Home has been created to spark the development of rapid prototyping for the 

consumer market in the same way the Altair 8800 did for personal computing in seventies 

making multi-material rapid prototyping accessible to anyone (Simonite, 2007) (Lipson, 

2007). Its customisable open source software and online user forum is the driving force of the 

project, allowing the interaction and sharing of ideas between consumers, thus accelerating 

the development and advancement of the technology. 
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2.3.3 Examples Of The Fab@Home Project 

Since the inception of the Fab@Home project in 2005, numerous groups and tertiary 

institutions have successfully constructed their own rapid prototyping machines using the 

Fab@Home kit developed by Cornell University. Their uses range from simple desktop 

fabrication to use as a practical tool for unique scientific experiments. 

 

For example, in July of 2006, the biological laboratory of Dr. Stanislaus Leibler at 

Rockefeller University in New York, USA utilised the Fab@Home model to assist in 

scientific experiments being conducted at the laboratory. The Fab@Home model was utilised 

in the Liebler laboratory as a simple and customisable platform for executing scientific 

experiments on the effect of initial spatial distribution of cells of the slim mould organism 

Dictostylium Discoideum in the environment and the spatiotemporal evolution of their 

colony aggregation response to starvation stress (Malone, 2007). The Fab@Home model was 

modified to include a dual syringe tool as shown in Figure 4, which assisted in the spatial 

control of both organisms and nutrients in experimental geometries (Malone, 2007). 

 
Figure 4: Rockefeller University, NY, USA Fab@Home Model Used In Executing Experiments (Cornell 

University, 2006) 

2.3.4 Other Home Rapid Prototyping Machines 

Other home fabrication machines with varying project intentions and goals have been 

developed by independent scientists, academics and hobbyists.  

 

RepRap is a replicating rapid prototyper developed at the University of Bath, Centre for 

Biomimetics, in the United Kingdom and is shown in Figure 5. The RepRap project uses 

fused deposition modelling (FDM) rapid prototyping technology with the aim of reproducing 
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the components needed to build another version of itself (Bowyer, 2007). It is oriented 

towards self-replication, eventually demonstrating evolution by having the ability to 

reproduce itself, increasing exponentially in number of machines produced (Boothroyd, 

2007). The goal of the RepRap project is to have the potential to enable individuals to use the 

desktop manufacturing system to produce many of the items used in every life for a minimal 

outlay of capital (Bowyer, 2007). The cost once a system can replicate itself, besides the cost 

of the raw materials, would be minimal to produce unlimited replications of the prim 

structure (Boothroyd, 2007). 

 
Figure 5: Reprap Replicating Rapid-Prototyper (Reprap, 2007) 

 

Self replication requires the machine to control its own actions autonomously. The RepRap 

will optimistically be able to autonomously construct a significant proportion of its 

mechanical components. However, non-replicable components such as stepper motors, 

cameras, microcontrollers or sensors would require an external supply limiting its ability to 

self replicate (Bowyer, 2007). The success of the project would depend on the ability of the 

machine to overcome this hurdle to produce electrical components with dissimilar properties 

to perform the required functions (Bowyer, 2007).  
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2.4 Commercially Available Fabrication Techniques  

The transformation from traditional tooling to commercial freeform fabrication was realised 

in the late 1980’s. A range of revolutionary techniques have evolved in the industry with each 

having distinct and unique advantages. The eight primary fabrication techniques available are 

Solid Freeform Fabrication (SFF), Fused Deposition Modelling, Inkjet Deposition, Layered 

Object Manufacturing, Inkjet Binding, Laser Sintering, Solid Ground Curing and 

Stereolithography. The capability of each process is generally described in terms of work 

envelope, build time, accuracy and unit cost as shown in Table 1.  

 

The most recent fabrication form introduced to industry is Solid Freeform Fabrication. A 

notable property of SFF is its lower overall unit cost compared to the other processes. The 

ultimate goal of SFF is to make this technology available to the average household consumer 

with scope for hobbyists or entrepreneurs to personalise and improve the system as outlined 

previously in the report. To achieve this, compromise on the accuracy, build time and 

maximum work envelope was required.  

 

Selection of the most suitable fabrication process depends on the application at hand. For 

example, stereolithography is an excellent fabrication technique for creating well defined 

models with the highest achievable accuracy. However, significant post processing of the 

model is required. In contrast, Selective Laser Sintering requires no further work after the 

fabrication is complete which may benefit the client if time to delivery was critical.    
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Fabrication Technique 

Maximum Work 

Envelope (mm) (W x L x 

H) 

Build 

Time 

(hrs) 

Accuracy (mm) Unit Cost ($AUD) 

SFF 240 x 240 x 240[3] N/A 2.5[3] $6000 

Fused Deposition Modelling 600 x 500 x 600[3] 13[3] .125 to .75[2] 
$19,000 to 

$300,000[3] 

Inkjet Deposition 298 x 185 x 203[3] N/a N/a 
$60,000 to 

$85,000[3] 

Layered Object Manufacturing 560 x 810 x 510[2] 11[3] .127 to .25[2] 
$15,000 to 

$240,000[3] 

Selective Inkjet Binding 508 x 609 x 406[3] N/a .125[2] 
$20,000 to 

$70,000[3] 

Selective Laser Sintering 381 x 330 x 457[3] 5[3] .075 to .4[2] $300,000[3] 

Solid Ground Curing 500 x 350 x 600[3] 11[3] .1 to .5[2] N/a 

Stereolithography 500 x 500 x 600[3] 7[3] .075 to .25[2] 
$75,000 to 

$800,000[3] 

Table 1: Summary Of Commercial Fabrication Processes 

[1] – Wright, 2001 

[2] – Degarmo et al., 2003 

[3] – Grenda, 2006 

 

The systems identified in Table 1 can all be classified into four basic groups; Photopolymer 

based, Deposition based, Powder based and Lamination based (Degarmo, et al. 2003).      

2.4.1 Photopolymer Based Fabrication Technique 

Photopolymers are liquid phase resins that cure when exposed to ultra violet (UV) light. The 

two most developed primary methods using photopolymer technology for prototyping are 

Stereolithography and Solid Ground Curing.  

2.4.1.1   Stereolithography 

Stereolithography (SLA) is the oldest form of rapid prototyping first commercialised in 1988 

by 3D Systems (McMains, 2005). The pioneering concept is used to generate solid, plastic 

three dimensional models from CAD drawings for the purpose of modelling or testing objects 

before they are implemented into full production.  

 

The SLA fabrication technique converts CAD designed models into successive cross-

sectional build layers with a typical thickness of 0.05 to 0.15 millimetres. Before initiating 

the building and processing phase, the manufacturer analyses the structure to be 
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manufactured to identify supports that may be required to support overhang features 

contained within model. The process then begins by lowering the build platform into a 

curable liquid vat and allowing the equivalent of one layer-thickness of resin to submerge the 

platform which is then cured with an ultra-violet laser. Post processing of the model is 

required for removing any excess residual resin and to cure the model by placing it into a UV 

oven. 

 

Stereolithography is generally considered to provide the greatest accuracy and best surface 

finish of any rapid prototyping technology. The parts are durable and dimensionally very 

accurate, with infrequent variances only from 0.002 to 0.005 inches (Rapid Prototyping 

Centre, 2006). In contrast Degarmo et al, 2003 claims that stereolithography is limited by the 

significant amount of post processing of the part after prototyping, including the removal of 

supporting structures. Additionally, photopolymers are often highly toxic and can cause skin 

irritation if improperly handled. 

 

There are numerous manufacturing companies producing rapid prototyping materials 

specifically for stereolithography manufacturing. Each company’s products cater for the 

specific fabrication application and provide varying mechanical and thermal properties.  

2.4.1.2 Solid Ground Curing 

Solid Ground Curing (SGC) cures photo-sensitive resin in layers with a high intensity UV 

laser and computer controlled photomask. The process is similar to all freeform fabrication 

processes in that a solid CAD model is sliced into thin cross sections that are bonded together 

sequentially using the heat of the laser.  

 

The most promising aspect of SGC is its ability to fabricate parts in greater batch sizes than 

other fabrication methods. As no supporting structures are required, the number of parts per 

batch is multiplied and since the build time per layer is constant, the time until completion 

can be predicted to within an acceptable accuracy. The drawback of SGC is the need for a full 

time operator to observe the prototyping process continuously. Due to process complexity, 

SGC is susceptible to reliability problems (Degarmo, et al. 2003). 
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2.4.2 Deposition Based Fabrication Technique 

Deposition technology produces bonded three dimensional objects through robotically guided 

extrusion of thermoplastic. There are two major administering methods used in industry and 

they are Fused Deposition Modelling and Inkjet Deposition.    

2.4.2.1 Fused Deposition Modelling 

Fused Deposition Modelling is one where solid filament material is fed from a spool into a 

heated actuating-nozzle and extrudes small droplets onto a build platform. It is the second 

most widely used application after stereolithography, and involves integrating computer 

aided design (CAD), polymer science, computer control and extrusion technologies to 

produce three dimensional solid objects directly from a CAD model (Masood, 1996). 

 

The entire fabrication process is conducted inside an oven chamber which is held at a 

temperature just below the melting point of the material. This is advantages as only a small 

amount of additional thermal energy is needed to melt the FDM plastic. Support structures 

can also be built simultaneously to allow for complex designs with overhang. These supports 

can be simply removed by either breaking them away or using water soluble support 

structures. 

 

FDM models are known for their structural strength, water proofing and thermoplastic 

material. The method is very quiet and allows a vast range of materials to be used. The 

deficiencies of FDM are the techniques need for supporting structures and the limitations of 

the accuracy of the model due to the larger diameter of the nozzle (Grenda, 2006).  

 

The materials available for the FDM process were originally a nylon-like polymer or 

machinable casting wax, but the introduction of Acrylonitrile Butadiene Styrene (ABS) 

plastic revolutionised the industry by providing stronger layer to layer bonding than other 

previously used materials, and consequently manufacture of more robust fabricated objects 

(Grenda, 2006). 

2.4.2.2 Inkjet Deposition 

Inkjet deposition processes complete functional prototyping models using multi-jet ink heads, 

similar to conventional 2D ink heads, but with in excess of hundreds of nozzles. Materials are 
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selectively deposited onto the substrate by a scanning printing head in a series of uniformly 

spaced micro droplets. These droplets solidify and bind together to produce a uniform mass.  

 

Similar to other methods, inkjet deposition requires the use of supporting structures for 

cantilever or overhanging features. Degarmo, et al. 2003 describes the process to give a very 

good surface finish with a dimensional accuracy within 0.006 mm. The disadvantages of the 

process include long build times and the limited range of materials which include only low 

melting temperature thermoplastic or wax.  

2.4.3 Powder Based Fabrication Technique 

Powder based processes build CAD designed uniform models for product development 

testing using sintering techniques with carbon dioxide lasers. The powder’s properties are 

such that they solidify when the heat of the laser is focused onto the build surface. The two 

major developments using this technique are Selective Laser Sintering and Selective Inkjet 

Binding. 

2.4.3.1 Selective Laser Sintering  

Selective Laser Sintering (SLS) uses a high powered carbon dioxide laser to fuse small 

particles of plastic, metal or ceramic powder into a desired 3 dimensional structure. An SLS 

machine consists of the following parts; feed piston, build piston, rolling apparatus, carbon 

dioxide laser and build platform, which collectively cost approximately $300,000 US dollars 

(Grenda, 2006).  

 

The main benefit of SLS is the durability and functionality of the materials used in the 

process. SLS has the widest range of engineering grade materials that require no post 

processed curing or supporting structures, allowing quicker delivery time compared to 

processes like stereolithography (Anonymous, 2003c). The weakness of SLS however, is that 

finished parts have a rather porous surface finish due to the nature of the technology 

(Anonymous, 2007). 

 

The materials available for SLS are quite extensive. The method of local melting and 

solidification allow many materials to be used including polyamide, glass filled polyamide, 

elastomer, polystyrene, foundry sand, stainless steel and other polymers. The colours of these 

parts depend on the material being used (Anonymous, 2007a).   
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The SLS process has been continually investigated and optimised over the years and in 2001 

the Swedish company Arcam introduced a new technique known as Electron Beam Melting 

(EBM) which substituted the carbon dioxide laser for an electron beam. The technology fires 

electrons at half the speed of light to fuse the cross sectioned powder material. This is all 

performed in a vacuum environment to maintain the electrons’ potency and has been proven 

to be more energy efficient than SLS (Arcam, 2007).  

 

In addition, Sandia National Laboratories have developed a technique that combines the laser 

and powder material feeder into a single deposition head, allowing for quicker processing and 

direct deposit of material. This technique is known as Laser Engineered Net Shaping (LENS) 

(Wright, 2001). 

2.4.3.2 Selective Inkjet Binding 

Selective Inkjet Binding (SIB), also known as 3D Printing, uses inkjet printing technology to 

selectively and electively binds together layers of powder using a liquid binder. The process 

is identical to the SLS technique described earlier except the laser is replaced with an inkjet 

printing head which will scan the powder surface and inject a binding material (such as 

colloidal silica) onto the powder. The deposited liquid brings together those areas described 

by the parts cross section with the unbounded powder supporting the part structure as each 

layer builds up.  

 

The SIB process is commonly used in the fabrication of investment casting shells, metal 

tooling and concept modelling. Its major advantages are the variety of engineering materials 

that can be used as well as using a binding mechanism that avoids typical sintering problems 

such as residual stresses in the model (Degarmo, et al. 2003).   

2.4.4 Lamination Based Fabrication Technique 

Lamination based methods build three dimensional models using thin sheets of paper, metal 

or ceramic material that are rolled onto a build platform and exposed to heat. The more 

common commercially used method is Laminated Object Manufacturing.   

2.4.4.1 Laminated Object Manufacturing 

Laminated Object Manufacturing (LOM) is a freeform fabrication technique that involves 

sequential bonding and moulding of material sheets or laminae. Laminae layers are made 

from paper and are bonded together using a thermally activated organic compound. 
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The lamination processes do not require the fabrication of additional supporting structures. 

The problems related to complex overhanging parts or cantilever sections are hence mitigated 

allowing the parts to be easily fabricated. Since the material does not go through a phase 

change (i.e. liquid to solid), it has better structural integrity and there is less resulting residual 

stresses due to the material warping. Tolerances achieved with this method are up to .254 

millimetres.  

 

The process, however, is limited to a smaller selection of available materials and the 

manufacture of smaller batch sizes due to the difficulty in removing excess material. 

Removal of excess material is handled by drawing cross hatches over many layers in excess 

material regions during building. These cross hatches consume a significant proportion of 

build surface and thus parts cannot be spaced closely together. The material laminates that are 

available are paper, ceramic and metal laminates. Generally paper materials have properties 

similar to those of birch wood and are commonly used by pattern and model makers in 

woodworking shops. Metal and ceramic layered sheets provide excellent fabrication 

properties, but are used in moderation because of their higher cost in comparison to paper.  

2.4.5 Conclusion 

Investigation into the commercially available rapid prototyping techniques has revealed 

several concepts and methods for transforming CAD designs into working three dimensional 

models. The deposition method utilised by the Fab@Home fabrication machine is most 

closely resembled by deposition based systems, particularly Fused Deposition Modelling. 

This utilises thermoplastic compounds as the fundamental basis for fabricating all its models. 
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2.5 Materials Available In Rapid Prototyping 

There are a range of materials previously used in rapid prototyping machines, each with 

varying properties and structures to satisfy the requirements of the object being manufactured. 

Some of the materials require extra processing such as heat or UV curing to bring them to 

their final state. Since Fused Deposition modelling was closely related to the Fab@Home 

project, the materials research has been primarily focused on thermoplastic polymers. These 

materials could potentially be implemented into the final construction of our Fab@Home 

machine. Other materials previously used with the Fab@home Model 1, such as silicone, 

were also investigated. Chocolate and play-doh were materials previously used as building 

materials in the Model 1, but did not have the strength and hardness to manufacture an object 

with practical applications and were subsequently were not further investigated.  

2.5.1 Thermoplastic Polymers 

A thermoplastic is a material that is plastic or deformable, which transforms to a molten 

liquid state when heated and solidifies to a brittle, glassy state when cooled sufficiently 

(Merola, 2007). Thermoplastic polymers differ from thermosetting polymers in that once they 

have formed, they can never be remelted and reshaped (Merola, 2007). Thermoplastics can 

repeatedly undergo melting to freezing cycles and can be reshaped upon reheating. 

Advantages/Disadvantages 

Thermoplastics offer many advantages over conventional materials with the ability to make 

complex objects and shapes comparatively easily. Other advantages include low energy for 

manufacture with low melting and boiling points, low processing costs and low density 

(Furness, 2007). It can also sustain large plastic deformations without fracture because of its 

ductile mechanical properties (Merola, 2007). However, thermoplastic polymers possess low 

strength. 

 

A thermoplastic polymer differs from thermosetting polymers because it melts or flows when 

heated. Thermoplastic polymers generally do not have a highly cross linked chemical 

structure, and act much like molecular solids which possess low strength and are ductile. 

They are used in Fused Deposition Modelling (FDM) and also in some ink-jet technology RP 

machines. There are two classes for the thermoplastic molecular arrangement, amorphous and 

semi-crystalline (Furness, 2007).   
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Amorphous Polymers 

An amorphous solid is a solid where there is no long-range order of the positions of the atoms. 

Amorphous polymers are usually stiff, brittle and clear in the original state (Furness, 2007). 

Due to their randomly ordered molecular structure similar to that shown in Figure 6, 

amorphous polymers do not have a sharp melt point, but instead soften gradually as the 

temperature is increased, which is why the associated materials change viscosities when 

heated (Anonymous, 2007d). However, they are not as inviscous as semi-crystalline materials. 

Amorphous polymers lose their strength quickly above their glass transition which is the 

temperature where the amorphous materials act like liquids. 

 
Figure 6: Molecular Arrangement Of Amorphous Polymer Chains 

The temperature of the material and stress state have a significant effect on the molecular 

arrangement and hence the properties of a polymer (Furness, 2007). Figure 7 shows 

schematically the effect of temperature on the elastic modulus of an amorphous and a semi-

crystalline polymer.   

 
Figure 7: The Effect Of Temperature On The Elastic Modulus 

Semi-Crystalline Polymers 

Semi-crystalline materials differ from amorphous materials in that they have a highly ordered 

molecular structure with sharp melt points as shown in Figure 8. They do not gradually soften 

when the temperature is increased but instead remain hard until a specific quantity of heat is 
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absorbed; at this point the material rapidly changes into a low viscosity liquid (Anonymous, 

2007e).  

 
Figure 8: Molecular Arrangement Of Semi Crystalline Polymer Chains 

2.5.1.1 Acrylonitrile Butadiene Styrene (ABS) 

Acrylonitrile butadiene styrene, also known as ABS, is a commonly used thermoplastic that 

can be used for rigid, light, moulded products with varied applications including automotive 

body parts, golf club heads, wheel covers, piping, protective head and various toys including 

LEGO bricks (Lenau, 2007). 

 

The advantage of ABS is that it combines the rigidity and strength of the acrylonitrile and 

styrene polymers with the toughness of the polybutadiene rubber (Harper, 1975) which 

results in ABS being a good general purpose plastic with strong, very resistant mechanical 

properties (RepRap, 2007). Also the stability of the material under load is excellent with 

restricted loads (Harper, 1975). 

 

ABS plastic is well suited for use in the fabrication machine as it has good structural 

properties including high strength and toughness that is desirable for building an object with 

practical applications. 

2.5.1.2 Polyethylene (PE) 

Polyethylene is a common thermoplastic heavily used in consumer products with over 60 

million tons of the material being produced by the chemical industry every year.  

 

Polyethylene is classified into several different categories based mostly on its density and 

branching. The mechanical properties of polyethylene depend significantly on variables such 

as the extent and type of branching, the crystal structure, and the molecular weight. 
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An example of polyethylene material which is used in rapid prototyping is High Density 

PolyEthylene (HDPE). HDPE is a very common engineering thermoplastic addition polymer 

made from petroleum which is currently being trailed in the RepRap rapid fabrication 

machine. HDPE is commonly used in robotics applications as a suitable substitute for metal 

structural components of robots. Due to its high density composition HDPE has little 

branching, giving it stronger intermolecular forces and tensile strength in comparison to 

lower density polyethylene (Anonymous, 2007f). HDPE can withstand temperatures of up to 

110°C continuously and higher temperatures of 120°C for short periods of time. It is also an 

expensive material to obtain and is resistant to many solvents. 

 

HDPE has a varying range of applications including storage containers, laundry detergent 

bottles, fuel tanks for vehicles, plastic bags and natural gas distribution pipe systems for 

example. 

 

PE is well suited to the SFF machine as it has a high density and hardness, which can 

withstand intermediately loads applied by hand. This will provide good structural integrity 

that is desirable for completing the project goal of manufacturing an object with practical 

applications  

2.5.1.3 PP (Polypropylene)  

Polypropylene is another common thermoplastic material used in a wide variety of 

applications as shown in Figure 9. PP is an addition polymer made from the monomer 

propylene (Anonymous, 1993a). It is used commonly in food packaging, reusable plastic 

containers, ropes, laboratory equipment, loudspeakers and automotive components. It is a 

rugged plastic which similar to HDPE and is resistant to many chemical bases, solvents and 

acids. 

 
Figure 9: Polypropylene Lid Of A Tic Tacs Box (Wikipedia, 2007) 
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Polypropylene has an intermediate level of crystallinity in its commercial form between that 

of low density polyethylene (LDPE) and high density polyethylene (HDPE). Polypropylene is 

often used as an alternative for engineering plastics such as ABS as it is less flexible than 

LDPE while being less brittle and tough than HDPE (Anonymous, 1993a). Polypropylene is 

known for its good resistance to fatigue and as such is used for many plastic living hinges.  

 

Polypropylene has a melting point of 165°C and has a high flow speed which helps to fill the 

plastic mould during the production process. 

 

PP will allow the machine to fabricate high fatigue resistant objects with good structural 

properties including strength and hardness. It is aesthetically pleasing and readily purchasable.  

2.5.1.4 Ethylene-Vinyl Acetate (EVA) 

Ethylene-vinyl acetate is the copolymer of ethylene and vinyl acetate, and is commonly 

known as EVA or simply “acetate”. EVA is competitive with rubber and vinyl products as it 

has similar properties to elastomeric materials in softness and flexibility while having the 

benefit of being processed like other thermoplastics. Favourable properties of the material 

include good clarity and gloss, toughness at low temperature, stress crack resistance, hot melt 

adhesive and heat sealing properties while also being odourless (Anonymous, 1998). 

 

EVA can also be used as a shock absorber as it popularly known as ‘expanded rubber’ or 

‘foam rubber’. EVA foam is used as padding in various sporting equipment including ski 

boots. 

 

Hot glue sticks, usually with the addition of resin and wax, are commonly made from EVA 

copolymer. These EVA thermoplastic adhesives are commonly available as solid sticks of 

varying lengths with most popular stick sizes approximately 10 centimetres in length with a 

diameter of 11 millimetres. In combination with a heating element the hot glue sticks 

transform from a solid form to a molten plastic. As the material is quick bonding it solidifies 

quickly on cooling to harden in a short amount of time, generally less than 1 minute. 

 

The melting point of high EVA copolymer is in the region of 99-115°C and is hence suitable 

in hot glue guns which heat up to approximately 120ºC (Anonymous, 2000). 
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EVA was determined to have ideal properties for use with the SFF fabrication machine. It has 

a low melting point which will require less heating energy overall. It is available in granular 

form allowing simple transfer into the deposition cylinder because of the small dimensions of 

the granules. It also has good structural properties that can resist the intermediate loads 

applied by hand.  

2.5.2 Silicones 

Polymerised siloxanes or polysiloxanes, more commonly known as silicones, are inorganic-

organic polymers. Silicones are made up of an inorganic silicon-oxygen backbone which has 

organic side groups attached to the side. 

 

Variation of the -Si-O- configuration results in silicones being synthesised with a wide 

variety of properties and compositions. This variation of structure can hence modify the 

consistency from liquid to gel to rubber to hard plastic. Silicones are very resistant to 

chemical attack while also being water repellent and heat stable (Ophardt, 2003). Therefore, 

silicones find numerous uses in greases, oils and rubber like materials. Silicone oils are also 

very desirable since they do not decompose at high temperature and do not become viscous.  

2.5.2.1 Polydimethylsiloxane (PDMS) 

The most commonly available silicone is linear polydimethylsiloxane (PDMS) and is one of 

many types of silicone oil with the chemical structure shown in Figure 10. Silicone oils are 

very desirable since they do not breakdown at high temperature and do not become viscous 

(Anonymous, 2003b). 

 
Figure 10: Chemical Structure Of PDMS (Wikipedia, 2007) 

PDMS has flexible chains which become loosely entangled when the molecular weight of the 

substance is high. Such flexible chains become loosely entangled when the molecular weight 

is high, which results in PDMS having an unusually high level of viscoelasticity. 

Viscoelasticity describes materials that exhibit both viscous and elastic characteristics when 

undergoing plastic deformation. PDMS is a clear material, generally considered to be inert, 
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non-toxic and non-flammable (McDonald, et al. 2000). It can be manufactured in varying 

viscosities from a thin flowable liquid to a thick rubbery semi-solid.  

 

PDMS was determined a suitable material for in use with the Fab@Home Model 1. It has 

good structural strength for manufacturing practical objects. One limitation is that is takes 

approximately 24 hours to fully cure.     

2.5.3 Summary 

The thermoplastic and silicone materials researched showed several advantages for use with 

our new deposition tool and are summarised on the following page in Table 2. Of the four 

thermoplastics, EVA copolymer was determined to be the best material as it had the lowest 

working temperature and still provided sufficient structural integrity when solidified. It was 

the most energy efficient as it required the least amount of energy to heat the material to a 

liquid state. It will be further tested for compatibility with the Fab@Home material 

deposition tool, and specific properties such as viscosity and tensile strength will be 

determined. PDMS was another potential material for use with the fabrication machine. This 

material will also be investigated using testing procedures discussed in Section 3. 
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Material 
Common 

Uses 
Properties Advantages 

Advantages for our 

Machine 

Acrylonitrile butadiene styrene 

(ABS) 

Automotive body 

parts, golf club 

heads, moulds 

Rigid, light, high 

strength and 

toughness 

Stability of 

material under load 

Good structural properties, 

strength and toughness. 

Polyethylene (PE) 

Robotics, storage 

containers, plastic 

bottles, gas 

pipelines 

High density and 

tensile strength 

Strength and 

hardness 

High strength that’s suitable 

for building practical objects 

Polypropylene (PP) 

Food packaging, 

ropes, plastic 

containers, loud 

speakers 

High strength 

and hardness 

Good resistance to 

fatigue 

Will create fatigue resistant 

prototypes 

Ethylene-vinyl acetate (EVA) 

Padding for 

sporting 

equipment, glue 

Tough, high 

strength 

Available in pellots 

form, low melting 

point, high strength 

Low melting point material, 

available in beaded form 

and has good structural 

properties 

Polydimethylsiloxane (PDMS) 
Electronics, sealing 

agent 

24 Hour cure 

time, high 

viscoelasticity, 

high strength 

and hardness 

High temperature 

resistant 
Good structural properties 

Table 2: Commercially Available Materials  

2.6 Literature Review Summary 

3D home fabrication is an emancipating technology that enables consumers to create unique 

objects from the comfort of their own home. The Fab@Home is one project that is attempting 

to build on this technology by making a multi-material desktop machine that can be 

purchased for one tenth of the cost of commercial machines. Commercially available 

fabrication techniques were also investigated including photopolymer, deposition, powder 

and lamination based systems. Fused Deposition modelling most closely resembled the 

Fab@Home system. Consequently, thermoplastic materials were further investigated for 

potential use with this SFF machine. PDMS was also investigated because it had been 

previously used with the Fab@Home Model 1 machine. EVA copolymer was determined the 

most suitable material for this project because of its high strength and hardness and low 

melting point. These materials will be further investigated in the construction and 

modification stages of this project. 
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3  

Construction of Fab@Home Model 

3.1 Introduction 

Construction and programming of the Fab@Home Model 1 is easily achievable with the 

correct level of preparation and planning. Generally speaking, approximately 2-3 working 

days are required to complete construction with only basic level hobby skills such as 

soldering required. In this section, the equipment and procedures utilised for constructing the 

Model 1 will be documented. The most effective working material will be investigated and 

selected from the thermoplastic range previously researched. All necessary modifications to 

the Model 1 system, either mechanical and electronic or computational, will be discussed in 

detail from conceptual design to completion of a working prototype. This includes any 

additional assembly procedures and details of the calibration of the working system. A cost 

analysis of the machine will also be provided. 

3.2 Apparatus 

The required apparatus for Model 1 system consisted of over 60 mechanical, electronic and 

structural components. A list of components was provided by the Model 1 developers through 

the Fab@Home Wiki website and is presented in Appendix D. The parts came from many 

different suppliers located throughout the United States. To avoid the international postage 

and handling tariffs associated with sourcing the parts from abroad, the individual parts were 

to be sourced from Australian suppliers. However, the formation of Koba Industries, a 

company which sells the Model 1 as a complete kit, enabled us to purchase all the parts 



3.2 Apparatus 

 - 25 - 

directly from one supplier to avoid multiple postage and handling costs. If the parts were 

sourced from other various suppliers, there was the risk of components not being compatible 

with the Model 1 system, which would delay construction and improvements to the machine 

and ultimately risk construction completion of the machine to fall outside the allowable time 

constraints of the project. Purchasing the SFF machine as a complete kit allowed resources to 

be directed towards satisfying outlined project goals. A background to the critical 

components for the Fab@Home Model 1 is discussed below. 

3.2.1 Chassis 

The chassis will be constructed from 6mm thick laser cut acrylic sheets and fastened together 

using a “T-nut” configuration where the nut is inserted into the connecting component and 

secured with a screw positioned through a pre made hole and threaded into a corresponding 

nut as shown in Figure 11. There is 33 acrylic parts that make up the machine structure and 7 

that form the material deposition tool. Laser cutting the acrylic sheets was an accurate way to 

ensure all parts aligned and linked together precisely. As laser cutting has become 

commercialised in industry, the acrylic chassis could be produced locally from CAD 

drawings. However, the complete Fab@Home Model 1 supplier, Koba Industries, provides 

pre laser cut acrylic components in the comprehensive kit. 

 

    
Figure 11: Acrylic Chassis And T-Nut Fastening System 

3.2.2    Positioning System 

The X, Y and Z positioning system accurately guides the deposition tool and building 

platform to precise locations specified by the fabrication software, allowing material to build 

incrementally layer by layer. Movement is provided by Hybrid-bipolar, 1.8° stepper motors 

from Haydon Switch and Instrument because of their simple design, high resolution and 
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accuracy (Malone, 2007). The deposition tool and build surface move on linear ball-bearing 

pillow blocks with ½” diameter rails. The tool rides on the Y-axis which is coupled with the 

X-axis as shown in Figure 12. A belt drive connects the drive shaft of the X-axis stepper 

motor with corresponding belt drive at the other end of the machine ensuring the tool is 

supported at both ends of the Y-axis. The Z-axis stepper motor moves the building surface 

independently from the X and Y system also shown in Figure 12. The force, maximum speed, 

and positioning resolution all depend upon the threading of the selected lead screw – in this 

case 15.8 � m travel per full step, a nominal top speed of 25 mm/s (1600 step/s), and a 

maximum thrust of 120 N (Malone, 2007).  

 
Figure 12: Positioning System 

3.2.3 Material Deposition Tool 

The material deposition tool is where material is deposited onto the building surface by a 

deposition system. Currently the Fab@Home Model 1 fabrication machine is fitted with a 

syringe extruder system which use 10 cubic centimeter syringes filled with a compliant 

fabrication material, such as silicone, chocolate, or play doh, that is piston forced onto the 

surface using a linear hybrid stepper motor. Various nozzle tip diameters are available, from 

0.1 to 1.54, allowing different degrees of accuracy to be achieved. Observably, the accuracy 
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is dependent on the viscosity of the material as very viscous materials may not flow through 

nozzles that are too small for example. The advantage of the syringe deposition is that various 

materials can be used and interchanged during fabrication. 

3.2.4 Microcontroller 

A Philips LPC-2148 ARM7TDMI microcontroller is used to communicate instructions 

between the PC software and stepper motor positioning system as shown in Figure 13. C++ 

open source software, courtesy of www.fab@home.org, allows the controller to be 

programmed. This controller is best known for its direct USB 2.0 connection to the PC, 

which is one of the most common data transfer mediums for computers. A large RAM space, 

512kB flash memory and 40kB of RAM allows motion commands to be buffered so that real-

time motion does not depend on fluctuations in communication bandwidth. 

 
Figure 13: Philips Lpc-2148 Arm7tdmi Microcontroller 

3.2.5 Amplifier Board 

The positioning system and deposition tool motor is powered using a Xylotex 4-axis bipolar 

stepper motor amplifier board as shown in Figure 14. Power comes from a 24V DC power 

supply connected to the mains 240V supply. Current is regulated to each stepper motor and 

can be adjusted according to the required rating of each motor. The amplifier board also hosts 

connection ports for all 6 limit switches and a 12V DC fan if required. Instructions are 

transferred to this device from the microcontroller and PC.      

 
Figure 14: Xylotex 4 Axis Stepper Motor Amplifier Board 
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3.2.6 Winford Board 

The Winford board provides a link between the microcontroller and amplifier board and is 

shown in Figure 15. 25 screw terminals allow stripped wires to easily be fitted without the 

need for soldering.  

 
Figure 15:Winford Microcontroller To Amplifier Boar d Link 

3.2.7 3d Printer Software 

The 3D printer software provides a graphical user interface for operators to import their STL 

files for fabrication. Further manipulation of the CAD model files such as alterations in 

position on the working space or the scale of the output model are possible in the software 

environment. Material properties are assigned to the selected fabrication model from 

previously determined material property files, the material configuration file  for EVA 

copolymer is shown in Appendix G. Manufacturing plans for the objects geometry are 

generated in the virtual environment as shown in Figure 16. The software is open source and 

accessible from the Fab@Home website. It was written with C++ in Microsoft Visual Studio 

using Open GL graphics rendering. 

 
Figure 16: Fab@Home 3D Printer Software  
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3.2.8 Limit Switches 

Limit switches at either ends of each axis will determine the boundaries of the positioning 

system. They are fitted to the x, y and z axes to inform and define the scope of movement of 

the deposition tool, providing feedback for the fabrication software, so the deposition tool can 

be positioned accurately. These switches are fastened with a simple screw and hexagonal nut 

and can be adjusted to various positions to alter the size of the building domain. The 

maximum building envelope is 240mm x 240mm x 240mm. 

 
Figure 17: Limit Switch for Deposition Tool 

3.2.9 Cables 

The cables allow components to effectively communicate coordinates and actions between 

each other and the CPU. Numerous cable extensions, particularly for the stepper motors, are 

necessary to reach the electronic components located in the far most corner of the machine. 

Some soldering is necessary for the connection of the cables. Cables for the limit switches 

and microcontroller to the machine amplifier board will be created from 2-Conductor, No 

Shield, 22awg cable and IDC26 ribbon cables respectively. The cables are bundled and 

routed using cable ties at predetermined structural fastening points as shown in Figure 18. 

Abrasion resistance sheathing is applied to cables located near moving mechanical parts to 

prevent any damage and interruption to the prototyping process as shown in Figure 18 and 

Figure 19.  
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Figure 18: Cable Bundling 

 
Figure 19: Cable Abrasion Resistance And Routing 
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3.3 Procedure for Assembling the Fab@Home SFF 

Machine 

The SFF machine was constructed using procedures and schematics available on the open 

source Fab@Home Wiki web site. Basic tooling such as a soldering iron and imperial and 

metric hexagonal keys were required for the construction. Complete assembly took 

approximately 7 days with the electronics and software integration a part of the final stages of 

construction.   

3.3.1 Assembling Tools 

Several key tools were purchased for the purpose of assembling the Model 1 fabrication 

machine as shown in Table 3. The ARM JTAG adaptor is needed for programming the 

microcontroller as it provides connection to the computer. The heat gun was utilised for 

heating the heat shrink tubing that would protect soldered cable extensions. A multimeter 

allowed the stepper motor currents to be quantified and adjusted to their desirable values.     

Tool or Component Number Required 

ARM JTAG adaptor 1 

Fine tip soldering iron 1 

Solder wire 60/40 1 roll 

Set of Imperial and Metric Allen Keys 1 

Wire Stripper 1 

Wire Cutter 1 

Needle Nose Pliers 1 

Heat gun 1 

Label Maker 1 

Digital Multimeter 1 

Table 3: Assembling Tools 

3.3.2 Machine Base 

The machine base was assembled initially with strategic male to female connection points 

such that the structure took the form of Figure 20 before fastening screws were inserted. The 

T-nut, screw and hexagonal nut configuration was fitted to 50 predetermined positions on the 

structure to increase the integrity of the structure. The limit switches for either ends of each 
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axis were also inserted during this step. Threaded brass inserts were melted into the structure 

at various locations to allow other components to be attached to the machine. 

 
Figure 20: Model 1 Base 

3.3.3 X, Y Carriage 

The X, Y carriage uses aluminium pillow blocks with linear ball bearings that travel on the 

½” steel rails for the axes. The fixed structural components were made from lightweight 

acrylic. Threaded brass inserts set in the acrylic deposition tool back allowed the new 

deposition tool to be fitted and removed.       

 
Figure 21: X And Y Carriage 

3.3.4 Z - Carriage 

The z - carriage was assembled with durable acrylic components and two linear ball bearing 

guides that travel on ½” rails as shown in Figure 22. The Z carriage is also attached to the z-
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axis stepper motor at the threaded plastic insert located in-between the linear bearings. The 

four trusses provide support for the building platform that attaches to the X cross section 

shown in Figure 22. 

 
Figure 22: Z - Carriage 

3.3.5 Assembling The Chassis 

With the major positioning system components constructed individually, this step involved 

combining them into the Model 1 machine base as shown in Figure 23. The x-y and z 

carriages are fixed to the base using the threaded brass inserts that were melted into the base 

earlier in construction. The x, y and z stepper motors were also fastened to their mounting 

points as part of this step.  

 
Figure 23: Chassis And Positioning System Assembly 

3.3.6 Deposition Tool Assembly And Mounting 

The procedure for assembling and mounting the deposition tool is outlined in Section 3.6.  
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3.3.7 Preparing And Mounting The Electronics 

The Philips LPC-2148 ARM7TDMI microcontroller, Xylotex stepper motor amplifier board, 

Winford board and limit switches were all synchronized and interconnected using wiring 

diagrams supplied by Fab@Home and shown in Appendix H. Connection, by soldering, of 

cables and microchips to the electronic boards was required. The electronic components were 

bundled and routed through the machine with sufficient slack to allow moving parts to travel 

freely. These components were then mounted to the Model 1 base as shown in Figure 24.  

 

 
Figure 24: Mounting The Electronics 

3.3.8 Programming The Microcontroller 

The microcontroller was programmed using the ARM JTAG adapter and the supplied 

Fab@Home firmware. Rowley Crossworks C++ compiler was used to communicate with the 

microcontroller and transfer the information that had designed and tested with the Model 1 

SFF machine.    

3.3.9 3D Printer Software 

The 3D printer software used by the machine can be installed onto any operating system 

configured with Microsoft Windows operating system. It comes preconfigured for the 

original Model 1 syringe tool as shown in Figure 25. This software was reprogrammed with 

new geometrical blueprints and operating parameters specific by our new deposition tool as 

discussed later in this report. 
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Figure 25: Installing The Software 

3.3.10 Commissioning  

Commissioning the SFF machine involves several key steps including mounting the timing 

belt, which transfers rotation between the X-axis gantry configurations. The belt ensures that 

both sides of the x axis are driven at the same speed so that the x and y axis always remain 

perpendicular. These axes were further tuned by tightening and loosening screws that secure 

the axes in position until the deposition tool could freely move in both directions. This helped 

to reduce mechanical wear on components, which increased their lifespan. The stepper motor 

currents were determined using Equation 1 below and adjusted on the amplifier board so the 

precise operating conditions were achieved. Without adjustment, the stepper motors could 

potentially burn out from surplus current.    

 Motor Current (Amps) = 
44.1

)(VoltsVoltage
 

Equation 1: Desirable Motor Current 

Finally, the building surface was levelled relative to the X-Y carriage by adjusting the spring 

heights underneath the working surface. It was important to ensure the building surface was 

exactly parallel to the deposition tool so the nozzle tip maintained a constant distance over 

the working environment during fabrication. This ensured the deposition system was 

positioned precisely for prototyping. 
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3.4 Material Selection 

The selection of a suitable deposition material for use in the Solid Freeform Fabrication (SFF) 

machine involves identifying the required parameters needed to satisfy the dimensions and 

structural properties of the physical 3D design object while also being compatible with the 

Fab@Home SFF machine. Material selection constraints include the viscosity, the tack free 

time, setting time, strength and also hardness of the building material. All of these 

requirements are to be satisfied to ensure successful production of the physical 3D object 

from the computer model of the object. 

3.4.1 Required Material Selection Properties 

3.4.1.1 Viscosity 

The viscosity is a measure of the resistance to flow of a material and in a SFF application the 

material consequently is required to possess an intermediate value of viscosity. This is 

because the deposition tool needs to have accurate control of the flow of the material, while 

also ensuring that the material does not simply flow onto the working surface unaided. The 

viscosity is also limited to a maximum value so the deposition tool is not required to exert an 

excessive force to extract the material out onto the work surface.  

3.4.1.2 Tack Free Time 

Tack free time is extremely important in the construction of complex multilayered objects. 

The time required before another layer can be deposited on the previously deposited layer is 

known as layer wait. There are many factors relating to setting time to be taken into 

consideration besides the layer wait time including the melting time of the material not yet 

deposited which could potentially affect the impending layer from being correctly deposited. 

Possible side effects include the deposition nozzle clogging and also the building material 

completely solidifying before it is expelled. 

3.4.1.3 Tensile Strength 

The final tensile strength of the object determines the extent of the practical applications for 

the fabricated object. The fabricated objects will have to withstand an intermediate amount of 

force to be of value in medical or structural applications. 
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3.4.1.4 Hardness 

Also, the hardness of the deposited material will have to be of a high level to ensure that the 

accuracy of the surface finish of the fabrication meets design specifications. 

3.4.2 Selection Of Material For Further Testing 

Each of the materials outlined in the literature review that were previously used in a SFF 

application were researched, and from the accumulated information the following selected 

materials were further investigated. The thermoplastic material, EVA copolymer, and the 

silicone Polydimethylsiloxane (PDMS) were concluded to be desirable materials for use in 

this application and were further tested.   

 

Three thermoplastics with varying compositions were also investigated for use with this 

machine including:  

·  Henkel Technomelt Supra 100 (TS-100) 

·  Henkel Technomelt 4174 

·  Henkel Technomelt 4721 

3.4.3 Material Testing Procedure 

The materials selected for further analysis were tested with testing procedures to model the 

working requirements that they would be subjected to in the solid freeform fabrication 

desktop machine. This ensures accurate compliance with the fabrication machine and ensures 

that the material could be used as a building material in this application. 

 

The testing procedure was based on physical observations of the intrinsic and attributive 

properties of each material, particularly noting the viscosity, layer waiting time, curing time, 

tensile strength and hardness of the material. The procedure is as follows:   

1. Determine the aesthetic qualities including the cured surface colour and texture. 

2. Determine the materials viscosity as inviscous, intermediate or viscous while also 

noting the temperature that was applied to the material if applicable. 

3. Determine the approximate layer waiting time. Note if there is a need for a significant 

delay between layers. 

4. Determine the curing time.  

5. Determine the tensile strength if possible. Apply external loads to surface and 

determine if material is structurally suitable. 
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6. Determine the hardness by applying external loads to the surface. Note the surface 

finish of the material.    

7. Determine if there are any hazards associated with the material such as noxious fumes. 

 

Testing the silicone and thermoplastic materials required different equipment as outlined 

below: 

3.4.4 Silicones 

Testing silicone for use in rapid prototyping applications is easily achieved as the deposition 

tool used for fabrication is separately attainable. A syringe of known dimensions is used in 

the Fab@Home SFF machine so using a similar syringe for testing the material precisely tests 

the material under working conditions. A 10 cubic centimetre syringe is used for the tests, as 

shown in Figure 26. 

 
Figure 26: 10cc Syringe 

The material is loaded into the syringe from the nozzle tip, and upon retracting the syringe 

plunger, material is sucked into the container. Using a wire between the plunger and the 

syringe wall forms an air release point and allows the discharge of any air bubbles trapped in 

the syringe which affects the accuracy of the deposition. The material is then squeezed onto 

the building surface to simulate the Fab@Home machine.  

3.4.4.1 Polydimethylsiloxane (PDMS) 

The material PDMS was chosen for further testing to determine if it satisfied the design 

constraints for suitable building materials. The viscoelastic properties of PDMS allow the 

material to be easily controlled when expelled from the deposition tool. Furthermore, when 

the material was deposited onto the work space it would take the form of an elastic solid form, 

capable of withstanding the weight of another deposited layer. This information theoretically 

showed that the material satisfies the required properties for use in the SFF machine. 

 

The closest commercially available product was determined to be Selleys Glass Silicone 

which is an acetic acid curing 100% silicone. From inspection of the Material Safety Data 
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Sheet it contained greater than 60% of polydimethylsiloxane compounds which was 

determined to be one of the best concentrations of PDMS in commercially available products 

(Anonymous, 2000). 

 
Figure 27: Selley Glass Silicone Sealant (Selleys, 2007) 

The PDMS was first transferred from the tube into the syringe deposition tool for testing. 

Viscosity 

Upon dispensing the silicone from the syringe, initial inspection showed minimal force was 

required to expel the material to the workspace. It was determined that the assumption that 

the viscoelasticity properties of the PDMS would result in an easily workable building 

material was correct with the material deposition rate adequately controlled with the force 

applied to the syringe plunger mechanism. The PDMS was expelled through the nozzle 

accurately and cleanly with no disturbances, depositing the material according to the nozzle 

size and maintaining its form even when dispensed, forming a distinct layer.  

 
Figure 28: PDMS Sample Showing Distinct Build Layers 

Layer wait time 

The time to wait between layer depositions was determined to be almost instantaneous. The 

viscoelastic properties of the PDMS imply that the material acts as an elastic solid similar to 

rubber after short flow times allowing further layers to be accurately deposited on top of the 

previous layer instantaneously. The material was able to effectively maintain its rubbery form 

when deposited, without changing shape from the form from which was expelled from the 

syringe. This was shown through deposition of the material by hand resulting in a solid 

structure of numerous layers only affected by inaccurate placement of the building material. 
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Figure 29: PDMS Showing Distinct Layer Thickness, Minimal Layer Wait Not Affecting Structure  

Cure time 

The given cure time for the commercial Selleys Glass Silicone was 72 hours. This was 

determined to be an accurate time for the PDMS to be fully cured however the material was 

able to be handled after approximately 24 hours.  

Tensile strength 

The tensile strength of the material can be deduced from the product description that the 

material can be elongated up to 400%. This was determined to be accurate due to viscoelastic 

properties of the PDMS allowing the solid to form as a rubbery substance. Elongating the 

cured deposited test sample to within 400% of its original size resulted in no change in the 

original test sample dimensions when the stretching force was removed as expected. 

Hardness 

The surface finish of the fully cured PDMS sample is very elastic as expected due to its 

known mechanical properties. By inspection of the fully cured test sample, it can be seen that 

it is a clear substance with a smooth appearance. 

 
Figure 30: PDMS Showing Clear Final Surface Finish 

Conclusion 

PDMS is a reasonably good material for use in solid freeform fabrication. The extreme 

elasticity and flexibility of up to a +/- 25% variation in size and hence rubbery configuration 

of the silicone severely limits the use of the material for accurately modelling hard structures 

which are required in medical and structural applications such as the creation of artificial 

bones. However, the high precision of the completed fabricated objects is a valuable property 
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for rapid prototyping in comparison with other similar building materials. The accuracy of the 

objects is only limited by the control of the rate of deposition and nozzle width, with the 

untreated material being highly workable. Furthermore, the smooth appearance of silicone 

enables objects to be accurately created to any 3D specification. The zero layer wait time 

between depositing subsequent layers is also favourable in solid freeform fabrication, where 

construction time is limited by the machines ability to deposit subsequent layers. 

3.4.5 Thermoplastic Materials 

Testing thermoplastic materials requires the use of a heat source to transform the material 

from its solid state to its final molten state. Heating the thermoplastic will enable the required 

properties of viscosity and cooling time of the material to be determined and allow an 

accurate decision to be made on the viability of the building material. A thermocouple will be 

used to measure the temperature of the thermoplastic to determine the working temperature 

of the material. 

 

For EVA copolymer, the heating source consists of a low heat 15W hot glue gun operating 

with constant temperature of 80°C. The gun contains a heating element to heat the material to 

a steady state molten plastic form where the properties in relation to our rapid prototyping 

application can be tested. 

 
Figure 31: Standard Hot Melt Glue Gun (Riggs, 2006) 

The three selected thermoplastic materials will be melted using a Bunsen burner, tripod and 

beaker. Premixed Propane LPG gas was used as the fuel source. Thermocouples measured 

the temperature of the material as the material went through its phase change from solid to 

liquid. The heat was applied until the material was completely liquefied and the material 

properties recorded. After heating it to its excited state the material was left to cool and 

solidify. Its properties were again recorded and compared with other samples.  
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3.4.5.1 EVA Copolymer 

EVA copolymer was chosen for further testing to ensure that it satisfied the design 

constraints required for use as a fabrication building material. Ethylene vinyl acetate has 

similar properties to elastomeric materials in softness and flexibility, while having the benefit 

of being processed like other thermoplastics, theoretically making it an ideal material for use 

in solid freeform fabrication. It is known that the thermoplastic solidifies quickly to solid 

form, which is advantageous in fabrication to be able to quickly lay subsequent layers. 

 

EVA copolymer in its readily available form is supplied as “hot glue sticks” of varying stick 

sizes. A commercial generic version of the glue sticks specifically containing EVA 

copolymer was acquired for further testing. 

 

 
Figure 32: Hot Melt Glue Sticks (Eva Copolymer) 

The glue was first heated to an equilibrium temperature in the hot glue gun to a temperature 

of approximately 115°C in the heating cylinder. 

Viscosity 

The hot glue at high temperature was molten and was easily expelled from the gun nozzle 

with minimal force as expected. Feeding the EVA copolymer through the hot glue gun at a 

greater rate resulted in a much greater force being required to dispense the glue from the 

nozzle. This was due to the thermoplastic not being exposed to the heating element for the 

required amount of time and hence not reaching its working molten state. The glue was hence 

still in transition between solid and liquid state when it was forced to be dispensed, resulting 

in a greater force being required to extrude the thermoplastic from the hot glue nozzle.  

 

In contrast, leaving the EVA copolymer to heat to the maximum temperature of the hot glue 

gun resulted in the molten thermoplastic to become very inviscous hence dispensing from the 

nozzle unaided when the gun was left at a 45º angle to the ground. 
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Figure 33: EVA Copolymer Dispensed Unaided From Glue Gun Due To High Temperatures 

The viscosity of the material, when expelled from the nozzle to the work space, was workable, 

with the glue capable of being dispensed in a fine stream with good accuracy. A drawback 

from the process is that there is a distinct thin trail of glue left when the depositing nozzle is 

removed from the work space and the glue is temporarily stopped from being expelled. 

 
Figure 34: EVA Copolymer Showing Distinct Thin Glue Trails 

Layer wait time 

When the molten plastic is dispensed from nozzle onto the workspace the tack free time for 

the glue is less than 60 seconds. The clear thermoplastic hardens instantly, allowing the layer 

wait time between depositing subsequent layers to be less than 60 seconds. The exact layer 

wait time is related to the temperature of the dispensed material when it is expelled onto the 

work surface. The higher the temperature of the discharged molten thermoplastic, the greater 

the time required for the bonding to occur and hence, the amount of time required before 

another layer can be deposited. 

Cure time 

The EVA copolymer bonding occurs as the glue cools from its molten liquid state to a solid 

state. The hot glue fully cures and hence solidifies to a clear mildly flexible glue in 

approximately 60 seconds. As found with the layer wait, the cure time is related to the heat of 

the glue being deposited on the work space. 
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Tensile strength 

The fully cured EVA copolymer dispensed on the work space has a high tensile strength 

capable of withstanding a great amount of force. From observation, and the application of 

force to a test sample, the researched mechanical properties of EVA copolymer were 

confirmed, validating the known tensile strength of approximately 1 MPa at a room 

temperature of 20ºC. This showed the cured thermoplastic material could withstand the forces 

that could be exerted upon it in medical and structural applications. 

Hardness 

The ethylene-vinyl acetate copolymer exhibits a clear hard finish when fully cured and this is 

ideal for the required applications of the fabricated objects. 

 

 
Figure 35: EVA Copolymer Showing Clear Hard Finish 

Conclusion 

The fully cured form of EVA copolymer is ideal for use in solid freeform fabrication. 

However, there are issues relating to how the final state is reached. These issues relate to the 

temperature of the molten plastic when it is dispensed on the work space. These problems can 

be resolved by determining the correct working temperature for the chosen commercial EVA 

copolymer for use in a SFF machine. By controlling the temperature of the EVA copolymer 

the viscosity, and consequently the flow rate, can be controlled enabling accurate deposition 

of the building material in producing precise fabricated objects. The fully cured EVA 

copolymer possesses good strength and hardness making the final object strong enough for 

many practical applications.  

3.4.5.2 Henkel Technomelt Supra 100 Ts-100 

The Supra 100 is a type of packaging glue that is readily available and commonly used for 

carton sealing as shown in Figure 36. It comes in the form of 0.5cm3 granules that melt clear 

in when heat is applied and cure to an opaque white colour. It has good thermal stability and 
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is capable of withstanding prolonged periods of heating at 175°C without showing signs of 

charring. This is desirable in our application as it allows slower, more accurate jobs with long 

periods of heating to be completed. Its melting point is approximately 100°C and is primary 

composed of ethylene vinyl acetate. 

 
Figure 36: Technomelt Supra 100 In Granule Form 

Viscosity 

The viscosity of this material can be described as flexible and temperature dependent. It has a 

very low viscosity at temperatures of 140-145°C, but can be quite viscous when the 

temperature is approximately 110°C. An application temperature of roughly 125°C is best 

suited to our deposition as it is just viscous enough to allow control of the flow of the 

material so it does not drip onto the surface.     

Layer wait time 

The time to wait between layers is almost instantaneous when operating at approximately 

125°C. After deposition, the material becomes tack free is less than 5 seconds and fully 

almost immediately thereafter. Hence, layer waiting time is negligible for this thermoplastic. 

Cure time 

After deposition at 125°C, the material was cured in a maximum time period of 5 seconds. 

Deposition at higher temperatures will slightly increase the cure time, but because it sets with 

such a fast rate, this has little effect on dependable properties such as layer wait.  

Tensile Strength 

The exact tensile strength was unavailable for this material, but from physical observations it 

has intermediate strength and is not easily deformed under force. There was also some degree 

of elasticity in the material allowing it to resist light loadings.   
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Hardness 

From physical inspection, this material sets hard after it is fully cured. It has sufficient 

structural integrity for manufacture of an object with practical applications and possesses a 

smooth surface finish. 

Conclusion 

The Technomelt Supra 100 would be suitable for use as a working material in the SFF 

machine. It has a satisfactory level of viscosity, allowing the user to control the material 

deposition rate and adjust it to suit the varying working speeds that the machine may operate 

at. Most importantly it doesn’t char when heated for long periods. From physical 

observations it is structurally tough and durable enough to be used for manufacturing an 

object with practical applications and resist intermediate loading. The thermoplastic has an 

almost instantaneous cure and layer wait time, enabling accurate and unique objects to be 

created in the least possible time. 

3.4.5.3 Henkel Technomelt 4174 

The Technomelt 4174 is a freezer grade packaging glue used for carton sealing. It is 

packaged in pillow block form with dimensions of 15mm x 5mm x 3mm as shown in Figure 

37. Its chemical composition consists of ethylene vinyl acetate polymer, synthetic resins and 

wax and posses a melting point of approximately 80 to 120°C. Structurally, this glue is very 

similar to the EVA copolymer glue sticks analysed previously. After heating, the material 

liquefies to be clear and once cured sets to be an off yellow colour. 

 
Figure 37: Technomelt 4174 In Pillow Block Form 

Viscosity 

Heating the Technomelt 4174 to a molten state demonstrated that the viscosity of the material 

was quite flexible with variations in temperature. At around 135°C, the material was very 

inviscous, but at 100°C it was nearly solid. This material has a lower melting point than the 
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Supra 100, which means its viscous range is lower and requires less power to liquefy the 

material. 

Layer wait time 

Application of the glue showed that the layer wait time was almost instantaneous. It became 

tack free after only a few seconds and allowing models to be built up at a faster rate.  

Cure time 

The cure time for this material was very fast, solidifying in approximately 5-10 seconds. This 

makes the material ideal for use with this SFF machine.      

Tensile Strength 

Upon physical inspection, the material had good strength and resistance to intermediate loads. 

Structurally, this material could be used to manufacture practical objects. 

Hardness 

Physically examining the surface determined that the material cured reasonably hard with a 

slight stickiness. Aesthetically, this sticky finish would not be ideal for prototyped objects.  

Conclusion 

The Technomelt 4174 is a prospective material suitable for the SFF machine. It has a very 

fast curing time and short waiting period between layers, which enables models to be 

produced faster. From physical inspection it had good structural qualities including good 

resistance to intermediate loads and high strength and toughness. It does however leave a 

sticky finish on the surface once cured. Aesthetically, its off yellow finish isn’t as appealing 

as the opaque white Technomelt Supra 100. Its lower melting point is one of its advantages, 

requiring less power to heat the material to its working material. 

3.4.5.4 Henkel Technomelt 4721 

Technomelt 4721 is a hot melt adhesive designed for book binding and paper applications. It 

is chemically made from ethylene vinyl acetate (EVA) with elements of paraffin wax and 

synthetic resin present. It has a reasonably low melting point between 70 and 120°C and is 

insoluble in water. It is manufactured in pillow block form with dimensions approximately 

15mm x 5mm x 3mm as shown in Figure 38. After melting, the 4721 thermoplastic solidifies 

into an off white colour, but shows evidence of dragging between layers. 



3.4 Material Selection 

 - 48 - 

 
Figure 38: Technomelt 4721 In Pillow Block Form 

Viscosity 

Heating this material past its melting point showed that its viscous range varied from 120 to 

150°C. The ideal intermediate viscosity required for successful fabrication with the SFF 

machine deposition tool was prevalent at a temperature of approximately 130°C. 

Layer wait time 

The required waiting time between depositing subsequent layers is only 5 to 10 seconds. The 

material became tack free in less than 5 seconds, and when cooled from 130°C to room 

temperature, fully cured in around 10 seconds. 

Cure time 

The time for curing was approximately 10 seconds after heating the material to130°C.  

Tensile Strength 

Physical inspection of the surface determined that the material had sufficient strength to 

withstand intermediate loads and be used for building physical prototypes with practical 

applications. Exerting force on the material showed that it possessed suitable strength and 

toughness for our application. 

Hardness 

After the material had fully cured a surface examination determined that the material had 

good resistance against compressive loads applied by hand.  

Conclusion 

The Technomelt 4721 is a good material to use with the SFF machine. It has a lower melting 

point than the other materials tested, which means less energy is needed to liquefy the 

material. It has a very fast layer wait and curing time, which is desirable as it improves the 

time required to manufacture objects. 
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3.4.6 Conclusion 

From the preliminary tests on potential building materials to be used in the deposition tool, 

Henkel Technomelt Supra 100 was determined as the most desirable. The strength and 

hardness of a fully cured Supra 100 object makes this building material suitable for a wide 

range of fabrication applications. The machine would be able to operate at a faster rate as the 

curing and layer waiting time was almost instantaneous. Manufacturing an object for 

practical or medical applications would be achievable with these properties and being 

aesthetically pleasing is an added bonus. The excess elasticity of the polydimethylsiloxane 

(PDMS) silicone limited its practical uses as an effective fabrication building material. Both 

materials possess acceptable layer wait times however; the fully curable time of PDMS was 

significantly greater than the Supra 100 limiting its ability to produce fabricated objects in a 

short period of time. The other thermoplastic materials, EVA copolymer, Technomelt 4174 

and 4721 were all structurally suitable for fabrication applications, having good strength and 

hardness, but were not as aesthetically pleasing as the Technomelt Supra 100. The 

determined properties for each of this materials are summarised below in .  

 

Hence the Supra 100, a thermoplastic material, was selected as the ideal building material for 

use in the deposition tool in the Fab@Home SFF machine.  

 PDMS (Selleys 

Glass Silicone) 

EVA Copolymer 

(glue sticks) 

Technomelt Supra - 

100 
Technomelt 4174 Technomelt 4721 

Viscosity 
Easily workable, low 

viscosity 

Temperature 

dependent. Low 

viscosity at 90°C 

Temperature 

dependent. Low 

viscosity at 140°C 

Temperature 

dependent. Low 

viscosity at 135°C 

Temperature 

dependent. Low 

viscosity at 150°C 

Layer Wait Time 
Almost 

Instantaneous 

Instantaneous. 

Tack free in less 

than 60 seconds 

Instantaneous. Tack 

free in few seconds 

Almost 

instantaneous 

Almost 

instantaneous 

Cure Time 

Tack free in 30 

minutes. Fully cured 

in 72 hours 

Fully cured in 

minutes 

Fully cured in 5 

seconds 
5 to 10 seconds 10 seconds 

Tensile Strength 
Reasonably strong, 

rubbery surface 

Very strong. 

Tensile strength of 

1 Mpa. 

Intermediate strength. 

Not easily deformed 

under force 

Good strength, 

resistant to physical 

force 

Good structural 

strength to 

withstand 

intermediate loads 

Hardness 
Intermediate 

hardness 

Reasonably hard on 

surface. Sticky to 

touch 

Sets very hard. 

Reasonably hard, 

sticky surface to 

touch 

Sets very hard 

Benefits for 

project SFF 

machine 

Layer waiting time is 

very small. 

Good structural 

integrity 

Good structural 

integrity 

High strength and 

hardness 

Very hard and good 

structural strength. 

Table 4: Summary of tested material properties 
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3.5 Modifications to the Fab@Home Model 

3.5.1 Introduction 

Research into the correct fabrication build material to be used with the Fab@Home Model 1 

SFF machine concluded that thermoplastic material, in particular Henkel Supra 100, was the 

most suitable working material. To utilise the thermoplastic, modifications to the mechanical 

system of the material deposition system of the Model 1 fabrication machine to incorporate a 

heating element was required. 

3.5.2 Design Specifications 

3.5.2.1 Material 

The new system is required to convert 0.5cm3, spherical hot melt granules from solid form to 

an intermediately viscous liquid that would flow freely onto the build surface before 

solidification. This phase change was best achieved with the design and implementation of a 

controllable heating element that could maintain the optimum melting temperature of the 

thermoplastic.  

3.5.2.2 Extrusion Force 

After melting, the plastic should be deposited in controllable amounts onto the build surface. 

A driving motor is necessary to create a force for extruding the melted material from the 

deposition tool. The motor is to be synchronized with the original Xylotex 4-axis bipolar 

stepper motor amplifier board to avoid any additional component costs and further 

programming. 

3.5.2.3 Automated and Continuous Process 

An arrangement that would continuously feed the material into the deposition nozzle would 

be most desirable as manufacturing would become more continuous. Currently, the 

Fab@Home system requires the syringe deposition system contents to be continually 

replenished to meet the material volumes required in the construction of large objects. 

Complete automation of the process would improve build quality and overall production time.  



3.5 Modifications to the Fab@Home Model 

 - 51 - 

3.5.2.4 Existing Structure and Components 

The designed deposition tool should be constructed to fit the original framework that was 

developed for the syringe deposition system as shown in Figure 39. This will reduce the 

possibility of exceeding the maximum torque characteristics of the x and y stepper motors 

while also ensuring compatibility with the positioning system of the machine.  

 
Figure 39: Existing Deposition Housing 

The melting point of the acrylic housing structure is approximately 100 - 130
C. This is 

similar to the melting temperature required to convert the selected thermoplastic deposition 

material, Supra 100, to molten state. Consequently, the design will need to consider 

insulating the housing from these excessive temperatures produced by the deposition tool. In 

some cases the existing acrylic may require replacement with a higher temperature resistant 

material such as Delrin or Teflon. Delrin and Teflon have melting points at 175
C and 327
C 

respectively, and are well suited to withstand excessive temperatures.    

3.5.2.5 Further Research into Deposition Systems  

Research into similar heated deposition systems available in industry was conducted prior to 

the design and drawing phases of the project. A commercial hot glue gun was purchased for 

assessing the engineering theory and material aspects behind its design. The hot gun system 

is designed to convert solid cylindrical sticks of EVA hot melt plastic into a liquid adhesive 

for joining two pieces of material. The hot gun system contains a heating element that melts 

the EVA glue. Squeezing the trigger exerts pressure on the glue stick, driving the cylindrical 
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stick through the heating element, ejecting molten plastic. Almost instantaneous, the ejected 

adhesive solidifies to form a strong bonding link between materials. The heating element of 

this system is powered by direct connection to the 240 volt mains power supply. Stepping 

down the voltage with a transformer is not required. The heating system required 15 watts of 

heating power to achieve the desired melting temperature.   

3.5.3 Fab@Home Model 1 Design Modifications 

3.5.3.1 Heating Element  

When a current is passed through a heating element, the electrical energy is converted into 

heat due to the natural resistance of the material used for the heating element. A heating 

element is needed to heat the material from a solid form to molten liquid and maintain the 

surface temperature at a point just above the melting temperature of the glue. The optimum 

working temperature of the material will allow the molten hot glue to flow from the 

deposition tool when force is applied. The material should not be in such an excited state that 

gravitational forces expel the liquid thermoplastic onto the working surface independently.  

 

Affixing this element to the existing machine requires a deposition tool with limited surfaces 

containing sharp edges which introduce significant heat concentrations at these locations. 

This would likely result in the heating element wires to burn out at a greater rate or 

potentially short circuit the element.  

Heating Element Design 

Initial concepts involved many variations on the design of heating a holding container and a 

deposition cylinder. The idea was to melt the beads inside the container and, once melted 

allow the material to enter a deposition cylinder, which was maintained at an optimum 

temperature. Having two heating systems would enable the material to be melted using a 

higher temperature while also having the ability to maintain an alternative, optimum 

application temperature once the material has reached the deposition tube. One limitation of 

this design is the size of the bucket and its additional weight that would be loaded onto the 

stepper motors as well as the extra energy required to heat the greater area of material. There 

was also risk of blockages in the pipe connecting the bucket and tube as this would not be 

heated.    
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An alternate method was only melting the material once it reached the deposition cylinder. 

The machine could still include the container for holding excess material, but only use one 

heating element. This resulted in less weight and stress being placed on the stepper motor 

positioning system, reducing the chances of overheating the stepper motors. The machine 

would be more energy efficient as less energy would be consumed with a single heating 

element.    

Generating the Heat 

Generating heat inside the structure could be achieved by directly passing current through the 

body that is similar to a dissipating heat resistor. Current would exit the body at the point of 

lowest resistance. However, determining the point of lowest resistance with only CAD data is 

a difficult task. Band heaters that would wrap and lock around the deposition tube are an 

ideal heating element because of the small structural space required. They plug directly into a 

voltage regulator and can be calibrated to generate the desirable heat of heating system at 

150ºC.  

 

An alternate method of generating heat was to enclose the body with a series of coils that 

conduct and radiate heat energy into the system. These thermal wires would have a suitable 

diameter with the number of required turns determined from heat calculations to meet the 

desirable melting temperature of the thermoplastic material. As the thermal wire commonly 

comes electrically isolated, they could be simply wrapped around the deposition tube and 

held in place with a high temperature resistant tape.  

Voltage Regulator 

The use of a voltage regulator in series with the heating coil would allow the operator to 

increase or decrease the voltage, and hence the heat released by the heating element, 

controlling the total heat input to the system. Calibrating the temperature corresponding to 

each increase of voltage source would provide a means of regulating the temperature. 

Thermocouple 

A type K thermocouple attached to the external surface of the deposition cylinder is required 

to measure the heat in the system and hence determine when the tool reaches optimum 

temperature. It will be strategically placed on the surface between the heating element and 

cylinder so a more accurate and consistent reading of the material temperature can be 

established. Placing the thermocouple inside the deposition cylinder would give the most 
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accurate material temperature, but implementing this is difficult due to the small dimensions 

of the existing housing and deposition cylinder. 

Summary 

The probability of short circuiting the system by directly passing current through the body to 

generate heat was great, ultimately jeopardising the safety of the operators. As a result, this 

method was not employed for the heated deposition system. Investigation into band heaters 

discovered that the smallest available band heater had a diameter of 30mm which, due to 

space constraints, would not be able to be integrated with the deposition system. 

 

The most favourable heating system for this application would be winding a heating coil 

around the body of the cylinder to conduct heat into the deposition material. Heating coils 

permit greater control of the maximum surface temperature ensuring the molten state of the 

deposition material is perfectly specified to our working requirements.  

 

Multistrand, pure nickel wire was determined to be the best heating element available for this 

application. It is readily available and widely used as a direct heater element for platens, 

barrels or extruders. It has a high melting point and internal resistance allowing temperatures 

between 0 to 450ºC to be reached. To effectively affix the wire to the deposition cylinder, the 

wire had to be flexible and insulated from the surroundings to prevent wires touching and 

hence short circuiting. The heating element selected was purchased from a South Australian 

Company, Helios Electroheat as shown in Figure 40. Their element was a multistrand nickel 

conductor with double glass wrapping and silicone bonded insulation. A cross sectional area 

of 4 mm2 was ideal for encasing the deposition cylinder while also complying with the 

existing structural size constraints. Attaching the heating element to the deposition cylinder 

was achieved by affixing the heating coil with high temperature resistive plumber’s tape, as 

shown in Figure 40, which has a heat resistance up to 350ºC. 
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Figure 40: Heating Element 

The heating cables were extended by 1 metre to enable them to reach the voltage regulator 

next to the SFF machine as shown in Figure 41. 

 
Figure 41: Heating Element Cable & Voltage Regulator  

3.5.3.2 Insulation 

Heat loss to the surroundings is restricted by insulation wrapped around the heating element. 

The Insulation will also protect the deposition housing from temperatures exceeding its 

melting point of 120ºC. Sufficient thermal insulation was required to protect operators from 

potentially dangerous temperatures and to comply with Occupation Health and Safety 

standards. Fibreglass wool insulation was selected as the most suitable material because of its 

high-quality thermal insulation properties and ease of installation. The wool could be 

wrapped around the element with varying thicknesses at any location and be simply held in 

place with electrical tape as shown in Figure 42. 
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Figure 42: Fiberglass Wool Insulation With Electrical Tape 

3.5.3.3 Deposition Cylinder 

The heating cylinder provides a heated pathway for the material that flows from the material 

container and to the deposition nozzle. It must produce enough heat to create a deposition 

material phase change from solid to liquid. It is to be made from a strong, conductive and 

readily machinable material that can withstand high temperatures. It should have the capacity 

to accommodate a significant amount of molten deposition material.  

Deposition Cylinder Design Specifications 

Design requirements for the heating cylinder include consideration of the clearance required 

for the heating cylinder to function inside the existing deposition housing. Measurements of 

the internal dimensions of the housing revealed that the cylinder is limited to a length and 

width of 70.9 and 60.8 millimetres as shown in Figure 43. The cylinder is allowed to project 

from the deposition housing at any length up to 10 centimetres so long as it does not create 

too much strain on the stepper motors.  

 
Figure 43: Cylinder Size Constraints 

These measurements have catered for additional parts such as the heating coils, insulation, lid, 

nozzle and screw extruder bearing.  In addition, the thermal expansion of materials used in 

the heated components should be factored into the design. 
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Construction materials that satisfy the conductivity requirements of the heating cylinder 

include brass, copper or steel. Selection of a material with the highest conductivity will 

enable the material to be heated at a faster rate, hence allowing a faster deposition rate. 

Copper and brass are used extensively in industry because of their high electrical and thermal 

conductivity. For this application brass was selected as the best material because of its high 

conductivity, machinability and availability.  



3.5 Modifications to the Fab@Home Model 

 - 58 - 

Deposition Cylinder Concept Design I 

Initial designs consisted of a hollow cylindrical cylinder of 1.7 millimetre wall thickness as 

shown in Figure 44. This thickness was selected to allow for machining a thread on one end 

of the pipe for affixing a nozzle. The length of cylinder diameters were based upon the 

original 10 cubic centimetre syringe provided with the Fab@Home Model 1 system to ensure 

the new design could be readily integrated with the previous design. A semicircular cut-out 

was made at the top of the tube to enable the hot melt beads to enter the heater. Using a 

simple cylindrical tube has the advantage of an uncomplicated installation of the heating coil 

around the tube. The drawback of this design was the small amount of volume available for 

granules in the cylinder. With a 6 millimetre motor shaft rotating inside the tube 

accommodating the majority of the available space, the maximum allowable granule size was 

limited to approximately 4.5 millimetres in diameter. In some instances thermoplastic 

material sizes will be larger than this diameter.    

  
Figure 44: Concept Design I 
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Deposition Cylinder Concept Design II 

The limitations of Concept Design I led to the development of a holding container 

arrangement at the upper end of the cylinder as shown in Figure 45. The container was 

designed to accommodate larger thermoplastic granules which would melt in the chamfered 

bucket prior to entering a driving screw extruder. The inside of the bucket was chamfered at 

45° to enable smooth laminar flow into the cylinder. The lip of the bucket projected 

perpendicularly away from the tube by 19.3 millimetres to allow for additional storage of 

granules. Threading the external diameter of the bottom of the cylinder will allow a nozzle to 

be connected as with Concept I. One limitation of this design was the 45° outside face and 

square edges that make attaching the heating element difficult.  

 
Figure 45:Concept Design II. 
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Deposition Cylinder Concept Design III 

The third concept design is a slight variation of Concept Design II, extending the bucket lip 

30 millimetres from the heating cylinder as shown in Figure 46. This would enable larger 

amounts of material to be heated by the heating cylinder at one time. The disadvantages of 

this design are again related to the ease of attachment of the heating element.  

 
Figure 46: Concept Design III 
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Deposition Cylinder Concept Design IV 

Concept number four was designed to further accommodate larger volumes of hot melt 

particles entering the system as shown in Figure 47. The increased conducting surface area 

enables more molten liquid to reach the nozzle in a shorter time span. This would also 

shorten the time required from first switching on the power to the operational state of the 

machine. The chamfer is again at 45° to facilitate molten material towards the nozzle. One 

limitation of this design is having sharp edges for the material hopper, which makes it 

difficult to wrap the heating element to the deposition tube. Different to previous concepts, 

the wall thickness of the tube was reduced to 1 millimetre. Due to the high heat conductivity 

of copper this would not significantly affect the temperature difference across the cylinder 

wall but would allow thicker thermal insulation to be fitted.  

 

A bearing collar is to be brazed to the lower end of the deposition tube to align with the screw 

extruder shaft and to resist external rotational forces on the cylinder. Liquefied material will 

extrude past the bearing collar through cut outs in the base of the bearing as shown in Figure 

47. 

 
Figure 47: Concept Design Iv 
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Deposition Cylinder Concept Design V 

Concept number 5 adjusted the design of concept 4 to facilitate the attachment of the heating 

coil by using rounded edges as shown in Figure 48. This design ensured the surface area of 

the tube was completely in contact with the heating element. 

 

To maintain the heater coils position around the overhanging hopper face, copper wires were 

also brazed to the surface. They would provide a staggered surface for the coil to attach. 

Further improvements included 2 identical parallel cut outs on the cylinder lower end to 

allow a simpler attachment of the bearing collar as shown in Figure 48. Brazing the collar on 

the outer deposition cylinder surface enabled a better flow of material internally.  

 
Figure 48: Concept Design V 

Summary 

Concept design number 5 was determined the most suitable deposition system for use in the 

SFF machine. It provided enough volume to hold and melt additional material to enable faster 

deposition. It also facilitated the attachment of a heating coil with its curved surfaces and 

externally brazed copper wire. The design also allowed a bearing collar to be simply brazed 

to the external surface, which would increase the volume of material that could pass to the 
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nozzle. Concept 5 was dimensionally designed to fit directly into the existing deposition 

structure without modifications. Insulation could also be easily attached to the cylinder to 

resist heat that would be lost to the surroundings. Other deposition cylinder conceptual 

designs were limited by sharp edges which created heat concentrations in the heating coil and 

increased the chance of short circuits. Other concepts also had smaller hopper volumes, 

which narrowed our range of deposition rates.  

3.5.3.4 Deposition Nozzle 

The purpose of the deposition nozzle is to translate the molten plastic through a suitably sized 

opening that correlates to the desired cross sectional layer size. This selected cross sectional 

layer size determines the accuracy and precision of each layer that is sequentially built onto 

the surface.  

 

Care must be taken to ensure the nozzle tip integrates with the original deposition chassis 

with significant clearance to ensure adequate space between the chassis and building layer. A 

compromise between the nozzle length and wall thickness is required to ensure that the 

design is readily machinable. The nozzle is fastened to the deposition tube enabling the user 

to readily select and change between varying nozzle tip diameters.  

 

Initial designs were focussed on attaching the nozzle to the tubing with a vertical mating 

thread of approximately 1 to 2 centimetres. This thread would ensure the piece was tightly 

secured to the tube to withstand the internal pressures generated inside the heating cylinder. 

A thread would also mitigate any likelihood of molten deposition material escaping between 

the deposition cylinder and nozzle. An issue with this design was that it required sufficient 

clearance from the back wall to enable the nozzle to be unscrewed. The action would be 

similar to undoing a hexagonal bolt. The thread created an additional constraint on the 

deposition tubing, which would require a minimum wall thickness of 1.7 millimetres for 

successful operation. This would reduce the rate of heat transferred to the material, slowing 

the overall process. Furthermore, using a thread in this application has the associated problem 

of the thread locking up making it difficult to separate the nozzle from the heating cylinder. 

Measuring the maximum allowable dimensions of the housing conflicted with the thread 

design and was consequently deemed unsuitable.  
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The optimum design for the deposition nozzle is shown in Figure 50. The inner diameter of 

the tube would fasten to the deposition tube by a light transitional fit that would be held into 

position by the upward force of the Delrin plate as shown in Figure 49. This allows the nozzle 

to be readily changed with others of different tip diameters at initial start up or during the 

fabrication process. 

 
Figure 49: Balanced Vertical Forces Securing the Nozzle 

The cut outs in the walls were created to align with the bearing inside the heating cylinder. 

The tip of the cone converges to a point on a 70° angle which provides enough clearance 

from the deposition housing to avoid damaging the deposited layers. 70° is the maximum 

angle that can be used in the system as a greater angle would require a housing length greater 

than the maximum available.  

 
Figure 50: Deposition Nozzle 
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3.5.3.5 Bearing Collar 

The bearing collar resists any deflection of the extruder shaft from forces exerted by the 

material inside the cylinder. The design aligns the shaft with the central axis while allowing it 

to rotate freely inside. A system that holds the collar central over the axis is important for 

resisting any horizontal translation caused by these forces. Fabrication of the shaft collar from 

a material that is strong and thermally conductive is desirable. Utilising the same material as 

the deposition tube and nozzle for the collar would be beneficial for controlling the melting 

temperature. A collar fabricated with another material such as steel will have different 

thermal characteristics. Thermal expansion in the shaft and collar was calculated to ensure 

parts remain functional when exposed to high temperatures. The open sides of the collar 

allow fluid to easily flow into the nozzle.  

 

The chosen design will have a cylindrical structure with perpendicular wings that fasten to 

the deposition tubing as shown in Figure 51. The inner diameter of 8 millimetres allows 

sufficient clearance for the shaft to rotate freely while also providing a margin of clearance 

for thermal expansion. The thickness of the collar is selected as 3 millimetres to maintain 

rigidity. The larger diameter hole is protruded completely through the collar to avoid any 

blind holes and material settling inside. The notches in the wings will be brazed to the 

deposition cylinder to prevent horizontal movement as shown in Figure 52.  

 
Figure 51: Bearing Collar 
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Figure 52: Brazed Collar With Deposition Cylinder 

3.5.3.6 Screw Extruder Shaft 

The screw extruder is used to exert pressure on the adhesive material so that fluid deposits in 

precise volumes onto the build substrate. It will be controlled by the microcontroller allowing 

complete control over the deposition of material onto the working surface. The gear shall be 

made from a material that is strong and rigid which can withstand elevated temperatures. The 

screw extruder shaft shall be held at a central position inside the cylinder by coupling it with 

the driving motor while also fixing it inside a bearing system at the opposite end. This 

ensures the deflective forces created by the material inside are mitigated. The maximum 

allowable diameter of the screw extruder will correlate to the inside diameter of the 

deposition tubing.  

 

A stainless steel shaft was chosen for the material because of its high resistance to corrosion 

and ability to withstand excessive temperatures. The design consisted of a left handed helix 

worm of 5mm pitch and 3 turns as shown in Figure 53. The depth of penetration is 3mm to 

enable good material flow to the nozzle. 
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Figure 53: Screw Extruder 

3.5.3.7 Stepper Motor for Driving Screw Extruder Shaft 

Selecting the correct stepper motor will be dependent on the torque required to rotate the 

screw extruder. It is desirable to have smooth start-up and shutdown during operation. As the 

motor shall operate at very slow speeds with very small step increments, gearing down the 

motor may be required. The dimensions of the system should comply with the maximum 

allowable distance between the side walls of 38 millimetres.   

 

A hybrid bipolar 1.8° stepper motor, produced by RS Australia, was selected to drive the 

screw extruder system because of its accuracy and torque capability and is shown in Figure 

54. Smaller steps of 1.8° enable precise amounts of material to be deposited onto the surface. 

A hybrid was chosen, opposed to a canstack or permanent magnet motor because of this 

capability to rotate in small steps, which is unique to hybrids. Bipolar wiring was selected 

because it produces more torque than unipolar wiring. A bipolar motor could also be 

electronically integrated with the existing amplifier board used in the SFF machine. The 

complete specifications for the stepper motor are outlined in Appendix H. 
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Figure 54: Rs Hybrid Bipolar 1.8° Stepper Motor 

3.5.3.8 Shaft Coupling 

A coupling is required between the stepper motor shaft and the screw extruder shaft to 

transfer the rotational motion of the stepper motor directly to the screw extruder. The 

complete specifications for the shaft coupling are outlined in Appendix H. 

 
Figure 55: Paradrive Oldham Coupling 

3.5.3.9 Heating Cylinder Lid 

An enclosing lid for the top of the deposition cylinder to contain the molten thermoplastic 

material is required to ensure that none of the solid granules being deposited escape the 

heating area while also providing further axial alignment for the heating cylinder and 

extruder shaft. The gravity fed tube loading the heating cylinder can simply fill the cylinder 

and continue to do so until the contents of the loading cylinder are depleted. This would be 

possible with the assumptions that the granules travel into the cylinder with very little to no 

friction between the feeding tube and the granules. 

 

The profile of the top of the heating cylinder will be used to model the inner dimensions of 

the enclosing lid. This results in a close fitting piece that prevents the beads from escaping 

the enclosure. The entrance hole for the feeding tube should be calculated to allow desirable 

transitional push fit. The feeding tube requires a loading angle of up to 45° for successful 

supply of heat granules. The following profile was then determined as shown in Figure 57. 

The lid of the heating cylinder also acts as a support and guide for the screw extruder shaft 

ensuring that the screw extruder operates correctly. 

 

Initial concepts focused on a lid design that could be easily mounted with the existing 

deposition housing as shown in Figure 56. The wing like feature shown in the top view is 
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designed for fitting M3 nuts and bolts to fasten it to the deposition housing. The bottom 

profile of the lid was initially designed to fit the deposition cylinder described earlier in 

concept design 4. 

 
Figure 56: Concept Design I 

Concept design II improved on concept I updating the lid profile to match the deposition 

cylinder (concept 5) chosen previously. The dimensions of the feeding opening were also 

recalculated to fit a 25mm plastic tube that would be used to transfer material from the bucket 

to the deposition tube as shown in Figure 57.  
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Figure 57: Concept Design Ii 

Concept Design II was determined the most suitable cylinder lid for use with the SFF 

machine. Dimensionally it accurately fits the existing housing and could be easily mounted. 

Some modifications to the deposition housing mid section were required as shown in Figure 

58. 

 
Figure 58: Existing Body Modification 
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3.5.3.10 Holding Container 

The holding container holds the solid build material until there is further space in the heating 

cylinder for the granules. The container should be manufactured from light weight materials 

to ensure movement of the deposition tool was not restricted by excess weight that would 

limit its ability to deposit material at precise locations. 

 

An acrylic bucket was determined the most desirable material because of it is a lightweight 

material that can easily be shaped. The bucket has a specific exit opening where the solid 

building material flow towards and can be dispersed as shown in Figure 59. The geometry of 

the bucket ensures that the material inside the bucket is directed to the required dispersion 

point while also not causing the material to be obstructed at this point. Fastening points on 

the sides of the bucket enables the bucket to be fixed to the deposition housing. 

  

 
Figure 59: Holding Bucket 
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3.5.3.11 Holding Container Supports 

A supporting chassis to affix the holding container to the deposition tool structure is required. 

It should be easily fitted to the existing structure and allow sufficient space for the stepper 

motor that sits on top of the deposition structure. The holding container needed to sit above 

the deposition cylinder to ensure gravity was the prime force that forced the additional from 

the holding container to the heated the deposition cylinder.  

 

Using these requirements it was decided to position and attach the holding container supports 

on the inside of each side wall of the existing structure. This positioning uses the attachment 

to the back and side wall of the deposition chassis as extra support. This area was also free 

from the area occupied by the screw extruder motor.  

 

The supporting structures chosen will have the profile shown in Figure 60. A 45° chamfer 

enables the bucket to slide freely in the vertical plane while also reducing the overall weight. 

The 3 holes act as fastening points between the housing and support as well as for holding the 

bucket stable. Two holes are provided for the lower section where anchorage to the housing is 

critical. The corresponding anchorage holes in the side walls that will be created are shown in 

Figure 61.  

 
Figure 60: Supporting Bucket Chassis 
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Figure 61: Side Walls Modification 

3.5.3.12 Nozzle Tip Plate 

The cradle is designed to create an alternate surface to the original acrylic surface to prevent 

potential deformation caused by temperatures exceeding the melting temperature of acrylic. 

The tip plate will also hold the deposition cylinder and nozzle within the housing. It will 

simultaneously resist the forces generated by the internal cylinder pressure as well as the 

translational forces created by the housing as it moves throughout the prototyping process. 

The dimensions of the cradle will comply with the allowable limits detailed earlier to ensure 

axial alignment is maintained. The material for this cradle must have good thermal 

characteristics that can withstand the working temperatures of approximately 120 - 140
C. 

Selection of the readily available material Delrin is ideal for this application.    

 

The design for the cradle is shown in Figure 62. The larger diameter hole of 6 millimetres 

provides enough clearance for the nozzle to protrude sufficiently while also acting as a 

support for the deposition nozzle. The smaller 3 millimetre holes are for fixing the cradle to 

the base of the housing. A cut out of the original base plate will be required as shown in 

Figure 63.  
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Figure 62: Nozzle Tip Plate 

 
Figure 63: Existing Tip Plate Modification 
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3.5.3.13 Container To Deposition Cylinder Connection  

The role of the connecting tube is to simply transfer thermoplastic granules from the holding 

bucket into the heating cylinder. The inner surface should be near frictionless to enable a 

clean passage for the material to flow without blockage. A 25mm diameter plastic tube will 

be used to connect the bucket to the deposition cylinder lid. 

3.5.3.14 Cooling Fans 

Fans were fitted to the x, y, z and deposition tool stepper motors to ensure allowable 

operational temperatures. This allowed larger models that require several hours for 

prototyping to be achievable without the risk of overheating a stepper motor. Therefore 

making the machine more reliable and increasing its operational life. 

 

Trial testing showed that after, around 6 hours, the x, y and z motors would reach 

temperatures of approximately 45°C and the deposition motor similarly around 55°C. For 

these devices, operating at these temperatures was not feasible as the chances of overheating 

increased. Also, these temperatures may increase as the number of hours in operation extends 

beyond the 6 hours tested. Hence, a cooling device was needed for all 5 motors. 

 

Fans circulating air over the surface and removing hotter air by convection was the most 

feasible solution. The fan diameters had to be larger than the stepper motors to allow enough 

air to circulate around the motor completely. They also had to have low noise and be suitably 

sized to fit the existing structure. Radial blowing fans were better than centrifugal type as 

they were smaller and cheaper to purchase. All airflow should be directed away from the 

building surface to prevent the depositing material from solidifying before reaching the 

surface.   

 

Radial ball bearing fans were selected for the x, y and z motors because of their durability 

and long lasting life. They would be mounted adjacent to each motor and are shown below in 

Figure 64. These fans had dimensions 40 x 40 x 10 and produced an airflow of 5.45 cubic 

feet per minute (cfm).  
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Figure 64: Radial Ball Bearing Fans 

For the screw extruder shaft motor, a higher capacity fan was necessary to cater for its higher 

work demand and the greater temperatures experienced.  A magnetic levitating fan that 

produced 6.3 cfm was used as shown in Figure 65. The specification sheet for this fan is 

provided in Appendix H.  

 

 
Figure 65: Magnetic Levitating Fan 

3.6 Assembling the Deposition Tool  

Assembling the deposition tool will take approximately 10 minutes and is straightforward 

using the step by step assembly guide. 
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3.7 Calibration of the Fabrication Machine 

Optimal operation of the fabrication machine relies on the correct calibration of the 

positioning system and the material deposition tool. This ensures that the material deposited 

on the working surface is accurately aligned with the fabrication software, mirroring the 

simulated fabrication. This is crucial for the fabrication of precise objects as the detailed 

instructions sent from the deposition software need to be exactly executed in order to 

fabricate each layer. The information from the deposition software such as the current 

position and rate of deposition from the material deposition tool need be exactly mirrored in 

the real working environment for this to occur. 

3.7.1 Fabrication Machine Positioning System 

The positioning system of the fabrication machine, which consists of the previously discussed 

x,y and z carriages, forms the basis for accurate fabrication of objects. Calibration involves 

agreement of the position on the fabrication software with the position on the fabrication 

machine. The Fab@Home fabrication software exactly models the real environment by using 

real CAD model files of the fabrication machine to form the computer software model. They 

are modelled as they are in the real environment, creating an exact virtual model of the 

fabrication machine. The position of the material deposition tool nozzle tip is the most 

important reference position between the virtual and real position. Precise positioning is 

achieved by inputting the CAD model of the modified material deposition system into the 

virtual environment and aligning the material deposition tool, and hence nozzle tip, as it 

appears on the model. At the completion of the input of this information, the exact replication 

between the software and real environment requires only minor further calibration with the 

working system by ensuring that the reference points on working space align with the virtual 

system. The height of the working surface, the z-axis, is confirmed in the software prior to 

fabrication. 

3.7.2 Material Deposition System 

Calibration of the material deposition system with the chosen working material involves 

determining the optimum operating conditions for a number of factors. The required amount 

of heat to supply to the working material is to be determined before the ideal deposition width, 

height and rate is to be calibrated. 
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3.7.2.1 Optimum Working Temperature Of Selected Deposition Material 

Upon selection of the deposition material used for fabrication, the optimum working 

temperature for deposition is to be determined. It is important to first ascertain the working 

temperature of the material where the material is initially at a liquid state. From this 

approximate working temperature, the optimum working temperature can be calculated by 

refining the heating properties of the fabrication system. The energy required to heat the 

material to this excited state is then required. For the chosen working material, Henkel 

Technomelt Supra 100 TS-100, the temperature at which the material is in molten state is 

approximately 125°C. Heat transfer analysis is then used to calculate the required amount of 

thermal energy to supply to the heated deposition tool to heat the material to its molten state. 

Appendix C presents the theoretical heat transfer calculations for the chosen material 

calculated with the working heated deposition system configuration. A thermal energy value 

of approximately 15W is required to heat the material to its molten state. 

 

With the amount of thermal energy required to heat the material in the working heated 

deposition system theoretically calculated, tests are then carried out on the real working 

environment to refine the amount of heat required while also refining the working 

temperature of the material. The real heated deposition system is assembled exactly as it is to 

be used in operation. Energy is then applied, regulated using a voltage regulator, with the 

important heating points of the temperature of heated material, nozzle and outside cylinder 

wall under the heating coil, which is used as a reference point in the final design, monitored 

and recorded. The configuration of the temperature receiver locations are shown below in 

Figure 66.  
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Figure 66: Recorded Temperature Locations For The Temperature-Voltage Experiment 

 

Calculation of this experiment over a number of evenly spaced time intervals results in a 

relation between the voltage input and the heated temperature of the deposition material. 

Voltage input is desired because our power source is regulated by voltage, with values of 

current, and hence power, determined from the varying quantity. The experimental results for 

varying heating and insulation configurations can be seen in Appendix F. The experimental 

data, using the final working configuration for the heated deposited tool, can be viewed in the 

summarised graph Figure 67.  

1 - Outside cylinder wall temperature 

2 - Heated material temperature 

3 – Nozzle temperature 
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Voltage - Temperature Relation - Configuration 2
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Figure 67: Voltage – Temperature Relation – Configuration 2 

 

The equation relating the temperature at the heated cylinder wall to the input thermal energy 

is as follows: 

 
Equation 2: Voltage - Temperature Relation For Heated Deposition Tool 

From this relation, the optimum working temperature can then be refined and easily recalled 

using the temperature voltage relation.  

 

The ideal working state of the material being extruded from the deposition tool is a liquid 

state that does not flow from the nozzle unaided but only moves with the assistance of the 

screw extruder system. This ensures accurate deposition from the heated deposition tool only 

extruding the desired amount of material onto working surface. Furthermore, if the material is 

not liquid enough and is nearing solid state due to insufficient heat input, the screw extruder 

will jam which is undesirable. The required heat input also needs to take into account that the 

material needs to be sufficiently heated before the deposition material reaches the screw 

extruder in operation to again ensure that the screw extruder system does not jam. From 

continual modifications to the heat supplied to the deposition material, this ideal working 

temperature for operation was determined to be approximately 123°C with a nozzle 

V = 0.0004 (Temp °C)2  +  0.0448 (Temp °C)  +  9.1211 
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temperature of approximately 90°C nozzle. The thermal energy necessary to generate the 

required working temperature for the heated deposition tool is approximately 9.2 W. 

3.7.2.2 Deposition Rate 

The rate at which the material is deposited from the heated deposition tool nozzle is 

dependent on the path speed of the positioning of the tool and relates to the width and height 

of the extruded material. The speed at which the stepper motor rotates the screw extruder 

determines the rate of material that is deposited from the deposition tool nozzle. An increase 

in path speed without an increase in deposition rate results in a decrease in the path width and 

height of the extruded material. If the path speed of the positioning system increases, the 

deposition rate needs to be increased to ensure a constant relative amount of material 

deposited on the working surface. Furthermore, the deposition rate relates to the path speed in 

the configuration of the fabrication machine with the deposition rate being the screw extruder 

motion per mm of path length. 

 

 

To ensure fabrication in the shortest amount of time, the maximum allowable path speed is to 

be determined which is dependent on the maximum reliable deposition rate. Creation of a 

simple square object by the fabrication machine allows testing of the maximum properties to 

be determined through predicted trial and error. The maximum allowable consistent screw 

extruder cycle rate was determined to be 2.5mm/s per mm of path length. Using this 

maximum deposition rate, the path speed was configured to ensure that the deposited material 

was consistent with the internal nozzle diameter. The internal nozzle diameter used in the 

initial trials was 1mm. Configuring the machine to employ a determined path speed of 5mm/s 

results in the required path width of 1.05mm and a path height of 1.3mm. The printer tool 

files with the calculated fabrication system parameters required for accurate fabrication are 

attached in Appendix G. 

Figure 68: Relation between deposition tool variables 

Deposition tool path speed 

Path width 

Path height 

Rate of deposition 
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3.8 Cost Analysis 

The costs associated with building the SFF machine were divided into individual components 

as shown in Appendix A. The majority of parts were purchased as a complete kit from the 

American company, Koba Industries. Sourcing the parts from a company experienced in 

working with this fabrication machine avoids the risk of non complying parts being 

purchased locally or from abroad which do not exactly meet the specifications required 

affecting successful assembly. Furthermore, the extra working hours required to locate and 

ship the exact components from individual manufacturers would raise the overall cost of the 

project far more than its current value. The electronics, positioning system, transmission and 

structural tools that complete the Model 1 system were sourced from Koba industries with a 

total cost of $3752.82 AUD. The costs for shipping the Model 1 kit from the United States to 

Australia totalled to $497.60. The 4 linear stepper motors that control the translational 

movements in the x, y, z axes and deposition tool were sourced from an American company, 

HSI-Incorporated. These motors were recommended by the Fab@Home Model 1 system 

developers for compliance with its design, both its computational and structural components. 

Sourcing these items from local suppliers may have been cheaper, but again the risk of non-

compliance outweighed this decision. Their total unit cost was $775.45 AUD. The deposition 

tools relating to the alternate syringe deposition system, including the syringe barrels, pistons 

and syringe tips were resourced from Nordson Australia which specialises in adhesive 

dispensing equipment. Their knowledge and experience was used in selecting the correct 

components for our application. As the company was located inside Australia, the associated 

shipping costs were significantly lower than from purchasing from overseas. This equipment 

totalled to $64.21 which includes $5.85 shipping.  

 

The overall cost for the components required for assembling the Fab@Home Model 1 to 

working specifications was approximately $4200 Australian dollars. This price includes the 

cost of shipping the units from interstate or overseas. The complete list of components used 

in the construction of the Fab@Home Model 1, including the respective costs of each 

component, is outlined in Appendix G. 
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3.9 Summary 

The University of Adelaide’s Fab@Home Model 1 was commissioned at the School of 

Mechanical Engineering on August 21st, 2007. Parts were sourced and assembled with 

assembly procedures supplied from the open source Fab@Home Wiki website. As 

thermoplastic material was selected as a working material, as an alternative to silicone, 

numerous modifications were needed for the current deposition tool. As such, a new tool has 

been manufactured and configured with the machine. The software was also modified so the 

geometrical blueprint on the PC was exactly mirrored by our prototyping machine. Assembly 

of the new tool is made possible with the instructions and schematic diagrams provided. 

Calibrating the machine was achieved by building trial models and quantitatively measuring 

the output and comparing this with input dimensions. A cost analysis outlining purchases has 

also been provided in Appendix G.  
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4  

Results 

4.1 Created 3D Objects 

A number of objects were initially created to determine the machines capabilities. Varied 

shapes and structures of different sizes were created to ensure that all the required finishes to 

produce a practical object were produced accurately. For example, fabrication of a simple 

round block would display the ability of the fabrication machine to produce well defined, 

curved outlines. Essentially, successful creation of well defined individual objects containing 

straight edges, accurate curves and precise gradients would allow the creation of any complex 

object by using a combination of these basic fabricated shapes. 

4.1.1 Square Block 

A square block of varying sizes was first created to ensure the machine can produce well 

defined straight edges. It is also a very useful shape in ensuring correct selection of working 

parameters with the fabrication machine. Its simple outline makes it possible to accurately 

measure the accuracy of the created model in comparison to the working CAD model to 

determine any discrepancies in the fabrication process. Also, this shape assists in the 

determination of the optimum deposition rate for the creation of objects with the completion 

of the internal area of the square block relying on constant deposition of a simple area. 

 

The initial creation of the square block required the need for refinement of fabrication 

machine parameters such as working height and width. These adjustments resulted in the 

creation of an accurately produced model when the square block fabrication was repeated, 
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demonstrating the defined straight edges which are required for creation of practical objects. 

An example model is shown in Figure 69. Its CAD model that was used to create the part is 

also shown in Figure 69. Comparison of the actual model with its CAD dimensions is 

summarised in Table 5. This showed that the machine was reasonably accurate, producing an 

overall error of 3.4 %, which is acceptable.  

    
Figure 69: Square Block Actual Model 

 
Figure 70: Square CAD  model 
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Square
Actual (mm) Measured (mm) % Error

Length side1 23 23.2 0.9
Length side2 23 24 4.3
Length side3 23 23.9 3.9
Length side4 23 23.2 0.9
Height 1 8 8.5 6.3
Height 2 8 8.9 11.3
Height 3 8 9 12.5
Height 4 8 8 0.0
Diagonal 1 32.5 33.5 3.1
Diagonal 2 32.5 33.2 2.2
Total error 189 195.4 3.4  

Table 5: Square Object Analysis 

4.1.2 Circular Based Half Cylinder 

Upon the completion of the square block displaying the machines ability to produce defined 

straight edges, a circular based cylinder was created to display the fabrication of well defined 

curves as shown by Figure 71 and Figure 72. Production of cylinders of varying diameters 

allowed the extent of the accuracy of the fabrication machine to be determined to improve 

creation of further objects. It helped to determined how small diameters could be produced 

and to display the quality of the curved objects that could be produced. As with the square 

block, all variations of the circular based cylinder produced were accurate with the working 

CAD model as shown by Table 6, giving confidence in fabricating objects with defined 

curves. The model in Figure 71 produced only a moderate error of 1.1% overall, which is 

quite reasonable.    

  
Figure 71: Circular Based Cylinder - Actual Model 
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Figure 72: Circular Based Cylinder CAD model 

 

Circular Based Half Cylinder
Actual (mm) Measured (mm) % Error

Diameter top 35 34.8 0.6
Diameter Bottom 39 39.5 1.3
Height 1 8.5 8.3 2.4
Height 2 8.5 9 5.9
Height 3 8.5 9 5.9
Height 4 8.5 8.6 1.2
Total Error 108 109.2 1.1  

Table 6: Circular based Cylinder Object Analysis 

4.1.3 Square Block with an Internal Hole 

A combination of the square and circle design was used in the fabrication of a square block 

with an internal hole as shown in Figure 73. Figure 74 shows the CAD drawing that was used 

to create this model. Creation of these objects demonstrated how the machine can produce the 

two fundamental shapes required for the creation of any 3D object together, further 

advancing towards the creation of a practical object. As with the fabrication of the previous 

shapes, the square block with an internal hole, was produced accurately to the specifications 

of the 3D CAD model as shown in Table 7. The comparison shows that an overall error of 

0.5% was produced, which is acceptable.  
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Figure 73: Square with Hole - actual model 

  

 
Figure 74: Square with Hole CAD model 

Square with Round hole
Actual (mm) Measured (mm) % Error

Length side1 33 33.5 1.5
Length side2 33 33.4 1.2
Length side3 33 33.9 2.7
Length side4 33 33.2 0.6
Height 1 11.5 11.9 3.5
Height 2 11.5 12.0 4.3
Height 3 11.5 11.2 2.6
Height 4 11.5 11.2 2.6

Diameter of Circle Top 15 14.6 3.0
Diameter of Circle Bottom 15 14.8 1.3
Diagonal 1 46.7 47.2 1.1
Diagonal 2 46.7 46.0 1.5
Total error 301.4 302.9 0.5  

Table 7: Square with Hole Object Analysis 
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4.1.4 Scale Model House 

To complete the possible shapes that the machine would need to be able to produce for 

complete fabrication of any 3D object, a scale model house with an inclined roof complete 

with chimney was created as shown in Figure 75 and Figure 76. Successful completion of the 

inclined slope on the model allows 3D objects with gradients to be created on future 

fabrication projects. The small chimney protruding from the sloped roof demonstrated how 

precise vertical protrusions are possible, again demonstrating the capabilities of the 

fabrication machine. The CAD model used for this model was reasonably complex as shown 

in Figure 77. The model produced was reasonably accurate, having a small overall error of 

0.3% as shown in Table 8.     

  
Figure 75: House – Actual Model 

    
Figure 76: House Model 
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Figure 77: House CAD model 

 

House
Actual (mm) Measured (mm) % Error

Length 44 43.8 0.5
Height overall 21.7 23 6.0
Width 24 23 4.2
Roof length 15 15.5 3.3
Chimney length 4 3.5 12.5
Chimney Width 3 3.3 10.0
Chimney height 7.2 7 2.8
Wall height 7 6.5 7.1
Fence Height 4 3.9 2.5
Fence Width 2.5 2.5 0.0
Total Error 132.4 132 0.3  

Table 8: House Object Analysis 

4.1.5 Cylindrical Dome 

A cylindrical dome was created to further expand on the creation of gradients as shown in 

Figure 78 and Figure 79. The cylindrical gradient which forms the basis for the boundary of 

the object was built up by depositing layers of circular sections with an incrementally 

decreasing outer diameter. This further displayed the ability of the fabrication machine to 

produce well defined objects and a complex range of shapes. Comparison of the CAD model 
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and actual prototype shown that the dome was reasonable accurate, producing an overall error 

of 4.8% 

   
Figure 78: Circular Dome Actual Model 

 

 
Figure 79: Cylindrical Dome CAD model 
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Cylindrical Dome
Actual (mm) Measured (mm) % Error

Diameter Top 22.5 23 2.2
Diameter Bottom 32 32.3 0.9
Diameter internal 13 13.2 1.5
Height 16 11 31.3
Total Error 83.5 79.5 4.8  

Table 9: Cylindrical Dome Object Analysis 

4.1.6 Nike Company Logo 

Rounded circular outlines in combination with clean straight edges were used in the 

fabrication of a 3D Nike company logo as shown in Figure 80 and Figure 82. This model was 

accurately produced to the design specifications, mirroring the working 3D CAD model as 

shown in Table 10. The circular boundaries were accurately produced seamless integrating 

with the straight lines of the tail of the company logo. Furthermore, the fabrication of the tail 

of the tick logo with its small internal area was accurately deposited producing the required 

sharp point. 

 
Figure 80: Nike Logo - Actual Model 

 

  
Figure 81: Nike Logo - Actual and CAD Model 
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Figure 82: Nike Tick CAD model 

Nike Tick Scaled 1.7x original
Actual (mm) Measured (mm) % Error

Length 71 70 1.4
Height 9 8.5 5.6
Tick Length 56 55 1.8
Curl Length 13 12.8 1.5
Total Width 22 21.8 0.9
Upper Width 11.1 11 0.9
Lower Width 10.9 10.4 4.6
Total error 193 189.5 1.8  

Table 10: Nike Model Object Analysis 

4.1.7  Conclusion 

The fabrication of the aforementioned objects which contained a range of shapes and 

gradients demonstrated the ability of the fabrication machine to produce a complete range of 

3D objects without design limitations on the dimensions and shape of the object. Successful 

fabrication of objects containing well defined straight edges, accurate curves and precise 

gradients are possible, allowing the creation of any complex object.  
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5  

Conclusion 

A fully operational rapid prototyping machine based on the Fab@Home system, developed 

by Cornell University, was successfully designed and constructed. The completed machine 

was able to produce a range of complex objects accurately. 

 

The project initially focused on researching previous rapid prototyping advancements relating 

to the Fab@Home model 1 SFF machine while also gaining a perception of the developments 

and technologies within the industry. The open source nature of these machines has enabled 

numerous institutions and hobbyists to build, personalise and ultimately contribute to the 

home fabrication revolution. Investigation into commercially available fabrication techniques 

provided ideologies and concepts that were applied to the final conceptual designs used in the 

construction of the fabrication machine. Thermoplastic materials were examined by their 

intrinsic properties for molecular structures that would be advantageous to our application. 

Materials previously used in home fabrication such as silicone were also researched. The 

testing of several materials determined that EVA copolymer was most suitable because of its 

functional strength, hardness and aesthetic properties. Due to the selection of thermoplastics 

as the working material, modifications to the model had to be carried out to heat the EVA 

copolymer and to deposit the heated substance accurately onto the working surface while also 

considering the heat and space limitations of the model. Modifications to the material 

deposition system to incorporate a heated screw extruder system were completed, enhancing 

the fabrication capabilities of the machine. Further design modifications were also required 

after the heated deposition system was created to ensure integration with the microcontrollers 

and fabrication software of the previous design.  
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The completed fabrication machine was then calibrated to working conditions to produce a 

range of accurate objects containing well defined straight edges, accurate curves and precise 

gradients demonstrating the ability of the fabrication machine to produce a complete range of 

3D objects without design limitations on the dimensions and shape of the object. Knowledge 

of the favourable intrinsic properties of the thermoplastic selected as the working material, in 

combination with the boundless limitations on the capabilities of the fabrication machine, 

consequently allows objects with complex dimensions to be fabricated for practical 

applications. 
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Line # Category Part Details Qty Required Unit Qty/Package Order Qty USA Unit Price U SA Line Total AUS Unit Price AUS Line Total Vendor Part Number

 Linear Stepper Motors Package SP 058 from HSI Inc.
1 Actuation Syringe Tool Linear Motor Size 11 Non-captive Hybrid Linear Actuator; 5V; bipolar; 5.25inch shaft length overall; 6.68mm long M3X0.5 thread one end; 0.125+/-0.001inchOD X 0.25inchL journal other end1 Each 1 1 $129.20 $129.20 $164.08 $164.08 HSI Inc. 28F47-05-023ENG
2 Actuation X Axis Linear Motor Size 14 External Hybrid Linear Actuator; 5V; bipolar;13.708inch shaft length overall; 0.25inchOD  X 0.000625inch (B-series) thread; 1.25inchL X 0.187+/0.001inchOD journal 1 Each 1 1 $150.00 $150.00 $190.50 $190.50 HSI Inc. E35H4B-05-012ENG
3 Actuation Y Axis LInear Motor Size 14 External Hybrid Linear Actuator; 5V; bipolar;12.878inch shaft length overall; 0.25inchOD  X 0.000625inch (B-series) thread; 1.25inchL X 0.187+/0.001inchOD journal 1 Each 1 1 $145.50 $145.50 $184.78 $184.78 HSI Inc. E35H4B-05-013ENG
4 Actuation Z Axis Linear Motor Size 14 External Hybrid Linear Actuator; 5V; bipolar; 10inch shaft length overall; 0.25inchOD  X 0.00015625inch (P-series) thread; 0.974inchL X 0.187+/0.001inchOD journal1 Each 1 1 $132.00 $132.00 $167.64 $167.64 HSI Inc. E35H4P-05-010ENG
5 Transmission X Slave Axis Lead Screw 0.25inch OD X 0.000625inch (B-series) lead screw; 14.506inch length overall; 0.187+/0.001inch OD journal both ends; 1inch and 1.25inch long1 Each 1 1 $41.89 $41.89 $53.20 $53.20 HSI Inc. LSS-025-0125A97
6 Transmission Additional Lead Nuts for X; Y Axes To couple belt driven X shaft to X carriage; and to help stabilize the Y carriage (use 2 nuts). 2 Each 1 2 $6.00 $12.00 $7.62 $15.24 HSI Inc. 42-195-2

Approximate $775.44
HSI inc Actual Quoted $775.44 Shipping included

Electronics
2 Electronics Nylon Zip Cable Ties; 4 inch long For cable bundling and securing 10 Each 100 1 $2.10 $2.10 $2.67 $2.67 Action Electronics GL-GT-18S3
3 Electronics 4 Conductor Shielded 22awg   $0.44 /Per Foot Cable extensions for stepper motors 10 Foot 1 10 $0.44 $4.40 $0.56 $5.59 Action Electronics JS-6152-1
4 Electronics 2 Conductor No Shield 22awg   $0.28 /Per Foot Cable for limit switches 20 Foot 1 20 $0.28 $5.60 $0.36 $7.11 Action Electronics JS-5050-1 
5 Electronics Flat Ribbon Cable; 26 Conductor; 28 AWG stranded; Grey Cable connection between microcontroller and amplifier/breakout board/limit switches 2 Foot 3 1 $0.55 $0.55 $0.70 $0.70 Action Electronics PP-F28A26G-1 26C
6 Electronics 24VDC Power Supply for Stepper Amplifiers 24V; 1.67A; 40W  Desktop Power Supply; No AC cord; 3-pin IEC 320 inlet 1 Each 1 1 $51.08 $51.08 $64.87 $64.87 DigiKey EPS363-ND
7 Electronics AC Power Cord; IEC 3 prong to USA 3 prong plug 2m long; AC power cable for power supply 1 Each 1 1 $3.52 $3.52 $4.47 $4.47 DigiKey AE9888-ND
8 Electronics 26 Pin Ribbon Cable Male Plug 26 pin; 2 row 0.1inchx0.1inch pitch ribbon cable male  plug connector; w/o flanges for connecting to LPC-H2148 headers 2 Each 1 2 $6.16 $12.32 $7.82 $15.65 DigiKey MPK26K-ND
9 Electronics Strain relief for 26 Pin Ribbon Cable Matching strain relief for 26 pin ribbon cable IDC connector 2 Each 1 2 $0.69 $1.38 $0.88 $1.75 DigiKey MPSR26-ND

10 Electronics Limit switch Normally open; SPST connectorized; 51 gmf actuation; false roller snap action switch for limit switch 6 Each 1 6 $2.09 $12.54 $2.65 $15.93 DigiKey SW884-ND
11 Electronics Cable connector for Limit Switch JST type XA 2 position connector for Omron limit switches 6 Each 10 1 $0.54 $0.54 $0.69 $0.69 DigiKey 455-1903-ND
12 Electronics Crimp contacts for limit switch connector JST crimp contacts for XA connector; 28-22 AWG - Need 2 per switch connector 12 Each 10 2 $0.34 $0.68 $0.43 $0.86 DigiKey 455-1904-1-ND
13 Electronics 10kOhm, bussed 9 resistor network, SIP Soldered onto Xylotex board to pulldown limit switches; 10kOhm; 10 pin SIP; 9 resistors; 1 end bussed to 10th pin 1 Each 1 1 $0.65 $0.65 $0.83 $0.83 DigiKey 4310R-1-103LF-ND
14 Electronics USB Cable; A male to B male; 2m long Connect PC to Fab@Home Microcontroller 1 Each 1 1 $3.89 $3.89 $4.94 $4.94 DigiKey AE1493-ND
15 Electronics Electronics Standoff Spacers; #4-40 threaded; male/female; 0.5 inch long; aluminum Mount Xylotex amplifier board and Winford DB25 Breakout board to the Fab@Home base rear; M-F 4-40 threaded aluminum hex 0.5 inch long16 Each 10 2 $4.69 $9.38 $5.96 $11.91 DigiKey 8401K-ND
16 Electronics PET Braided sleeving; 1/4inch ID nominal; 10' Abrasion protection and bundling of cables 10 Foot 10 1 $3.26 $3.26 $4.14 $4.14 McMaster-Carr 9284K2
17 Electronics Heat-Shrink Tubing, Black Poleolefin, Assortment Kit Heat shrink tubing assortment kit used to insulate and reinforce soldered cable connections 1 Kit 1 1 $10.95 $10.95 $13.91 $13.91 DigiKey STA-KIT-ND
18 Electronics LPC-H2148 Microcontroller Board Philips ARM7TDMI microcontroller board with header connections and USB port; board MFG by Olimex 1 Each 1 1 $39.95 $39.95 $50.74 $50.74 Sparkfun Inc. LPC-H2148
19 Electronics DB25 Female to Screw Terminal break out board Simplify wiring from Xylotex amplifier board to the LPC2148 1 Each 1 1 $19.99 $19.99 $25.39 $25.39 Winford Engineering BRK25F-R-FT
20 Electronics Stepper Motor Amplifier Board 4 Axis Stepper Motor Amplifier Board; 1 Each 1 1 $185.00 $185.00 $234.95 $234.95 Xylotex Inc. XS3525-8S-4

Miscellaneous
21 Miscellaneous SS Round Knurled Thumb Nut for Syringe Piston; M3-0.5 thread; 12mm OD; 7.5mm H Used as insert in neoprene pistons to couple to syringe tool motor shaft 5 Each 1 5 $1.62 $8.10 $2.06 $10.29 McMaster-Carr 90368A150

Positioning
22 Positioning Linear Shaft; X; Z axes Hardened Precision Steel Shaft; 1/2inch OD; 12inch long 4 Each 1 4 $8.46 $33.84 $10.74 $42.98 McMaster-Carr 6061K33
23 Positioning Linear ball bearings for X; Y axes Self-aligning bearings seem to have too much play when only 1/shaft. 4 Each 1 4 $18.48 $73.92 $23.47 $93.88 McMaster-Carr 60595K73 
24 Positioning Aluminum Pillow Blocks for X;Y linear bearings; 7/8inch Bore Pillow blocks to hold fixed-aligment linear ball bearings 4 Each 1 4 $27.45 $109.80 $34.86 $139.44 McMaster-Carr 9804K3
25 Positioning Linear Shaft; Y axis Hardened Precision Steel Shaft; 1/2inchOD; 12inch long; 1/4-20 tapped ends; 1/2inch deep 2 Each 1 2 $47.70 $95.40 $60.58 $121.16 McMaster-Carr 6649K2
26 Positioning Flange ball bearing for Z axis Flange-Mount Fixed-Align Linear Ball Bearing Std Length; Round Flange; 1/2inch ID; Steel Sleeve 2 Each 1 2 $25.26 $50.52 $32.08 $64.16 McMaster-Carr 6483K53
27 Positioning Shaft Collar One-Piece Aluminum Clamp-On Collar 1/2inch Bore; 1-1/8inch Outside Diameter; 13/32inch Width 6 Each 1 6 $2.36 $14.16 $3.00 $17.98 McMaster-Carr 6157K14
28 Positioning Flange shaft supports for X Axis Four-Bold Flange Mount Shaft Supports; for 1/2inch Shaft OD; Aluminum 4 Each 1 4 $44.41 $177.64 $56.40 $225.60 McMaster-Carr 57745K21

Structure
29 Structure #8-32 brass threaded inserts Brass Threaded Insert for Thermoplastics Tapered; 8-32 Internal Thread; .185inch Length; Packs of 100 31 Each 100 1 $9.86 $9.86 $12.52 $12.52 McMaster-Carr 93365A140
30 Structure 1/4-20 brass threaded inserts; 0.3inch length Brass Threaded Insert for Thermoplastics Tapered; 1/4-20 internal thread; 0.3inch length; pack of 50 4 Each 50 1 $10.79 $10.79 $13.70 $13.70 McMaster-Carr 93365A160 
31 Structure #6-32 SS socket cap screw; 1/2inch length Mounting linear bearings to acrylic sheet; etc. 12 Each 100 1 $4.89 $4.89 $6.21 $6.21 McMaster-Carr 92196A148
32 Structure #6-32 nylon locknut; 11/64inchh; 5/16inchw For mounting X-axis HSI external nuts to nut flanges on XY coupling bracket. 6 Each 100 1 $5.19 $5.19 $6.59 $6.59 McMaster-Carr 91831A007
33 Structure 1/4-20 to #6-32 Threaded Insert for Metal For reducing tap size of Y-rail ends from 1/4-20 to #6-32 for mounting to X linear bearing pillow blocks. 9/32inch long - rail is tapped 1/2inch deep.4 Each 10 1 $6.75 $6.75 $8.57 $8.57 McMaster-Carr 90248A017
34 Structure #6-32 SS socket cap screw; 1inch length; partial thread Fastening Z-axis HSI External Nut to Z-Carriage 4 Each 100 1 $5.94 $5.94 $7.54 $7.54 McMaster-Carr 92196A153
35 Structure #8-32 SS socket cap screw; 3/4inch length Mounting X rail flange mounts to base walls; for belt tensioner, and mounting Z-table to Z-Carriage 18 Each 100 1 $5.67 $5.67 $7.20 $7.20 McMaster-Carr 92196A197
36 Structure 18-8 Stainless Steel Flat Washer 8 Screw Size, 11/64" Id, 3/8" Od, .024"-.038" Thk Mounting the Z table to the Z carriage; prevent stress cracks in Z-Table Support Cross from spring forces associated with leveling the table15 Each 100 1 $1.72 $1.72 $2.18 $2.18 McMaster-Carr 92141A009
37 Structure M3-0.5 SS socket cap screw; 10mm length Mounting X; and Y linear motors to ~0.25inch acrylic. 8 Each 100 1 $6.32 $6.32 $8.03 $8.03 McMaster-Carr 91292A113
38 Structure M3-0.5 SS socket cap screw; 40mm length Mounting Z linear motor under 0.25inch acrylic. 4 Each 25 1 $8.42 $8.42 $10.69 $10.69 McMaster-Carr 91292A024
39 Structure #8-32 SS socket cap screw; 1inch length Mounting Z flange bearings to 3-layer stack for Z-table. 8 Each 100 1 $6.65 $6.65 $8.45 $8.45 McMaster-Carr 92196A199
40 Structure M3 SS washers; 9mmOD; 0.7mm thick HSI Motor mounting to acrylic sheet. 16 Each 100 1 $1.80 $1.80 $2.29 $2.29 McMaster-Carr 91116A120
41 Structure #6-32 SS Hex Nut; 7/64 thick; 5/16 OD Tab/Notch assembly for acrylic sheet parts in tight location - esp. on Z table around flange bearings 8 Each 100 1 $2.90 $2.90 $3.68 $3.68 McMaster-Carr 91841A007
42 Structure #4-40 SS socket cap screw; 1/2inch length Tab/Notch assembly for acrylic sheet parts of syringe tool and Y-carriage; mounting electronics to base rear 31 Each 100 1 $3.97 $3.97 $5.04 $5.04 McMaster-Carr 92196A110
43 Structure #4-40 hex nut; 3/16inch W; 1/16inch H Tab/Notch assembly for acrylic sheet parts of syringe tool and Y-carriage 31 Each 100 1 $3.48 $3.48 $4.42 $4.42 McMaster-Carr 90730A005
44 Structure #6-32 SS socket cap screw; 3/4inch length Mounting syringe tool to Y carriage; and attaching Y rails to X linear bearing pillow blocks 10 Each 100 1 $5.06 $5.06 $6.43 $6.43 McMaster-Carr 92196A151
45 Structure #6-32 Brass Threaded Inserts; 0.150inch Length On the Z carriage; Y carriage and XY coupling plates to allow attachment of acrylic pieces to linear bearing pillow blocks or to lead nuts27 Each 100 1 $8.72 $8.72 $11.07 $11.07 McMaster-Carr 93365A130
46 Structure #6-32 SS socket cap screw; 5/8inch length For various assembly; especially acrylic sheet-edge to square nut assembly 84 Each 100 1 $4.95 $4.95 $6.29 $6.29 McMaster-Carr 92196A150
47 Structure #6-32 Flat Square Nut; Steel; 5/16inch OD; 7/64inch thk Tab/Notch assembly for acrylic sheet parts 84 Each 100 1 $1.06 $1.06 $1.35 $1.35 McMaster-Carr 94855A115
48 Structure Wave spring washers; 0.194inch ID; 0.242inch OD; 0.0057inch thk Bearing spacing for pulleys and shaft collars on X; Y; Z lead screws 20 Each 25 1 $8.06 $8.06 $10.24 $10.24 McMaster-Carr 9714K22
49 Structure Compression Spring; 302 SS; 3/8"H x 0.24"OD x 0.196"ID; 10lb/inch For build surface leveling; used as counter force to screws holding table to Z carriage. 5 Each 5 1 $4.58 $4.58 $5.82 $5.82 McMaster-Carr 9435K35
50 Structure M2.5X0.45 SS Socket Cap Screw; 8mm length For mounting Syringe Tool Motors to Syringe Tool 4 Each 100 1 $11.85 $11.85 $15.05 $15.05 McMaster-Carr 91292A012 
51 Structure Rubber Foot; 1/4-20 X1/2inch thread; 1inchdiameter 25lb rated Rubber feet for system 4 Each 4 1 $5.82 $5.82 $7.39 $7.39 McMaster-Carr 9377K53
52 Structure 1/4-20 SS Hex Nut; 7/16inch W; 3/16inch H To space rubber feet 4 Each 100 1 $6.23 $6.23 $7.91 $7.91 McMaster-Carr 91841A029
53 Structure #2-56 X 5/8inch SS socket cap screw Screws for mounting the limit switches to acrylic sheet parts 12 Each 100 1 $7.10 $7.10 $9.02 $9.02 McMaster-Carr 92196A083
54 Structure #2-56 SS hex nut For mounting the limit switches to acrylic sheet parts 12 Each 100 1 $2.85 $2.85 $3.62 $3.62 McMaster-Carr 91841A003
55 Structure Translucent Acrylic Sheet Parts; 0.234inch thick; 1 set 1 Set of Laser Cut Acrylic Sheet Parts for a Fab@Home kit base unit; 1-syringe tool; and build surface; contract manufactured 1 Set 1 1 $391.85 $391.85 $497.65 $497.65 Koba Industries TBD

Transmission
56 Transmission Aluminum Shaft Collar for Syringe Tool Motor Used to prevent rotation of non-captive syringe tool motor shaft 1 Each 1 1 $0.81 $0.81 $1.03 $1.03 McMaster-Carr 9946K41
57 Transmission #6-32 SS socket cap shoulder screw Used to prevent rotation of non-captive syringe tool motor shaft;18-8 Ss Precision Hex Socket Shoulder Screw 5/32" Shoulder Dia; 1/2" L Shoulder; 6-32 Thread1 Each 1 1 $2.64 $2.64 $3.35 $3.35 McMaster-Carr 94035A529
58 Transmission Ball bearings for HSI motors free ends and belt tensioner Ball-bearing ABEC5; double shield; flanged; for 0.1875inch OD shaft 7 Each 1 7 $6.09 $42.63 $7.73 $54.14 McMaster-Carr 57155K321
59 Transmission SS303 Shaft; 0.1872inch OD; 1.75inch long for Belt Tensioner Stainless steel shaft for belt tensioner; 0.1872+/-0.001inch OD X 1.75inch 1 Each 1 1 $1.87 $1.87 $2.37 $2.37 SDP-SI A 7X 1-06017
60 Transmission Timing belt to couple x-drives Timing Belt; Pitch Length 29inch; Urethane/Kevlar; 3/8inch 1 Each 1 1 $9.10 $9.10 $11.56 $11.56 SDP-SI A 6B 3-145037
61 Transmission Timing pulleys to couple x-drives Timing Pulley; 0.2 XL Pitch; 0.375inch belt; Fairloc hub; PD 0.828inch 3 Each 1 3 $11.12 $33.36 $14.12 $42.37 SDP-SI A 6H 3-13DF03706
62 Transmission Shaft collar for HSI motors free ends Stainless Steel Set-screw Shaft Collar 3 Each 1 3 $5.79 $17.37 $7.35 $22.06 SDP-SI A 7X 2-11406

Approximate $2,008.39
Deposit $889.00

From Koba Industries Actual Quoted $3,752.82 Includes $889 AUD deposit.Shipping not included
Deposition Tools

63 Deposition Tools Barrel - Piston set clear (30) 30 clear syringes of 10 cubic centremeters 1 Each 30 1 - - $34.62 $34.62 Nordson Australia 5111CP-B
64 Deposition Tools 10CC Neoprene Pistons 30 black neoprene pistons 1 Each 30 1 - - $23.75 $23.75 Nordson Australia 5111S-B
64 Deposition Tools Syringe tipes trial pack FREE sample Syringe tips of various sizes 1 Each 20 1 - - $0.00 $0.00 Nordson Australia 7500TK

Approximate $58.37
From Nordson Actual Quoted $58.37 Shipping not included

Exchange Rate Miltiplier $497.61 Shipping total $503.45 (Shipping cost of Koba and Nor dson)
1.26999 RAW COST $5,090.08 Including shipping

OVERALL COST $4,201.08 Subtracting Deposit  



 

 

Appendix B – CAD Drawings 

 



 

 



 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

Appendix C – Heat Transfer 

Calculations 



 

 

Summary: 

The power needed to raise the temperature of the deposition cylinder from 27°C to 150°C at 
the centre, in 15 minutes, was calculated using theoretical formulas from Mills, A’s 1999 Heat 
Transfer text, as approximately 21 watts.  
 
The analysis below assumed that the deposition cylinder’s shape was a series of cylinders as 
shown by the changes from Figure 83 to Figure 84. This simplification was necessary to allow 
us to utilise the Heat Transfer formulas. To reduce the errors in this assumption, the cylinder’s 
surface areas were made similar to the actual surface area of the Cylinder.  
 

Comments: 

1.The heat lost from the cylinders will be greater than the actual, as the cylinders have a 
slightly larger surface area than in reality.  

2.Assuming that the entire external brass surface area was completely covered by the coil, 
when in fact it isn’t, will produce a larger power required value. This is due to a larger 
surface area radiating heat to the environment.  

3.A transient analysis would be more accurate, but would require numerous iterations that 
can only be done by computer. This analysis provides a good approximate for the 
power required. The actual power desired can be found experimentally.    

 
Figure 83: Original Deposition Cylinder 

 
Figure 84: Simplified Deposition Cylinder For Analysis 

 

Analysis: 



 

 

The power required will be the sum of the energy needed to heat the hot melts, as well as the 

energy that is lost to the surroundings, as shown by the equation below: 

LostHeatingTotal QQQ ��� +=  

 

Assumptions: 

1. 1-dimensional 
2. Steady State 
3. The operating temperature is 150°C 
4. Brass tube is (30 Zn) at 300K 
5. Hot Melt Adhesive Specific Heat Capacity is 2010 J/kg.K at 300K 
6. External Surface area of deposition tube is completely covered by coils 
7. The convection coefficient ch  

 

Energy Required to Heat Hot Melts: 

The total energy is a sum of heat required to raise the temperature of the cylinder as well as the 

hot melts.  

HotMeltsCylinderHeating QQQ +=  

 

TmCQ pCylinder D=  (Energy needed to heat Cylinder) 

m =0.064068 kg (mass) 

pC  =380 J/kg.K (Mills A.1999 - Appendix A -Table A.1a)(Specific Heat Capacity) 

TD  =(150 – 20)°C=(423-293)K (Change in Temperature) 

KJQCylinder 16.3=\  

 

TmCQ pHotMelts D= ( Energy needed to heat Hot Melt Adhesives) 

Vm ´= r  (Mass) 

r  =8.3 lb/gallon = 994.6 3/ mkg  ( 3/826.119/1 mkggallonlb = )(Density) 

V= The volume of hot melt pellets inside the Tube  

BearingOrgerNozzleCylindertotal VVVVV --+=  (Volumes of each part) 

CylinderV  =28515.101 3mm  

NozzleV  =2052.893 3mm  

OrgerV  =2664.218 3mm  



 

 

BearingV  =406.047 3mm  

729.27497=totalV 3mm = 3510750.2 m-´  

m =.0273 kg 

pC  =2010 J/kg.K (Specific Heat Capacity)  

TD  =(150 – 20)°C=(423-293)K (Change in Temperature) 

KJQHotMelts 15.7=\   

 

KJQHeating 3.1015.716.3 =+=\  

 

If we assume the time for reaching operating temperature is approximately 15 minutes, the 

power required is; 

JKJ 1031010003.10 =´   

 15minutes=900seconds 

WsJonds
JQHeating 5.11/46.11sec900

10310 ===�   

 

Now that we know the heat required in raising the temperature of the cylinder and hot melts to 

150°C, is 11.5 watts, we can use this power to determine the approximate temperature of the 

coil. The cylinders have been analysed using the dimensions shown in Figure 84 above. 

 

Cylinder 1: 
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KTT )423( 1 -=D (Change in Temperature) 
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pp
+= [1 divided by (The overall heat transfer coefficient*the surface area)] 

KmWkbrass ./111= (Mills, A 1999 – Appendix A Table A.1a)(Conductivity) 

rco hhh += (Heat transfer coefficient to surroundings) 

0=ch (It is assumed the thermoplastic beads are so tightly packed that they represent a 

vacuum where convection can be neglected)(Convection Coefficient) 

34 mr Th es= (Radiation Coefficient) 

6.0=e  (Mills, A 1999 – Appendix A Table A.5.a Oxidised Brass)(Emissivity) 

428 ./1067.5 KmW-´=s (Stephen Boltzmann Constant) 

89915392)448( 33 == KTm [We guess the temperature will roughly be 150-200°C. Thus we 

assume the temperature of the internal brass side is 175°C.] (Mean Temperature of Brass tube) 

KmWhh ro ./2357.12 2==\  

63354.1
1

62593.100761784.0
1

)2357.12)(008.0(2
1

)111)(042.0(2
)008./01ln(.1
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UA

UA

UA pp
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T
�

+= 4231  

CKT °@= 169786.4411  (So the internal brass temperature, assumption of 175°C, only 

produced a 4% error, which is acceptable.)  

 

Cylinder 2: 
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KTT )423( 1 -=D (Change in Temperature) 
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)/ln(1

pp
+= [1 divided by (The overall heat transfer coefficient*the surface area)] 

KmWkbrass ./111= (Mills, A 1999 – Appendix A Table A.1a) (Conductivity) 

rco hhh += (Heat transfer coefficient to surroundings) 

0=ch (It is assumed the thermoplastic beads are so tightly packed that they represent a 

vacuum where convection can be neglected)( Convection Coefficient) 

34 mr Th es= (Radiation Coefficient) 

6.0=e  (Mills, A 1999 – Appendix A Table A.5.a Oxidised Brass)(Emissivity) 

428 ./1067.5 KmW-´=s ( Stephen Boltzmann Constant) 

89915392)448( 33 == KTm [We guess the temperature will roughly be 150-200°C. Thus we 

assume the temperature of the internal brass side is 175°C.] (Mean Temperature of Brass tube) 

KmWhh ro ./2357.12 2==\  

64000.1
1

62593.10140734.0
1
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+= 4231  

CKT °@= 169860.4411  (So the internal brass temperature, assumption, only produced a 4% 

error, which is acceptable.)  

 

Cylinder 3: 
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pp
+= [1 divided by (The overall heat transfer coefficient*the surface area)] 

KmWkbrass ./111= (Mills, A 1999 – Appendix A Table A.1a)(Conductivity) 

rco hhh += ( Heat transfer coefficient to surroundings) 

0=ch (It is assumed the thermoplastic beads are so tightly packed that they represent a 

vacuum where convection can be neglected)(Convection Coefficient) 

34 mr Th es= (Radiation Coefficient) 

6.0=e  (Mills, A 1999 – Appendix A Table A.5.a Oxidised Brass)(Emissivity) 

428 ./1067.5 KmW-´=s (Stephen Boltzmann Constant) 

89915392)448( 33 == KTm [We guess the temperature will roughly be 150-200°C. Thus we 

assume the temperature of the internal brass side is 175°C.] (Mean Temperature of Brass tube) 

KmWhh ro ./2357.12 2==\  
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1
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CKT °@= 157527.4291   

 

Energy lost to the Surroundings: 

Assumptions: 

1.The heat losses are only through the insulation and to the air.  
2.The cylinder centre is a uniform temperature. This temperature is the same as the heating 

coil (170°C) 
3.There is no heat loss through the brass and to the centre of the tube 

 

The solution will be found by finding the heat lost from all three cylinders as shown by the 

equation below: 

321 CylinderCylinderCylinderLost QQQQ ���� ++=  

 

Cylinder 1: 

 

 

TUAQCylinder D=1
� (Power) 

KT 143)300443( =-=D (Change in Temperature) 

oinsulation hrLk

rr

UA 4

34

2
1

2

)/ln(1
pp

+= [1 divided by (The overall heat transfer coefficient*the surface 

area)] 

 KmWkinsulation ./05745.0= (Mills, A 1999 – Appendix A Table A.3 Fiberglass)(Conductivity) 

rco hhh += ( Heat transfer coefficient to surroundings) 

KmWhc ./14 2= ( Mills, A 1999 – Table 1.4 pg22 Free convection to air is approximately 3-

25W/m2.K. We assumed the average) (Convention Coefficient) 

34 mr Th es= (Radiation Coefficient) 



 

 

780025.0=e  (Mills, A 1999 – Appendix A Table A.5.b Silicon Oxide fused SiO2) 

(Emissivity) 
428 ./1067.5 KmW-´=s (Stephen Boltzmann Constant) 

88.51271550)5.371()
2

300443
( 333 ==

+
= KTm (We guess the temperature of the fibreglass 

will roughly be the mean of 443 and 300K.(Mean Temperature)  

KmWhr ./07043.9 2=  

0704.23=oh  

2943.40
1

)0704.23)(022.0(2
1

)05745)(.042.0(2
)012./022ln(.1

=

+=

UA

UA pp
 

WKQCylinder 5.354889.3)143)(0248174.0(1 ===\ �  

 

Cylinder 2: 

 

 

TUAQCylinder D=2
� (Power) 

KT 143)300443( =-=D (Change in Temperature) 

oinsulation hrLk

rr

UA 4

34

2
1

2

)/ln(1
pp

+= [1 divided by (The overall heat transfer coefficient*the surface 

area)] 

 KmWkinsulation ./05745.0= (Mills, A 1999 – Appendix A Table A.3 Fiberglass) (Conductivity) 

rco hhh += ( Heat transfer coefficient to surroundings) 

KmWhc ./14 2= (Mills, A 1999 – Table 1.4 pg22 Free convection to air is approximately 3-

25W/m2.K. We assumed the average) (Convection Coefficient) 



 

 

34 mr Th es= (Radiation Coefficient) 

780025.0=e  (Mills, A 1999 – Appendix A Table A.5.b Silicon Oxide fused SiO2) 

(Emissivity) 

428 ./1067.5 KmW-´=s (Stephen Boltzmann Constant) 

88.51271550)5.371()
2

300443
( 333 ==

+
= KTm (We guess the temperature of the fibreglass 

will roughly be the mean of 443 and 300K.) (Mean Temperature)  

KmWhr ./07043.9 2=  

0704.23=oh  

609.149
1

)0704.23)(021.0(2
1

)05745)(.012.0(2
)011./021ln(.1

=

+=

UA

UA pp
 

WKQCylinder 96.0955825.054889.3)143)(00668409.0(2 ====\ �  

 

Cylinder 3: 

 

TUAQCylinder D=3
� (Power) 

KT 143)300443( =-=D (Change in Temperature) 

oinsulation hrLk

rr

UA 4

34

2
1

2

)/ln(1
pp

+= [1 divided by (The overall heat transfer coefficient*the surface 

area)] 

 KmWkinsulation ./05745.0= (Mills, A 1999 – Appendix A Table A.3 Fiberglass) (Conductivity) 

rco hhh += ( Heat transfer coefficient to surroundings) 



 

 

KmWhc ./14 2= (Mills, A 1999 – Table 1.4 pg22 Free convection to air is approximately 3-

25W/m2.K. We assumed the average) (Convection Coefficient) 

34 mr Th es= (Radiation Coefficient) 

780025.0=e  (Mills, A 1999 – Appendix A Table A.5.b Silicon Oxide fused SiO2) 

(Emissivity) 

428 ./1067.5 KmW-´=s (Stephen Boltzmann Constant) 

88.51271550)5.371()
2

300443
( 333 ==

+
= KTm (We guess the temperature of the fibreglass 

will roughly be the mean of 443 and 300K) (Mean Temperature) 

KmWhr ./07043.9 2=  

0704.23=oh  

2424.30
1

)0704.23)(036.0(2
1

)05745)(.03.0(2
)026./036ln(.1

=

+=

UA

UA pp
 

WKQCylinder 7.47285.4)143)(0330661.0(3 ===\ �  

 

The Total Heat lost from the Deposition Cylinders: 

321 CylinderCylinderCylinderLost QQQQ ���� ++=     

WQLost 2.97.496.05.3 =++=�                                

 

Adding together the heat needed to raise the temperature of the brass cylinder and beads as 

well as the heat lost to the surroundings. The total heat required for the heating element 

becomes: 

 

LostHeatingTotal QQQ ��� +=
 

WQTotal 217.202.95.11 @=+=�                     



 

 

Appendix D – Model 1 Equipment 
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14
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16
17
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22
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24
25
26
27
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29
30
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51
52
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54
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64
65
66
67
68
69
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72
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74
75
76
77
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A B C D E F G H I J K L M N
Line # Category Part Details Qty Required Unit Qty/Package Order Qty USA Unit Price USA Line Total AUS Unit Price AUS Line Total Vendor Part Number

 Linear Stepper Motors Package SP 058 from HSI Inc.
1 Actuation Syringe Tool Linear Motor Size 11 Non-captive Hybrid Linear Actuator; 5V; bipolar; 5.25inch shaft length overall; 6.68mm long M3X0.5 thread one end; 0.125+/-0.001inchOD X 0.25inchL journal other end1 Each 1 1 $129.20 $129.20 $164.08 $164.08 HSI Inc. 28F47-05-023ENG
2 Actuation X Axis Linear Motor Size 14 External Hybrid Linear Actuator; 5V; bipolar;13.708inch shaft length overall; 0.25inchOD  X 0.000625inch (B-series) thread; 1.25inchL X 0.187+/0.001inchOD journal 1 Each 1 1 $150.00 $150.00 $190.50 $190.50 HSI Inc. E35H4B-05-012ENG
3 Actuation Y Axis LInear Motor Size 14 External Hybrid Linear Actuator; 5V; bipolar;12.878inch shaft length overall; 0.25inchOD  X 0.000625inch (B-series) thread; 1.25inchL X 0.187+/0.001inchOD journal 1 Each 1 1 $145.50 $145.50 $184.78 $184.78 HSI Inc. E35H4B-05-013ENG
4 Actuation Z Axis Linear Motor Size 14 External Hybrid Linear Actuator; 5V; bipolar; 10inch shaft length overall; 0.25inchOD  X 0.00015625inch (P-series) thread; 0.974inchL X 0.187+/0.001inchOD journal1 Each 1 1 $132.00 $132.00 $167.64 $167.64 HSI Inc. E35H4P-05-010ENG
5 Transmission X Slave Axis Lead Screw 0.25inch OD X 0.000625inch (B-series) lead screw; 14.506inch length overall; 0.187+/0.001inch OD journal both ends; 1inch and 1.25inch long1 Each 1 1 $41.89 $41.89 $53.20 $53.20 HSI Inc. LSS-025-0125A97
6 Transmission Additional Lead Nuts for X; Y Axes To couple belt driven X shaft to X carriage; and to help stabilize the Y carriage (use 2 nuts). 2 Each 1 2 $6.00 $12.00 $7.62 $15.24 HSI Inc. 42-195-2

Electronics
7 Electronics Nylon Zip Cable Ties; 4 inch long For cable bundling and securing 10 Each 100 1 $2.10 $2.10 $2.67 $2.67 Action Electronics GL-GT-18S3
8 Electronics 4 Conductor Shielded 22awg   $0.44 /Per Foot Cable extensions for stepper motors 10 Foot 1 10 $0.44 $4.40 $0.56 $5.59 Action Electronics JS-6152-1
9 Electronics 2 Conductor No Shield 22awg   $0.28 /Per Foot Cable for limit switches 20 Foot 1 20 $0.28 $5.60 $0.36 $7.11 Action Electronics JS-5050-1 

10 Electronics Flat Ribbon Cable; 26 Conductor; 28 AWG stranded; Grey Cable connection between microcontroller and amplifier/breakout board/limit switches 2 Foot 3 1 $0.55 $0.55 $0.70 $0.70 Action Electronics PP-F28A26G-1 26C
11 Electronics 24VDC Power Supply for Stepper Amplifiers 24V; 1.67A; 40W  Desktop Power Supply; No AC cord; 3-pin IEC 320 inlet 1 Each 1 1 $51.08 $51.08 $64.87 $64.87 DigiKey EPS363-ND
12 Electronics AC Power Cord; IEC 3 prong to USA 3 prong plug 2m long; AC power cable for power supply 1 Each 1 1 $3.52 $3.52 $4.47 $4.47 DigiKey AE9888-ND
13 Electronics 26 Pin Ribbon Cable Male Plug 26 pin; 2 row 0.1inchx0.1inch pitch ribbon cable male  plug connector; w/o flanges for connecting to LPC-H2148 headers 2 Each 1 2 $6.16 $12.32 $7.82 $15.65 DigiKey MPK26K-ND
14 Electronics Strain relief for 26 Pin Ribbon Cable Matching strain relief for 26 pin ribbon cable IDC connector 2 Each 1 2 $0.69 $1.38 $0.88 $1.75 DigiKey MPSR26-ND
15 Electronics Limit switch Normally open; SPST connectorized; 51 gmf actuation; false roller snap action switch for limit switch 6 Each 1 6 $2.09 $12.54 $2.65 $15.93 DigiKey SW884-ND
16 Electronics Cable connector for Limit Switch JST type XA 2 position connector for Omron limit switches 6 Each 10 1 $0.54 $0.54 $0.69 $0.69 DigiKey 455-1903-ND
17 Electronics Crimp contacts for limit switch connector JST crimp contacts for XA connector; 28-22 AWG - Need 2 per switch connector 12 Each 10 2 $0.34 $0.68 $0.43 $0.86 DigiKey 455-1904-1-ND
18 Electronics 10kOhm, bussed 9 resistor network, SIP Soldered onto Xylotex board to pulldown limit switches; 10kOhm; 10 pin SIP; 9 resistors; 1 end bussed to 10th pin 1 Each 1 1 $0.65 $0.65 $0.83 $0.83 DigiKey 4310R-1-103LF-ND
19 Electronics USB Cable; A male to B male; 2m long Connect PC to Fab@Home Microcontroller 1 Each 1 1 $3.89 $3.89 $4.94 $4.94 DigiKey AE1493-ND
20 Electronics Electronics Standoff Spacers; #4-40 threaded; male/female; 0.5 inch long; aluminum Mount Xylotex amplifier board and Winford DB25 Breakout board to the Fab@Home base rear; M-F 4-40 threaded aluminum hex 0.5 inch long16 Each 10 2 $4.69 $9.38 $5.96 $11.91 DigiKey 8401K-ND
21 Electronics PET Braided sleeving; 1/4inch ID nominal; 10' Abrasion protection and bundling of cables 10 Foot 10 1 $3.26 $3.26 $4.14 $4.14 McMaster-Carr 9284K2
22 Electronics Heat-Shrink Tubing, Black Poleolefin, Assortment Kit Heat shrink tubing assortment kit used to insulate and reinforce soldered cable connections 1 Kit 1 1 $10.95 $10.95 $13.91 $13.91 DigiKey STA-KIT-ND
23 Electronics LPC-H2148 Microcontroller Board Philips ARM7TDMI microcontroller board with header connections and USB port; board MFG by Olimex 1 Each 1 1 $39.95 $39.95 $50.74 $50.74 Sparkfun Inc. LPC-H2148
24 Electronics DB25 Female to Screw Terminal break out board Simplify wiring from Xylotex amplifier board to the LPC2148 1 Each 1 1 $19.99 $19.99 $25.39 $25.39 Winford Engineering BRK25F-R-FT
25 Electronics Stepper Motor Amplifier Board 4 Axis Stepper Motor Amplifier Board; 1 Each 1 1 $185.00 $185.00 $234.95 $234.95 Xylotex Inc. XS3525-8S-4

Miscellaneous
26 Miscellaneous SS Round Knurled Thumb Nut for Syringe Piston; M3-0.5 thread; 12mm OD; 7.5mm H Used as insert in neoprene pistons to couple to syringe tool motor shaft 5 Each 1 5 $1.62 $8.10 $2.06 $10.29 McMaster-Carr 90368A150

Positioning
27 Positioning Linear Shaft; X; Z axes Hardened Precision Steel Shaft; 1/2inch OD; 12inch long 4 Each 1 4 $8.46 $33.84 $10.74 $42.98 McMaster-Carr 6061K33
28 Positioning Linear ball bearings for X; Y axes Self-aligning bearings seem to have too much play when only 1/shaft. 4 Each 1 4 $18.48 $73.92 $23.47 $93.88 McMaster-Carr 60595K73 
29 Positioning Aluminum Pillow Blocks for X;Y linear bearings; 7/8inch Bore Pillow blocks to hold fixed-aligment linear ball bearings 4 Each 1 4 $27.45 $109.80 $34.86 $139.44 McMaster-Carr 9804K3
30 Positioning Linear Shaft; Y axis Hardened Precision Steel Shaft; 1/2inchOD; 12inch long; 1/4-20 tapped ends; 1/2inch deep 2 Each 1 2 $47.70 $95.40 $60.58 $121.16 McMaster-Carr 6649K2
31 Positioning Flange ball bearing for Z axis Flange-Mount Fixed-Align Linear Ball Bearing Std Length; Round Flange; 1/2inch ID; Steel Sleeve 2 Each 1 2 $25.26 $50.52 $32.08 $64.16 McMaster-Carr 6483K53
32 Positioning Shaft Collar One-Piece Aluminum Clamp-On Collar 1/2inch Bore; 1-1/8inch Outside Diameter; 13/32inch Width 6 Each 1 6 $2.36 $14.16 $3.00 $17.98 McMaster-Carr 6157K14
33 Positioning Flange shaft supports for X Axis Four-Bold Flange Mount Shaft Supports; for 1/2inch Shaft OD; Aluminum 4 Each 1 4 $44.41 $177.64 $56.40 $225.60 McMaster-Carr 57745K21

Structure
34 Structure #8-32 brass threaded inserts Brass Threaded Insert for Thermoplastics Tapered; 8-32 Internal Thread; .185inch Length; Packs of 100 31 Each 100 1 $9.86 $9.86 $12.52 $12.52 McMaster-Carr 93365A140
35 Structure 1/4-20 brass threaded inserts; 0.3inch length Brass Threaded Insert for Thermoplastics Tapered; 1/4-20 internal thread; 0.3inch length; pack of 50 4 Each 50 1 $10.79 $10.79 $13.70 $13.70 McMaster-Carr 93365A160 
36 Structure #6-32 SS socket cap screw; 1/2inch length Mounting linear bearings to acrylic sheet; etc. 12 Each 100 1 $4.89 $4.89 $6.21 $6.21 McMaster-Carr 92196A148
37 Structure #6-32 nylon locknut; 11/64inchh; 5/16inchw For mounting X-axis HSI external nuts to nut flanges on XY coupling bracket. 6 Each 100 1 $5.19 $5.19 $6.59 $6.59 McMaster-Carr 91831A007
38 Structure 1/4-20 to #6-32 Threaded Insert for Metal For reducing tap size of Y-rail ends from 1/4-20 to #6-32 for mounting to X linear bearing pillow blocks. 9/32inch long - rail is tapped 1/2inch deep.4 Each 10 1 $6.75 $6.75 $8.57 $8.57 McMaster-Carr 90248A017
39 Structure #6-32 SS socket cap screw; 1inch length; partial thread Fastening Z-axis HSI External Nut to Z-Carriage 4 Each 100 1 $5.94 $5.94 $7.54 $7.54 McMaster-Carr 92196A153
40 Structure #8-32 SS socket cap screw; 3/4inch length Mounting X rail flange mounts to base walls; for belt tensioner, and mounting Z-table to Z-Carriage 18 Each 100 1 $5.67 $5.67 $7.20 $7.20 McMaster-Carr 92196A197
41 Structure 18-8 Stainless Steel Flat Washer 8 Screw Size, 11/64" Id, 3/8" Od, .024"-.038" Thk Mounting the Z table to the Z carriage; prevent stress cracks in Z-Table Support Cross from spring forces associated with leveling the table15 Each 100 1 $1.72 $1.72 $2.18 $2.18 McMaster-Carr 92141A009
42 Structure M3-0.5 SS socket cap screw; 10mm length Mounting X; and Y linear motors to ~0.25inch acrylic. 8 Each 100 1 $6.32 $6.32 $8.03 $8.03 McMaster-Carr 91292A113
43 Structure M3-0.5 SS socket cap screw; 40mm length Mounting Z linear motor under 0.25inch acrylic. 4 Each 25 1 $8.42 $8.42 $10.69 $10.69 McMaster-Carr 91292A024
44 Structure #8-32 SS socket cap screw; 1inch length Mounting Z flange bearings to 3-layer stack for Z-table. 8 Each 100 1 $6.65 $6.65 $8.45 $8.45 McMaster-Carr 92196A199
45 Structure M3 SS washers; 9mmOD; 0.7mm thick HSI Motor mounting to acrylic sheet. 16 Each 100 1 $1.80 $1.80 $2.29 $2.29 McMaster-Carr 91116A120
46 Structure #6-32 SS Hex Nut; 7/64 thick; 5/16 OD Tab/Notch assembly for acrylic sheet parts in tight location - esp. on Z table around flange bearings 8 Each 100 1 $2.90 $2.90 $3.68 $3.68 McMaster-Carr 91841A007
47 Structure #4-40 SS socket cap screw; 1/2inch length Tab/Notch assembly for acrylic sheet parts of syringe tool and Y-carriage; mounting electronics to base rear 31 Each 100 1 $3.97 $3.97 $5.04 $5.04 McMaster-Carr 92196A110
48 Structure #4-40 hex nut; 3/16inch W; 1/16inch H Tab/Notch assembly for acrylic sheet parts of syringe tool and Y-carriage 31 Each 100 1 $3.48 $3.48 $4.42 $4.42 McMaster-Carr 90730A005
49 Structure #6-32 SS socket cap screw; 3/4inch length Mounting syringe tool to Y carriage; and attaching Y rails to X linear bearing pillow blocks 10 Each 100 1 $5.06 $5.06 $6.43 $6.43 McMaster-Carr 92196A151
50 Structure #6-32 Brass Threaded Inserts; 0.150inch Length On the Z carriage; Y carriage and XY coupling plates to allow attachment of acrylic pieces to linear bearing pillow blocks or to lead nuts27 Each 100 1 $8.72 $8.72 $11.07 $11.07 McMaster-Carr 93365A130
51 Structure #6-32 SS socket cap screw; 5/8inch length For various assembly; especially acrylic sheet-edge to square nut assembly 84 Each 100 1 $4.95 $4.95 $6.29 $6.29 McMaster-Carr 92196A150
52 Structure #6-32 Flat Square Nut; Steel; 5/16inch OD; 7/64inch thk Tab/Notch assembly for acrylic sheet parts 84 Each 100 1 $1.06 $1.06 $1.35 $1.35 McMaster-Carr 94855A115
53 Structure Wave spring washers; 0.194inch ID; 0.242inch OD; 0.0057inch thk Bearing spacing for pulleys and shaft collars on X; Y; Z lead screws 20 Each 25 1 $8.06 $8.06 $10.24 $10.24 McMaster-Carr 9714K22
54 Structure Compression Spring; 302 SS; 3/8"H x 0.24"OD x 0.196"ID; 10lb/inch For build surface leveling; used as counter force to screws holding table to Z carriage. 5 Each 5 1 $4.58 $4.58 $5.82 $5.82 McMaster-Carr 9435K35
55 Structure M2.5X0.45 SS Socket Cap Screw; 8mm length For mounting Syringe Tool Motors to Syringe Tool 4 Each 100 1 $11.85 $11.85 $15.05 $15.05 McMaster-Carr 91292A012 
56 Structure Rubber Foot; 1/4-20 X1/2inch thread; 1inchdiameter 25lb rated Rubber feet for system 4 Each 4 1 $5.82 $5.82 $7.39 $7.39 McMaster-Carr 9377K53
57 Structure 1/4-20 SS Hex Nut; 7/16inch W; 3/16inch H To space rubber feet 4 Each 100 1 $6.23 $6.23 $7.91 $7.91 McMaster-Carr 91841A029
58 Structure #2-56 X 5/8inch SS socket cap screw Screws for mounting the limit switches to acrylic sheet parts 12 Each 100 1 $7.10 $7.10 $9.02 $9.02 McMaster-Carr 92196A083
59 Structure #2-56 SS hex nut For mounting the limit switches to acrylic sheet parts 12 Each 100 1 $2.85 $2.85 $3.62 $3.62 McMaster-Carr 91841A003
60 Structure Translucent Acrylic Sheet Parts; 0.234inch thick; 1 set 1 Set of Laser Cut Acrylic Sheet Parts for a Fab@Home kit base unit; 1-syringe tool; and build surface; contract manufactured 1 Set 1 1 $391.85 $391.85 $497.65 $497.65 Koba Industries TBD

Transmission
61 Transmission Aluminum Shaft Collar for Syringe Tool Motor Used to prevent rotation of non-captive syringe tool motor shaft 1 Each 1 1 $0.81 $0.81 $1.03 $1.03 McMaster-Carr 9946K41
62 Transmission #6-32 SS socket cap shoulder screw Used to prevent rotation of non-captive syringe tool motor shaft;18-8 Ss Precision Hex Socket Shoulder Screw 5/32" Shoulder Dia; 1/2" L Shoulder; 6-32 Thread1 Each 1 1 $2.64 $2.64 $3.35 $3.35 McMaster-Carr 94035A529
63 Transmission Ball bearings for HSI motors free ends and belt tensioner Ball-bearing ABEC5; double shield; flanged; for 0.1875inch OD shaft 7 Each 1 7 $6.09 $42.63 $7.73 $54.14 McMaster-Carr 57155K321
64 Transmission SS303 Shaft; 0.1872inch OD; 1.75inch long for Belt Tensioner Stainless steel shaft for belt tensioner; 0.1872+/-0.001inch OD X 1.75inch 1 Each 1 1 $1.87 $1.87 $2.37 $2.37 SDP-SI A 7X 1-06017
65 Transmission Timing belt to couple x-drives Timing Belt; Pitch Length 29inch; Urethane/Kevlar; 3/8inch 1 Each 1 1 $9.10 $9.10 $11.56 $11.56 SDP-SI A 6B 3-145037
66 Transmission Timing pulleys to couple x-drives Timing Pulley; 0.2 XL Pitch; 0.375inch belt; Fairloc hub; PD 0.828inch 3 Each 1 3 $11.12 $33.36 $14.12 $42.37 SDP-SI A 6H 3-13DF03706
67 Transmission Shaft collar for HSI motors free ends Stainless Steel Set-screw Shaft Collar 3 Each 1 3 $5.79 $17.37 $7.35 $22.06 SDP-SI A 7X 2-11406

Deposition Tools
63 Deposition Tools Barrel - Piston set clear (30) 30 clear syringes of 10 cubic centremeters 1 Each 30 1 - - $34.62 $34.62 Nordson Australia 5111CP-B
64 Deposition Tools 10CC Neoprene Pistons 30 black neoprene pistons 1 Each 30 1 - - $23.75 $23.75 Nordson Australia 5111S-B
65 Deposition Tools Syringe tipes trial pack FREE sample Syringe tips of various sizes 1 Each 20 1 - - $0.00 $0.00 Nordson Australia 7500TK
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APPENDIX F – Voltage Temperature 

Relation Calculations 



 

 

Voltage - Temperature Relation Calculations  

 

Configuration 1 

Ambient Temperature = 25C

Volts (V) Amps (A) Power, P = v*i (W) Location 1 (°C) Location 2 (°C) Location 3 (°C)
16.00 0.28 4.48 53.00 - 46.00
17.00 0.29 4.93 66.50 - 57.60
18.00 0.31 5.58 75.10 - 65.50
19.00 0.33 6.27 82.40 - 72.40
20.00 0.35 7.00 101.40 - 73.30
21.00 0.36 7.56 108.80 - 78.10
22.00 0.38 8.36 117.60 - 83.20
23.00 0.40 9.20 126.60 - 86.00
24.00 0.41 9.84 - - -  

Table 11: Voltage - Temperature Relation - Configuration 1 

 

Voltage - Temperature Relation - Configuration 1

y = 0.0033x2 - 0.2597x + 20.986

y = 0.0001x2 + 0.0663x + 12.099
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Figure 85: Voltage - Temperature Relation - Configuration 1 

1 - Outside cylinder wall temperature 

2 - Heated material temperature 

3 – Nozzle temperature 



 

 

Configuration 2 

Ambient Temperature = 25C

Volts (V) Amps (A) Power, P = v*i (W) Location 1 (°C) Location 2 (°C) Location 3 (°C)
10.00 0.18 1.80 36.00 - -
11.00 0.19 2.09 43.00 - -
12.00 0.21 2.52 59.00 - -
13.00 0.23 2.99 - -
16.00 0.28 4.48 73.00 - -
17.00 0.30 5.10 96.00 - -
18.00 0.31 5.58 109.40 - -
19.00 0.33 6.27 117.00 - -
20.00 0.35 7.00 123.00 - -
21.00 0.36 7.56 131.30 - -
22.00 0.38 8.36 135.30 - -
23.00 0.40 9.20 143.00 - -
24.00 0.41 9.84 149.30 - -
25.00 0.43 10.75 153.90 - -
26.00 0.45 11.70 162.00 - -
27.00 0.47 12.69 169.00 - -  

Table 12: Voltage - Temperature Relation - Configuration 2 

 

Voltage - Temperature Relation - Configuration 2

y = 0.0004x2 + 0.0448x + 9.1211
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Figure 86: Voltage - Temperature Relation - Configuration 2 



 

 

APPENDIX G – Fab@Home Printer 

Configuration Files



 

 

File Name: Model 1 Standard.Printer 
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Shaft Coupling Specification Sheet (Page 1 of 1) 

(MOSB13-5-A + OD6/13-AT) 

 

 



 

 

Deposition Tool Stepper Motor Specification Sheet (Page 1 of 1) 

 



 

 

Deposition Tool Cooling Fan Specification Sheet (Page 1 of 1) 
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Fab@Home Model 1 - Electronics Schematic (Page 1 of 1) 

 


