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Fab@Newcastle  

Abstract  

 

There are three specified aims of this project; to successfully build and commission the 

Fab@Home desktop rapid prototyping machine, to test and evaluate new materials for 

implementation in the system and finally to identify and evaluate potential engineering 

applications for the system. 

 

The report aims to do this through well documented practical work and by in depth 

research and theoretical evaluation of the three aims as specified above. The build phase 

was completed over three weeks with little difficulty. A commissioning plan was designed 

to test the limitations and capabilities of the machine, however due to the delayed delivery 

date the plan could only be partially implemented. Using silicone as the benchmark 

material, the addition of fillers was examined.  

 

Conclusions were drawn from mechanical properties tests undertaken, commissioning 

results, materials suitability, and recommendations have been made for possible future 

uses of the machine. 
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1 Introduction  

 

This report covers the progression of a fourth year group project at Newcastle University to 

build and commission a working three dimensional printer (Fab@Home) and an 

investigation in to new materials for use within the system and possible engineering 

applications for the machine’s output. 

 

1.1 What is Fab@Home 

Fab@Home uses solid freeform fabrication (SFF), a technology only seen before in 

expensive rapid prototyping applications, to allow individuals to invent, customize, and 

manufacture goods cost-effectively in their own homes straight from the virtual drawing 

board [1]. The Fab@Home machine works by extruding a material onto a table through a 

syringe which is mounted on a motorised X and Y axis. The table can move down in the Z 

direction to allow for each layer that is created. The machine is controlled via bespoke 

software developed for the machine and connected to a PC via a USB link through a 

microcontroller. By the input of an .STL file, which can be created from most three 

dimensional CAD packages, the Fab@Home software automatically processes the 

information in to coordinates for the machine to follow. This processing does not require 

large amounts of time as the method of manufacture is similar to the way the CAD 

packages (.STL files) work; by layering up multiple two dimensional images. The whole 

set-up is supported by a open source web site at, “fabathome.org” [2] where it is possible 

to file developments and see what other users have been doing. The creators will also 

post software and firmware updates on the site. 

 

The main issues with the machine, as with all rapid prototyping techniques, is the delivery 

of material [3]. The resolution of the machine is directly related to the diameter of the 

extrusion nozzle which given the nature of the materials in use with the machine at present 

does not allow a very high level of accuracy. The Fab@Home system has been already 

developed by different users to take a variety of different materials from silicone to 

processed cheese to hot glue [4] and epoxy resins. There are many other materials 

besides but the range of materials is thus clear.  
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The idea of a three dimensional printer is not a new concept and indeed there are already 

examples of similar techniques in operation, such as; fused deposition modelling (FDM) 

and 3D Printing (3DP) which employ a similar idea to the Fab@Home project. The main 

difference between existing SFF technology and Fab@Home is the cost and adaptability 

of the machine. FDM and 3DP are very expensive and are very limited to the materials 

they are designed to work with. With the Fab@Home project being open source; if a new 

material is wanted to be tried, it is perfectly possible to do so. With established industry 

technologies such as FDM there is the big problem that as soon as a non-recommended 

material is put through the machine the warranty is voided. On a machine that costs in 

excess of £15000, that is not a gamble that many users will be willing to take. The nature 

of open source is the way it encourages users to develop the technology themselves and 

the nature of the Fab@Home machine lends itself directly to this concept. 

 

1.2 The Idea behind Fab@Home 

The vision of creator Evan Malone from Cornell University is; as with the rise of computers 

he has drawn parallels with the rise of universal manufacturing technologies [2]. As with 

current rapid prototyping techniques the first computers were very expensive and had 

limited capabilities, efforts were made to move them on to the domestic scale but due 

to high costs and niche targeting, the systems did not sell. It was a cheaper versatile 

system that won through and this is the similar approach that has been taken with the 

Fab@Home project. There is no claim that the Fab@Home project is a revolution in 

itself, more that it is leading a revolution in home scale manufacturing. Just as the 

Altair 8800 computer lead the revolution of the Personal computer [4]. There is no 

hiding from the inferior capabilities of the Fab@Home machine over some of the 

established RP techniques as far as resolution and surface finish are concerned. As 

with SMS messaging, the limitations are clear as far as the number of characters that 

may be used in a message, as a result, text speak has developed. In the same way a 

popular machine that has limitations will result in designs for the machine would 

incorporating these limitations in to the development of each design [5]. In addition, the 

potential for development of home scale technologies such as Fab@Home via open 

source networks could encourage new ideas that might otherwise not become known. 
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Giving people the ability to make things for themselves can be the fastest way to solve 

their problems [6]. 

 

1.3 Project Aims 

·  To Build the Fab@Home machine. 

·  To develop an in depth commissioning plan for the machine and implement the plan 

as far as possible in the time permissible. 

·  To evaluate new materials for use in the system, with a target of providing good 

mechanical properties. 

·  To identify and evaluate potential engineering applications for the system. 
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2 Build and Calibration  

 

The build and initial calibration includes all the steps to create the sub-assemblies and 

assemblies followed by programming and commissioning according to the instructions in 

the Fab@Home documentation [7]. 

2.1 Method of Build 

The instructions from the Fab@Home website on how to build and calibrate the 

Fab@Home machine were followed, along with the “Assembly Tips” section, which was 

found to be very useful. Producing a hard copy of the whole website proved to be very 

useful as it was very practical to skim through when checking the bill of materials (BOM) 

and the assembly details. Using the printed hard copy and the group log book sequentially, 

the progress of the work being carried out was logged. Logging the progress and noting 

any problems that had arisen during the build allowed work to be easily picked up the 

following day even if the members of the team working on it had not been present the day 

previously.  
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The build sequence: 

 

Check BOM 

Base assembly* Acrylic adhesive test 

Z- Carriage Assembly 

X/Y- Carriage Assembly 

Splints applied to 
parts and left for 24 
hours to cure 

Syringe Tool Assembly 

Electronics Assembly* 

Cables 

X/Y- Carriage Assembly 

for Syringe tool 

Used No6-32 ¾” cap 
screws instead of No6-
32 1” screws as they 
clashed with the 
bearing assembly 

Chassis Assembly* 

Electronics Assembly 

Assembly finished 

* Missing certain 
screws – awaited 
delivery of these 
before final completion 

Limit switch testing 

Adjust Z-table to ensure flat 

“Dry run” test 

Crack found in “base top panel” 

Crack found in 

“Y-carriage side” 
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Each step of the assembly process was noted and clearly stated in the build log book 

when it was finished. 

 

Due to the time constraints of the project, if any problems did arise and could not be 

solved immediately, the team would move onto the next possible build stage and then 

return to previous stages when work could be finished accordingly. Working in this fashion 

meant that the correct use of the log book was vital to ensure all the build stages were 

logged accurately. This method of working also ensured that there was continuous work 

going on and time was not being wasted. 

 

2.2 Problems arising with build 

After the Fab@Home kit has been delivered, firstly, the bill of materials was checked to 

make sure all parts had been delivered and ensure a quick assembly and an early start of 

actual fabrication. Unfortunately two of the acrylic parts turned out to have cracks in critical 

positions. The “base top panel” (Figure 2.1 and Figure 2.2) was nearly broken through in 

its weakest area which is even stated in the Fab@Home documentation [7]. The other part 

was one of the twin parts called “Y-carriage side” (Figure 2.3). 

 

 

Figure 2.1 - Assembled “base top panel” with protective paper 
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Figure 2.2 - Location of crack in “base top panel” 

 

 

Figure 2.3 - “Y-carriage side” with crack 

 

With the aim of not losing too much time due to the broken parts, the decision was made 

to repair them with adhesive and patches. Pieces of Perspex were cut and attached to the 

crack areas overlapping as far as possible to reinforce the weak regions (Figure 2.4 and 

Figure 2.5). 
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Figure 2.4 - Double-sided crack repair of “base top panel” 

 

 

Figure 2.5 - Single patch repair of “Y-carriage side” 

 

Another problem that occurred was of organisational nature: although a tooling list had 

been handed in several weeks before the actual start of build, the assembly was delayed 

by one day since not all of the requested tools were available. Likewise, the acquisition of 

the ARM JTAG adapter cable, needed for programming the Fab@Home machine 

microcontroller, should have been sourced earlier, leading to another period of lost time. 

 

A problem that arose later during build sessions was the lack of several screws which 

were not mentioned in the bill of materials but required for complete assembly. Three 

different sizes of socket cap screws were needed for the assembly of the acrylic panels (6-

32x5/8”), the Y-axis lead screw nuts (6-32x1/2”) and the X-axis shaft supports (8-32x3/4”). 

Since the screws were not available in the university, three packs had to be ordered at 
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short notice. This was another minor delay contributing to the already reduced time 

window but it did not disturb the overall building process substantially. 

2.3 Health and Safety 

Due to the University’s general health and safety policy, several steps had to be taken 

beforehand in order to conform to these requirements. There were two types of forms to 

be completed: risk assessment and COSHH form. The risk assessment provides an 

appraisal and evaluation of potential risks arising from practical work during the project. 

The COSHH form additionally assesses the “control of substances hazardous to health” 

according to the Health and Safety Executive (HSE) of the UK. 

 

For the Fab@Home project, risk assessments had to be completed for two different 

practical activities, firstly, building the machine from the kit and, secondly, using it to 

fabricate actual parts. A clear appreciation for the potential of a hazard occurring was 

required so as to avoid overlooking minor yet definite sources of risk. The use of various 

tools (hammer, screwdriver, soldering iron and others) for building and initial calibration 

was one of the main hazards during the first part of hands-on work. For the actual 

operation of the machine, a sensible method of operation was important to ensure that 

nobody was harmed. The most important issues were a considerate running of the 

machine especially with two or more users and a careful handling of the different materials 

being used. Whenever someone was within the range of operation of the machine, no one 

was to operate the machine to prevent finger trapping or similar injury within the 

mechanism. 

 

The COSHH forms are special risk assessments for using chemicals during work. All the 

required information is derived from the particular material safety data sheets (MSDSs) 

and allocated to the main topics risks, hazards and controls. Since different materials were 

intended to be used, the relevant COSHH forms had to be completed. Due to the time 

constraints place on the project, not all of the materials were used. COSHH forms have 

been prepared for silicone rubber, icing sugar, glass granules/powder, mica powder, 

talcum powder and mould release spray, the latter of which was the most hazardous 

material in question. 
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The most important part of the health and safety organisation was to make sure that every 

team member had read and understood the assessment forms. This was provisioned by 

an extra folder containing all the forms and a front page for the team members’ signatures. 
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3 Commissioning  

 

Part of the development of any new machine entering service requires the creation and 

implementation of a commissioning plan [8]. This requirement was also part of the initial 

project brief and was to be treated as a major part of the project. Due to the late arrival of 

the machine the team was left with a vastly reduced time scale to complete the project and 

thus the brief for the project was modified. The changes regarding the commissioning plan 

were from a full implementation to a partial implementation. The following sections cover 

the different areas examined and what was intended to be done as part of the 

commissioning plan even if the time constraints meant the plan could not be fully 

implemented. A commissioning time chart was also created as part of the planning 

process and this was continuously updated to keep in line with the delivery of the machine. 

The final shortened commissioning plan can be seen in the project file. In addition to the 

tests detailed in this section incorporated Charpy and Tensile test pieces were also made. 

These worked both for the commissioning of the machine and the examination of material 

properties.  

3.1 Speed Tests 

As part of the commissioning phase the team decided that an element of their tests would 

look at how the Fab@Home machine handled fabricating models under different speed 

conditions. By looking at the test pieces which were produced under these various speed 

settings, it was hoped that an ‘optimal’ value would be found which would give the best 

results in terms of accuracy and also overall finish, whilst completing the product in the 

most efficient time. This would then give the team a good basis for initial production runs 

and hopefully reduce lead times and overall build times for the end user.   

 

Before beginning these tests, it was first important to look at the parameters which would 

potentially have an impact on the machines fabrication times, this was further divided into 

the areas; hardware and software settings. 

3.1.1 Hardware parameters effecting machine speed 

When looking at the Fab@Home machine in general, there are a number of factors which 

can directly and indirectly affect the machines running speed. Looking at the later first, 

some of the indirect factors which can cause an impact include:- 
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·  The 24v stepper motors – 

If these motors are not all working in conjunction and also if the current is not set 

correctly (if it is too high will cause motors to burn out, and too low will result in 

no movement through loss of torque) problems with the overall fabrication speed 

and ultimately the process will be experienced. The latter problem was actually 

found during the initial calibration of the machine. When it came to calibrating 

the 24v stepper motors it was found that the recommended manufacturer 

settings were too low. This caused the x, y, z axes and the deposition tool to be 

‘sluggish’ in their movements. The voltage and default currents where changed 

to rectify the problem, the team set the x, y, z motors to 0.61v @ 0.57a and for 

deposition tool 0.52v @ 0.42a.[9]  

 

·  The material medium – 

The material chosen has an indirect link to many of the factors associated with 

fabrication.  The main issue which needs to be considered revolves around the 

actual viscosity and extrudability of the material, especially if it is a very viscous 

material like silicone rubber. There is also the potential problem of reaching the 

maximum target volumetric flow rate of the machine (1.1cc/s). Obviously this 

would not produce good end results in terms of a useful and accurate model.  

However if the material includes a filler or is less viscous, an impact on the time 

taken to deposit or the work needed to achieve the same flow would be 

increased. 

 

Furthermore there are many direct factors which can cause an impact on the fabrication 

and running speed of the Fab@Home machine, these consist of:- 

 

·  The positioning system employed by Fab@Home (X,Y & Z axes) - 

Although each axis is controlled separately, by the use of an individual bipolar 

motor and lead screw, the overall maximum speed and positioning resolution is 

dependant on the size of the lead screw threading. In the case of the 

Fab@Home machine’s gantry system (x,y,z) a ‘B’ series threading is used which 

gives a maximum travel per step of 15.8 � m (a nominal top speed for x, y and z 

axis of 25 mm/s) with a maximum thrust of 120 N[1]. 
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·  The deposition tool and syringe – 

Again this component employs a lead screw to control deposition, however 

unlike the instance of the positioning system which employs a ‘B’ series thread 

the deposition tool used a “7” series threading. This equates to a maximum 

travel per step of 3.2 � m.  Meaning a nominal top speed of 5.8 mm/s with a 

maximum thrust of 90 N[1].  Following on from this, the syringe tool itself can be 

evaluated.  As mentioned earlier this can equate to a maximum volumetric flow 

rate of 1.1 cc/s (However this is not a feasible speed).   

 

3.1.2 Software Parameters effecting machine speed 

Although looking at the various hardware components of the machine can give a relative 

indication to the maximum or optimal speeds which are capable, the actual finite control 

takes place within the software settings of the Fab@Home device. The software 

parameters are controlled through tool settings files, in which the individual settings can be 

modified to allow the user maximum control, these commands include:- 

 

·  TIPDIAM 

·  PATHWIDTH 

·  PATHHEIGHT 

·  PUSHOUT 

·  SUCKBACK 

·  DEPOSITIONRATE 

·  CLEARANCE 

·  PATHSPEED 

·  PAUSEPATHS 
 

Examples of the actual tool files which were used in the Fab@Home project can be found 

in Appendix A –Tool files, also further descriptions of each command can be found in 5.3 

Accuracy testing. With regards to the speed tests the main parameter to utilise was 

‘PATHSPEED’. This attribute can control the speed of motion along the set deposition 

path.  If the path speed is increased, faster build times can be experienced, however by 

doing this not only is accuracy sacrificed but the chance of having positional errors, and 
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hence lower quality parts, is also increased. Typically speeds under 12mm/s are 

acceptable, but on more complicated parts with finer details, speeds of 5-8mm/s may be 

required[10]. The pathspeed also ties in directly with the material medium being deposited. 

If a given material flows quickly the pathspeed can be increased to compensate for the 

quicker flow rate. However if the material does not flow easily then the pathspeed needs to 

be reduced in order to allow the material to adhere to the surface and build up a good trail.  

This situation can be seen from some of the commissioning tests which were run. For 

instance tests which used pure silicone rubber, test path speeds of up to 10mm/s were 

feasible and produced good results (Jon.tool and Jon1.tool, see Appendix A) However 

when a filler such as glass powder was added, and the viscosity of the mixture was 

reduced a lower path speed of 7mm/s had to be employed, in order to compensate 

(Alec1gg.tool see Appendix A). The attributed pathspeed is related to the command 

DEPOSITIONRATE, which controls the plunger motion per mm along the path length, in 

that if the path speed is increased more material will need to be deposited. The overall 

value for the deposition rate value does not need to be changed if the path speed is 

increased as it is calculated using the linear length of the path. 

 

3.1.3 Commissioning Procedure 

During the preliminary research phase, the group had decided on a number or specific 

tests which would be used in order to set-up the machine to its full potential. For the speed 

tests an initial test piece was designed as is shown in Figure 3.1. 
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Figure 3.1 - Depicting TP2 which was to be used in conjunction with the speed tests 

 

This test piece was designed to encompass every basic feature which the Fab@Home 

machine could potentially face, therefore testing the fundamental limits of the machine, but 

allowing the team to test over a range of speeds. The initial idea was to run three 

production tests:- 

 

·  Low speed test 

·  Intermediate speed test 

·  Nominal top speed test 

 

The aim being to change the pathspeed attribute between each production test and then 

evaluate the; dimensional accuracy, resolution and strength after each test was 

completed. After all the tests had been completed, the optimal speed was to be chosen, 

this was to be a combination of pathspeed and deposition rate, according to which gave 

the best range of results with regards to the criteria set out above. Unfortunately due to the 

late arrival of the machine, it was not possible to set-up these tests exactly as intended.  

Instead a trial and error approach was adopted to gauge the correct pathspeed needed for 

each individual test. This effectively meant that the speed tests were still carried out 

however they were not run as a separate test, as stated in the original commissioning 

plan, but rather integrated into the other commissioning sections, for example in 

dimensional accuracy and repeatability tests. 
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3.2 Physical Limitations 

Before the commissioning phase could begin, the team had to discover what the physical 

limitations of the machine where in order to set-up an appropriate testing programme. The 

actual model size of the Fab@Home machine is 470mm x 406mm x 457mm. However the 

feasible model size which can be manufactured is depicted by both the maximum travel 

available in the z axis and also the size of the deposition table.  In this case the limit size of 

the model for the x, y and z planes = 253 x 253 x 200 respectively as depicted by Figure 

3.2. 

 

 

Figure 3.2 - Representation of the build table located on the Z axis 

 

Total build volume is = 203mm³ 

 

The biggest limitation to the Fab@Home unit is time and patience, the tallest structure built 

by the Fab@Home machine is currently recorded at 100mm high, however potentially a 

structure up to 200mm could be built in the z axis. This would require the correct support 

materials and a very stiff material. The team decided that for optimal results and also to 

help reduce lead fabrication time, the height of the model would be kept less than 100mm 

and again for similar reasons the maximum length and width should be kept approximately 

the same. Although the maximum build volume of a particular model is potentially 203mm³.  

Due to time scales and material consumption the largest model which would be built 

should not exceed a build volume of 150mm³, with dimensions not exceeding being: - 152 

x 152 x 100mm, depending on the material chosen. 

 

Another physical limitation of the unit revolves around the resolution of the machine. This 

relies mainly on the properties of the base material used, such as; 
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·  Volumetric flow rate (viscosity) 

·  Time dependency (shape changes with respect to time/cooling effects) 

·  Rigidity 

·  Mouldability (ease of shaping) 

 

One method of maximising the resolution potential of the machine is through the 

calibration of certain machine parameters, which include; deposition parameters (during 

set-up), nozzle diameters and to an extent the positioning system, accuracy and 

repeatability of the machine. An example of the positioning system affecting the fabrication 

process was encountered numerous times during the commissioning phase. As can be 

seen from Figure 3.3, the positioning system controlled by the Fab@Home software in this 

instance did not factor in for a location outside its own global positioning co-ordinates, 

hence the model table on the z axis tried to go through the nozzle completely destroying it. 

Although the problem in this case was caused by human error, it serves as an example to 

the positional limitations encountered during fabrication and that it is important to position 

the axis correctly within the software and set the start model position correctly every time. 

Typical examples of the starting positions for the x, y and z axis can also be found below 

in the same figure. 

   

Figure 3.3 - The physical co-ordinates required to position the syringe tool (left) and the 

remains of the crushed tip caused by incorrect interpretation of the coordinates (right). 

 



Team Project: Fab@Home 2007/08 25/04/2008 

 

 

Auth.: AI  - 18 - 

When considering the limitations and methods of maximising resolution it is possible break 

it down into further areas for evaluation which include physical (machine components) and 

software (programmable areas).  

 

3.2.1 Physical parameters effecting resolution 

 

Physical limitations refer to certain components and mechanisms within the Fab@Home 

machine which directly impact on the resolution process, this primarily concerns:- 

 

·  Nozzle/Syringe Set-Up 

A high precision with regards to controlling the height between the nozzle tip 

and the model layer is required as a large gap can cause ‘beading’ and dripping 

to occur, effecting the accuracy and finish of the end model.  If the gap is too 

small the nozzle will be in too close a contact with the previously deposited 

layers and destroy them, examples of this during the initial testing can be seen 

in Figure 3.4 [10] 

 

 

Figure 3.4 - (Left) evidence from a small tip gap  (Right)  evidence of a large tip gap 

 

·  Nozzle Diameter 

The smallest nozzle diameter available for the Fab@Home machine is 

approximately 1.6mm. Although it is very rare to achieve a line resolution of this 

size, as a standard rule it is more practical to accept the resolution as 2x the 

nozzle diameter, so resolution is �  3.2mm[11]. The major limitation with this 
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factor is that it is very difficult to get a nozzle with a diameter below 0.1mm, 

without effecting the feed rate and speed of process[9]. 

·  Miscellaneous factors 

Dimensional tolerances of the machine, that is to say the tolerance expected 

from the actual quality of the machine, should also be evaluated. As a general 

rule the tolerance resolution of the machine is ±25� m and this was factored into 

our testing programme.  

 

3.2.2 Software parameters effecting resolution 

Software limitations refer to the programmable factors which control the electronic side of 

the deposition tool, for instance the STL/CAD files and tooling files. With regards to the 

tooling files there are various commands which can help effect the resolution, the main 

ones include:- 

 

·  DEPOSITIONRATE – How fast material is fed down 

·  CLEARANCE – Distance table moves in relation to XY carriage 

·  PATHSPEED – Speed of motion along desired deposition path 

  

These commands are looked at in more detail later on within the commissioning section of 

the report and for further information please refer to[11]. 

 

3.2.3 Commissioning procedure 

During the preliminary research phase, the group had decided on a number or specific 

tests which would be used in order to calibrate the physical set-up of the machine in order 

to find the capabilities for future tests. There were four test pieces initially designed in 

order to fully test the machine and get a maximum return of data, these are shown in 

Figure 3.5. 
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Figure 3.5 - From top left clockwise – TP3 (line), TP4 (step), TP5 (holes), TP6 (block)  

 

These four test pieces were designed in order to give different approaches in measuring 

the resolution, limitations of detail in the x, y and z axes, material compression and the 

tracking properties of the deposition tool. Taking TP3 first, this model used variations in 

height and length to test the capabilities of the carriage in the z, y and z axis, the test was 

also orientated at an angle of 45 degrees this gave the team the chance to see how the 

Fab@Home coped with multi-directional fabrication and deposition, which could hopefully 

give an indication of which orientation would produce best results for fabrication. Next is 

TP4; the step model. This model is a standard benchmark test used widely within the 

manufacturing industry, the varying step heights and simple chamfers will test the precise 

detail of the machine and also how it copes with small movements in the x, y and z axes.  
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The most unique feature about this test is that it is also capable of giving an indication of 

how a model and specific material will react under compression conditions. TP5 is very 

similar to TP3; however the lines used in the test varying in length and thickness, rather 

than height. The different orientations that is to say the lines in the X axis and lines in Y 

axis will help to examine the tracking of deposition tool and also how the material copes 

when line thickness is small but stacked high. Finally TP6 model, again looks at how the 

Fab@Home machine managed with intricate details in this case circular objects and holes, 

most of the limitations here would be dependant on material, however it was anticipated 

that an evaluation into the percentage difference between hole sizes would give an 

indication to the machine’s capability of operating the x, y and z axes simultaneously and 

also whether this caused problems during the fabrication process. 

 

Again due to the delays with the Fab@Home machine, the group were unable to perform 

the full test programme for this range of tests. During the early stage of the 

commissioning, many tests were done for initial set-up and to calibrate the tool files, initial 

trials where conducted on TP1 (See section 6 of the report for more details of this) and 

from these results there was an indication that TP3, 4 & 6 were too complex and had too 

much detail to give any decent results for evaluation, so the team decided to abandon 

these tests. However where possible the tests were carried out in conjunction with other 

running tests. This can be seen in Figure 3.6, which details orientation tests been 

conducted on the tensile test pieces, in order to find which axis line gave better fabrication 

results. 

 

 

Figure 3.6 - Physical orientation tests factored into other commissioning tests
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3.3 Accuracy Tests 

3.3.1 Procedure and Background 

The idea behind these tests is to examine the dimensional accuracy of the Fab@Home 

machine. By examining how the manufactured product deviates from the design on the 

input file it is possible examine the dimensional accuracy of the machine for a given 

material and nozzle setup. To measure the manufactured piece, a combination of digital 

vernier callipers and a micrometer were used. A number of tests were run to eliminate any 

anomalies in the manufacturing procedure. This allowed the percentage accuracy to be 

calculated for a given setup. 

 

It was proposed that the surface roughness of the produced items could be measured on a 

Zygo (3D optical profiler). This would also have the added advantage of being able to 

show any major flaws in the extruded material. Should the Zygo not be available a simple 

surface profileometer could be used for quick measurement. 

 

For the testing of the dimensional accuracy a test piece was designed as is shown below 

in Figure 3.7. The original plan was to test the dimensional accuracy of the machine over a 

range of different test pieces to achieve a wider spread of data. This was not possible in 

the end due to the late arrival of the machine. 

 

Figure 3.7 - Test Piece 1 

Different tooling parameters were available for modification to adapt the way the machine 

deposited the material on to the Z-table. The possible areas for changing the performance 

of the machine are: 

a = 20mm 

b = 20mm 

c = 4mm  

d = 5mm  

e = 5mm  

f = 5mm 
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·  Tip Diameter  – Essentially the resolution of the machine. There are various nozzles 

that are supplied with the Fab@Home machine. The two tips used throughout the 

commissioning were of tip diameter 0.25mm (red) and 0.84mm (green). 

·  Path Width  – The distance between the centres of two adjacent lines of extrusion. 

·  Path Height  – The height of each layer of extrusion 

·  Push-out Rate  – The amount of material that pushed out between layers to ensure 

the extrusion attaches to the previous layer. 

·  Suck Back  – When a line of extrusion is completed the syringe sucks back to 

prevent excess material being deposited. 

·  Deposition Rate  – The rate at which the syringe extrudes the material. 

·  Clearance  - The height of the syringe tip above the point of extrusion contact. 

·  Path Speed  – The speed at which the deposition tool moves along the path of 

extrusion. 

 

It is also possible to change the number of layers the machine would perform before 

pausing. This is to allow the material that has been deposited time to set and not deform 

under its own weight. 

3.3.2 Dimensional Accuracy Discussion 

Due to the time constraints placed on the project by the late arrival of the machine, it was 

not possible to perform as many tests as possible. By measuring the results and producing 

a table it was possible to gain a limited insight in to the accuracy of the tool. Two different 

tool settings were used; Alec1 and Dom1. All tests used the (green) 0.84mm diameter 

nozzle. The only changes between Alec1 and Dom1 tool settings were the deposition rate 

and path speeds. Dom1 used a slower path speed and a reduced deposition rate to Alec1. 

A table showing the results of the tests is shown in Table 3.1 
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As can be seen, on balance, the results for Dom1 are better than Alec1 with an average 

difference between the designed dimensions and manufactured dimensions of 11.5% for 

Alec1 and 8.2% for Dom1. It is important to note the much higher deviation in dimensions 

for measurement “d”. This can be explained by the fact that there is nothing to stop the 

material from falling in other than bonding to the material surrounding the circle. This does 

not occur anywhere else to this extent on this test piece. The syringe motion also drags 

the material as it extrudes, in a circular motion this will always pull the previous layer at an 

angle as the deposition path is constantly changing. The angle is towards the centre when 

creating a circle, where by the hole is then produced smaller than it should be.  

 

It should be noted that with Dom1 tool the path speed is reduced, this would allow the 

newly extruded material to bond more strongly to the previous layer thus reducing the 

dragging effect. The results reflect this improvement in accuracy in relation to path speed. 

It may also be true that the extra deposition rate on Alec1 was producing too much 

material and the reduced dimensions on the hole are also due to an excess of material 

being deposited. 

 

However the results of the thickness of the test piece are in favour of Alec1 where the 

deviation is much less than that of Dom1. This can simply be put down to the amount of 

material deposited. Dom1 had a lower deposition rate to Alec1 where by less material was 

deposited with each pass, thus the final output is not as thick (“c” is smaller) as Alec1. 

Dimensions 
(mm) a %Diff b %Diff c %Diff d %Diff e %Diff f %Diff 

Alec1 21.36 6.80 21.76 8.80 4.06 1.50 2.79 -44.75 5.40 8.00 5.37 7.40 
Alec1 21.04 5.20 21.50 7.50 3.97 -0.75 3.12 -38.22 5.44 8.80 5.19 3.80 
Alec1 21.13 5.65 21.60 8.00 3.83 -4.25 2.71 -46.34 5.55 11.00 5.04 0.80 
Alec1 21.03 5.15 21.34 6.70 3.97 -0.75 2.85 -43.56 5.45 9.00 5.08 1.60 
Average 21.07 5.33 21.48 7.40 3.92 -1.92 2.89 -42.71 5.48 9.60 5.10 2.07 
                         
Dom1 20.58 2.90 20.91 4.55 3.84 -4.00 3.86 -23.56 4.83 -3.40 5.47 9.40 
Dom1 20.50 2.50 20.76 3.80 3.66 -8.50 3.59 -28.91 5.34 6.80 5.19 3.80 
Dom1 20.69 3.45 21.01 5.05 3.81 -4.75 3.31 -34.46 5.09 1.80 5.11 2.20 
Dom1 21.29 6.45 21.38 6.90 3.90 -2.50 3.02 -40.20 5.47 9.40 5.53 10.60 
Average 20.59 2.95 20.89 4.47 3.77 -5.75 3.59 -28.98 5.09 1.73 5.26 5.13 

Table 3.1 - Results from Dimensional Accuracy Tests 
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Figure 3.8 - An example of one of the test pieces 

 

3.3.3 Surface Roughness Discussion 

When the test pieces were ready for roughness testing they were submitted to the Zygo 

lab for testing on the 3D optical profiler. However the surface finish of the test pieces was 

insufficiently reflective and thus the machine could not produce a reading. This meant that 

the only option was to employ the use of a simple surface profileometer. When submitted 

to be tested it was fount that the material was too soft for the needle to move over the 

surface of the material. A solution was then proposed to coat the samples in a very thin 

layer of metal as shown in Figure 3.9 and Figure 3.10. This turned out to be too expensive 

and take too much time, thus no roughness or surface finish readings were able to be 

obtained. 

 

Figure 3.9 - Example Sample before Coating 
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Figure 3.10 - Example Sample after Coating 

3.4 Repeatability Tests 

3.4.1 Procedure and Background 

With the construction of objects greater than 10ml in volume, as one syringe runs out the 

machine will need to be paused and the syringe refilled. This is an assessment of whether 

this affects the output of the machine and its ability to produce the same level of accuracy. 

By conducting several runs of the same test piece it is possible to see the deviation 

between them. It is also an assessment of the ability of the machine to repeat the same 

surface finish and dimensional accuracy in consecutive test runs of the same piece. For 

these tests the same results table from the accuracy testing was used as there was 

insufficient time to run a separate sequence. The results are shown in Table 3.1. 

 

Also looked at was the ability of the machine to produce the same shape at the extremity 

of both the X and Y axis and how changing the syringe effected repeatability. For this test 

a part file such as the one shown below in Figure 3.11 was used and was then placed at 

each extremity in a pattern as shown in Figure 3.12. 
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Figure 3.11 - Test Piece 7 Repeatability (dimensions in mm) 

 

 

Figure 3.12 - Layout of TP7 on the Z-Table 

 

3.4.2 Repeatability Discussion 

It can be seen from Table 3.1 that each measurement remains reasonably constant with 

an average standard deviation value for Alec1 being 0.12 and Dom1 being 0.23. This is 

not a perfect result by any means but the deviation of the results from one to another is 

significantly less than the values of accuracy where by the machine deviates from the 

original design; Alec1 = 1.7% deviation and Dom1 = 3.26%. This suggests that the 

accuracy of the machine is far more of a concern. Where by suggesting that the machine 

is more consistent than it is accurate. 
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The syringe material was replaced at several points along the manufacture of the test 

pieces between each test piece and no visible adverse effects were observed. However, 

when the machine was paused midway through the manufacture of an item the machine 

has sometimes crashed upon resuming. This is most probably down to software bugs 

which were beyond the scope of this project to attempt to fix. Simply resetting the machine 

and the software seemed solve this problem and manufacture could be resumed. When a 

pause did work and the machine resumed, there appeared to be a slight discrepancy 

between the finish point (pre-pause) and the start point (post-pause). This may be down to 

inaccuracy caused by some form of slip in the stepper motors caused by returning to the 

“safe” position or simply the re-mounting of the syringe in to the deposition tool causing the 

syringe tip to be in a slightly different position to where it was pre-pause.  

 

The run of test piece seven produced what seemed to be a visually good sample although 

no physical measurements have been taken due to time constraints. The machine was 

able to replicate the simple design at all extremities of the table without any visible 

detrimental effects. Further analysis and testing is required to confirm this visual 

inspection. 

3.5 Time Tests 

3.5.1 Procedure and Background 

The lead time is how long it takes to go from initial design concept to the point at which 

production of a part begins. This is evidently dependant on the size and complexity of the 

part. The lead time process entails: 

 

·  Creating the design in CAD 

·  Acquiring Materials 

·  Transferring the .STL file to the Fab@Home Software. 

o Mapping the process in the software 

·  Material loading and Syringe setup 

·  Machine setup 

o Find Home (0,0,0. coordinates) 

o Find Safe (maximum deposition area determined by the limit switches) 
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o Set Origin (manually move the syringe tool to the coordinates where the 

design is to be built.)  

o Go to Origin (re-affirms the location of the newly set origin) 

 

Whilst the time taken to design a CAD file can not be generalised due to the fact that the 

complexity of the part has such a major bearing on the time it takes to design it is possible 

to give a rough estimate based on the CAD drawings produced for the testing of the 

machine, mentioned in the previous sections, such as Test Piece One.  

 

Productivity was also considered when examining the use of the machine. The time it 

would take to produce an item once the lead time was complete was of interest in 

determining how long it would take to manufacture a given part. This was to include 

downtime to refill the syringe if necessary and the relevant pauses for the material to set. 

The Fab@Home soft ware would give an estimated time for the build when the .STL lie 

was loaded. This also took the pause times in to account which the user would set before 

fabrication began. The chosen length of the pauses for the fabrication of Test Piece One 

was thirty minutes. This was deemed sufficient time for the first half of the silicone to set 

sufficiently to avoid any material collapse or “slump”. 

 

Other timings that were considered and were recorded were the time taken to build the 

machine and the time taken to calibrate the machine. This was based around multiple man 

hours although there were nearly no occasions when the whole team were able to work on 

the machine simultaneously and a large proportion of the time it was only possible for one 

person to be actually working on the machine due to its size. The Fab@Home website [2] 

claims that the build should take an individual between eighteen and twenty-four hours. 

3.5.2 Timings Discussion 

Task Time Taken (Minutes) 

CAD Design 15 
Material Acquisition 1440 
File transfer and process Mapping 10 
Material Loading & Syringe Setup 5 
Machine Setup Time 2 

Total 1472 

Table 3.2 - Lead Time for Test Piece 1 
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The rough lead time recordings are shown in Table 3.2. The acquisition of materials timing 

is based on twenty-four hours which is the time it takes to order next day through RS 

components [12] where the order is placed before 4pm the day before. This means that 

sometimes the lead time for material acquisition may be less than twenty-four hours. In 

addition, the time taken to create the CAD drawing will not always be as low as fifteen 

minutes. Test Piece One is inherently simple and thus did not take a long time to draft.  

 

These timings do not just apply to lead time pre-fabrication. For example the time taken to 

load material in to a syringe, and then re-mount the syringe in the machine, is important 

when manufacturing large items where a syringe refill will be needed mid-build. Time can 

be saved by combining the refill of the syringe with the pauses in manufacture necessary 

for a large item.  

 

The time taken for the production of Test Piece One was just over nine minutes so the 

total time for the build, including the thirty minute pause, was just under forty minutes on 

average. The actual time for the build to complete compared to the time indicated on the 

software before the build, were almost exactly the same. The productivity of the machine is 

easily calculated in this case by simply inputting a .STL file in to the Fab@Home software. 

 

The total time for the build, recorded as time when the machine was being worked, on was 

just over twenty-four hours. In total man hours the value was more like seventy hours, but 

as stated before, it was rarely possible for more than one person to be physically working 

on the machine at any one time. This ties in neatly with the expected value given on the 

Fab@Home website [2]. No expected time scale is given for the calibration of the machine 

but it was found that the time taken to get the calibrated was in the region of fifteen hours. 
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4 Materials Evaluation  

 

The task of finding a new material application for the Fab@Home machine required 

thorough research about the machine fabrication capabilities as well as the prerequisites 

for the candidate materials. After a certain variety of possible materials had been 

researched, they were evaluated according to the Fab@Home needs. 

4.1 Research 

The starting point for materials research was the Fab@Home website where there are 

various material suggestions. Based on these suggestions, other groups and different 

kinds of materials were considered in the basic research. Subsequent to an initial 

assessment of its suitability, a closer look at the given material’s properties and a 

comparative evaluation was employed to narrow down the choice of possible substances. 

4.1.1 Fab Epoxy 

 

Figure 4.1 - Fab Epoxy resin and hardener [13] 

 

Fab Epoxy is an epoxy based, 1:1 ratio of a hardener and resin (shown in Figure 4.1). It is 

a light weight, long work life material that has been specifically created for use with SFF 

(Solid Freeform Fabrication) machines. It is formulated to produce a creamy paste 

consistency for easy dispensing using a standard deposition tool/syringe and nozzle set 

up. This special 2-part epoxy that has been intended for the Fab@Home machine by 

Kraftmark Company of Spring City, PA, USA, has been designed to be thixotropic. 

Thixotropy is a fluidic property that is displayed by some fluids and means that they return 

to a semi-solid state after they come to a rested position and become less viscous once 

agitated. This is a highly desirable property for use within the Fab@Home machine as it 
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will allow the material to flow easily, but then provide the required support for stacking 

once it has been extruded. The Fab Epoxy is designed to give the user enough time to mix 

it by hand, insert it into the syringe and still give you a couple of hours worth of 

extrudability before it starts to harden in the syringe. At room temperature, the material 

takes 24 hours or so to become rigid; this can be accelerated by slightly raising the 

temperature during curing [14]. This material will be taken forward for further evaluation. 

4.1.2 Polymorph 

 

Figure 4.2 – Polymorph [15] 

 

“Polymorph” is a thermoplastic polymer with a low melting point of about 60ºC. It is 

supplied in the form of pellets and shaped after heating to above the melting point (see 

Figure 4.2). Compared to other polymers such as polypropylene or high density 

polyethylene, Polymorph has got a relatively high tensile strength of about 57 MPa when 

fully cooled [16]. The cost for a pack of 1kg is about £18 (from MUTR), so quite 

reasonable. It can be used for hand-shaped components or moulds but, according to a 

special test conducted during this project, it does not become less viscous when heated 

up, even to about 200ºC [17]. Therefore, Polymorph cannot be used in the Fab@Home 

machine as the deposition tool would not be able to extrude it properly. Moreover, using 

that material would require a heating arrangement for the syringe, the realisation of which 

would go beyond the scope of the project. 
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4.1.3 Potting compound 

 

Figure 4.3 - Electrolube polyurethane resin UR5097 [18] 

 

Potting compounds are widely used in the electrics and electronics industry for various 

purposes. Typically they are used to encapsulate integrated circuits and similar electronic 

components to prevent damage caused by mechanical impacts, temperature or corrosion. 

The polyurethane resin UR5097, made by the company Electrolube, has a high toughness 

and provides good properties concerning thermal, electric and also fire resistance [19]. It is 

supplied in a hermetically sealed double chamber pack with a dividing clip, separating the 

resin from the hardener (shown in Figure 4.3); this furthermore allows proper manual 

mixing without any contamination and risk of personal injury by just removing the clip. The 

purchase price for a pack of 250g (~160ml) is reasonable (£8.31 from RS) though not as 

low as for silicone. However, the pot life of the mixed compound is 20 mins at room 

temperature, designed for immediate use and quick curing, making it unsuitable for use 

within the Fab@Home machine. 

4.1.4 Extrudable paste SC300GY 

A variety of extrudable pastes have been brought to light by French company Axson of 

which are designed to enable manufacturers of a diverse range of components from the 

automotive to the aerospace industries to create high quality models and tools [20].The 

three new products, SC167, SC300 and SCP270, are said to combine “high mechanical 

properties with ease of use and machine-ability” [21]. The products are claimed to produce 

excellent surface quality, low shrinkage, very good dimensional stability and eliminate
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 bond lines. Axson says that the polyurethane paste is extremely cost effective. “With 

SCP270 you can create extremely large scale models and tools and still retain that ease of 

use and excellent surface aspect you need,” explains Axson’s director of international 

development Patrick Blosse.  Their sales representative stated that 30-40mm can be 

extruded with no slump, which backs up their claim to suggest good dimensional accuracy, 

however orders are highly specialised in terms of weight and dimensions (for storage 

reasons) and therefore generally cost £20 per kilogram.  As this product is already used 

for modelling, albeit on larger scales, it will be evaluated further for possible use within the 

Fab@Home machine. 

4.1.5 Injection anchoring masonry fixing 

 

Figure 4.4 - Fischer injection anchoring mortar [22] 

 

Injection anchoring mortars are frequently applied in construction engineering. They can 

be described as chemical fixing systems which are injected into cavities for anchoring in 

concrete or brickwork walls. According to the company, Fischer, their product FIS VS 100 

P injection resin system (shown in Figure 4.4) is a multi-purpose chemical fixing featuring 

a quick and easy handling procedure. The setting time is estimated 60 minutes at room 

temperature [23]. Since the material cannot be used without a two compound mixer, it 

appears to be not applicable to the deposition tool of the Fab@Home machine. 

Furthermore, the price for a 100ml cartridge is quite high (£12.24 from RS) and the lack of
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 technical data only allows a material evaluation on the basis of estimations; therefore, a 

further evaluation will not be possible. 

4.1.6 Engineering ceramics 

Engineering ceramics are widely used in modern technology due to their relatively high 

mechanical strength and excellent thermal and electrical resistance. Typically, they also 

feature low density and high Young’s modulus with good corrosion resistance. However, 

their brittle structure results in a fairly low fracture toughness value [24]. Extrudable 

ceramic pastes are used for the production of components such as catalyst supports and 

have good plastic flow characteristics due to their particle structure [25]. Since the raw 

material is usually a ceramic powder, a solvent such as water, has to be added to enable 

the material to be extruded easily. By means of applicability to Fab@Home, the 

disadvantage of ceramics is the required sintering or baking process at high temperatures 

which means that the inclusion of air bubbles in the fabricated parts would be fatal. 

However, this is not easy to avoid when using the Fab@Home machine; thus, ceramics do 

not seem to be appropriate for the present state of the machine and its current capabilities. 

Another disadvantage is the generally high cost for purchase of raw material and the 

lengthy and costly processing route [26], [27]. 

4.1.7 Additives and the use of fillers 

Additives and their use within plastics industry have been around since the first creation of 

a polymer resin. The use of additive materials creates a unique opportunity to alter parent 

materials to eliminate undesirable properties and enhance other mechanical or chemical 

properties. There are various types of additives and each of their functions produces 

different outcomes for the parent material, as shown in Table 4.1:- 

 

Type of additive Material Example Function 

Fillers Talc, Mica, Calcium Improve stiffness / hardness 

Filler reinforcements Carbon, glass, organic fibres Improve Mechanical strength 

Heat resistance Antioxidants, Mica Prevent oxidation under heat 

Flame Retardants Hydrated fillers Reduce ignition and smoke 

Processability Colloida silica, Bentonite Improve machinability/mixing 

Table 4.1 - Additives and their function [28] 
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With regards to the Fab@Home machine the type of additive which was concentrated on 

most was that of functional filler. A filler can encompass a wide range of materials, both 

organic and inorganic, and  their common characteristic is that they can be used in 

relatively high concentrations > 5% [29] Thermoplastics are the usual vehicle for the 

integration of fillers, as usually large  volume loadings are required to make the process 

feasible. In the case of the Fab@Home project, due to the refined work scope, the team 

were limited with regards to which parent materials could be used, and as silicone rubber 

and icing sugar were proven to be the most suitable candidates for deposition.  In the end 

the team opted to use silicone rubber as the parent material, however as the team were 

using silicone rubber it was important to find the correct corresponding filler which would 

give both a marketed improvement over the original properties, and which would also bond 

and mix successfully with the silicone. 

 

In general fillers are added either to enhance existing materials mechanical characteristics, 

enhancement of processability or to modify the surface properties. As a general rule 

tensile strength is usually improved by fibrous fillers.  Rigidity can be improved by sheet 

like fibres (dependant on aspect ratio) and powder and flake structured fillers help to 

increase ductility and elongation to break properties, as can be seen in Table 4.2 [30]. 

There are however negatives attached to the introduction of fillers.  This usually includes a 

reduction in impact, tensile, flexural and compressive strength (Usually from mineral 

fibres), however the introduction of reinforcing fillers can help bring stability to this, for 

example glass fibres. Furthermore if the concentration ratio of fillers to parent material is 

incorrect, cohesion between the materials is reduced, which can affect the 

deposition/extrudability of the compound. In addition brittleness within the cured mixture 

can occur as a result. This can actually be seen, as documented during material mixing 

tests, see section six. 
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Table 4.2 - The properties affected from the introduction of fillers [31] 

 

These above limitations of filler are dictated by a number of factors, which including; 

particle size, shape and the method of mixing the filler into the parent material, When 

looking at characterising the effectiveness of a filler, one attribute which should be 

considered, especially for reinforcement fillers, is the aspect ratio.   

 

The aspect ratio � , which is defined as the ratio of length to diameter of a fibre or the ratio 

of diameter to thickness for platelets and flakes [29] 

 

  �  = l : d                  aspect ratio = length : diameter       

 

In order to give added reinforcement in terms of strength the aspect ratio should be 

relatively high. The particle should also have a large surface area to volume ratio as this 

helps to transfer more effectively any applied stress from the weaker parent material 

matrix to the particular fibre or particle [28].  Many of these characteristics are often found 

within in-organic and some organic fillers such as glass fibres, mica flakes and calcium 

carbonate and phosphates.  In order to select filler which offers a high aspect ratio, the 

classification of the filler particle should also be looked at, this comprises of shape, size 

and composition. 
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The team chose to concentrate on in-organic fillers for the evaluation as they offered the 

best comprise for increased mechanical properties and also enhanced surface properties 

one big factor when it comes to determining the aspect ratio is the shape of the filler 

particle. Typically the shapes which produce the highest aspect ratio’s are fibres and 

flakes (1-200), with platelet shapes, such as talc and Kaolin having a lower aspect ratio 

and spherical shapes, such as glass spheres, being the worst with an aspect ratio of 1 

[29]. The size of the particles should also be considered, especially when looking at the 

mixing and depositing properties. If a particle is too big not only will it prevent the solution 

being extruded through the nozzle. In the case if the Fab@Home machine, the size of the 

nozzle is one of the biggest limitations in terms of choosing a maximum particle size (less 

than 160 µm). In order to deposit correctly it was calculated that the filler material size lay 

within the permissible range of �  40� m �  100� m[11]. 

Finally there is also the obvious issue of price. Many of the ‘better’ fillers such as Carbon 

fibre, which offer the ability to significantly increase modulus and reduce weight, often 

attract very high unit costs and unfortunately as project overheads were not an infinite 

resource; the team had to ensure that a filler was chosen which could be budgeted. This 

will be discussed in more detail later in the chapter. 

 

Glass Fillers 

Glass fillers are one of the most popular and widely used fillers within the working industry, 

let alone the plastics, which will be discussed later. The glass fillers section can be broken 

down into three main areas; Glass fibres (long and short strand), glass powder (milled 

glass fibres) and glass spheres, in the case of glass spheres the aspect ratio is very low, 

typically � =1. This means that they are not particularly useful when it comes to enhancing 

mechanical properties, these spheres are more commonly associated with increasing the 

dimensional stability of the material [29]. Solid glass spheres have a small but positive 

impact on modulus, but have a reduction in elongation and ductility, whereas hollow 

spheres have poor mechanical properties but enhanced dielectric & thermal properties.  

Unless a product was being specifically designed with electrical purposes in mind these 

properties would not be useful in the Fab@Home environment. Also many of the 

engineering applications would require a satisfactory degree of mechanical strength, for 

this reasons glass spheres will not be considered as filler. 
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Glass Fibres 

 

Figure 4.5 - Short strand glass fibres [32] 

 

Glass fibres are common filler for polymers, the combined result being a composite 

material known as a fibre-reinforced polymer (GRP) which is commonly used within the 

security and defence industry; they are typically used as reinforcement filler within 

thermoplastics. Glass fibres compromise of either short strand or long strand fibres. Long 

strand fibres are used more within impregnation rather than as filler and are often used 

with a resin. The introduction of the long strand fibres leads to increased strength and 

moduli of the compound, with regards to impact strength and retention of properties with 

temperature increases [33]. Although the long strand fibres has good advantages overall 

its smaller brother, the long fibres have little or no processability, making small strand 

fibres the preferred option during fabrication, as they help improve the distribution and 

orientation of the strands within the material matrix. This would also be the best option for 

the Fab@Home machine. Furthermore the ability to get a good three dimensional 

arrangement coupled with its good tensile, compression and impact properties make the 

short strand fibres the preferred option. In general glass fibres have a high ratio of surface 

area to weight which can be useful. However, the increased surface area makes them 

more vulnerable to chemical attack [34]. Because glass has an amorphous structure, its 

properties are the same along the fibre and across the fibre [35] meaning it can hold its 

strength in both directions. During this project the team tried to source some short 

grain glass fibres, unfortunately the glass strands which the team were going to use 

were 6mm length by 01.mm diameter, due to the large size of the fibres and the 

incompatibly small size of the syringe nozzle there will be no further evaluation taking 

place for this filler. 
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Glass Powder 

 

 

Figure 4.6 – Glass powder (milled fibres) [36] 

 

Glass powder or ground milled fibres are produced by controlled hammer milling, and are 

used widely within thermoplastic and thermosets. This process used means that the 

powder has lower stiffness strength in comparison to chopped fibres, but has better heat 

distribution through increase of temperatures, and much more economical for value. They 

also add to the surface finish of the product, good for the accuracy commissioning tests 

[28] the size of the glass particles can vary ranging from 10� m to 1500� m, with glass 

powders being at the lower end of the spectrum. Also as the particles are fibrous in nature 

it has a very high aspect ratio which contributes to the effectiveness of the material-particle 

interaction and bonding they come in specified ranges too, for example glass granules can 

come from 125 µm to 200 µm or 125 µm to 224 µm or 125 µm to 250 µm. This widely 

available selection is very useful, when considering the limited diameter of the nozzle. 

Recofill® incorporates particles of technical glass which improves the resin/filler ratio by 

strengthening the binding forces within the raw material matrix [37]. The use of glass 

powder reinforcement is also used within the dental industry with relation to restorative 

work, along with electrical insulation and reinforcement with pipes and vessels. The 

combination of good extrudability and mechanical properties makes this type of filler a 

good option for the base materials. 

 

Mica flakes 

Mica can be divided up into two main categories, which comprise of sheet/ground form – 

This high quality mica is used regularly within the electronic industries. There are also 

commercial micas which can be classified as ‘Wet ground’ or ‘Dry ground’. This refers to 
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the methods of production. ‘Dry’ grounding itself involves use of high impact machinery 

such as rotor mills and high speed hammers. Continual repetition of this process is done 

until all the course flakes become fine and the high aspect ratio flake is produced (lowest 

usually around 10 µm) Conversely ‘Wet’ grounding still uses mills where rollers delaminate 

the mica[29]. The difference being the separation methods, with the finer flakes being 

separated and stored in settling tanks, they also use other separating techniques such as, 

ultrasonic and high pressure water jets, to separate high aspect ratio flakes. 

 

 

 

Figure 4.7 - Phlogopite Mica powder (Left) and Muscovite coarse Mica (Right) [38] 

 

For the Fab@Home project and for the purposes of selecting an appropriate filler to use 

with silicone rubber, the search criteria were narrowed to commercial mica. This specific 

type of mica comes in two main forms; Phlogopite and muscovite, these particular types of 

mica have unique characteristics such as excellent electrical and thermal insulation 

properties, high thermal stability, good chemical inertness and overall satisfactory 

mechanical properties. [29]However with the introduction of coarser sized flakes (typically 

200 µm) into the parent material a noticeable drop in the tensile strength of the compound 

but there is a marketed increase in the elongation to break properties[30]. It has been 

noted however that the use of very high ratio, smaller diameter mica flakes would be less 

susceptible to mechanical failure and therefore give improvements in mechanical 

properties, however these flakes typically range from 3µm - 10µm and such flakes are very 

difficult to acquire and hence not be applicable to the Fab@Home project. In addition to 

these properties the mica flakes have a very aesthetic and brilliant with a distinct shiny 

lustre [39]. For this reason mica is often found in the cosmetic industry, although it is 

used widely within automotive parts and the creation of speaker cabinets. The 

combination of these good properties and combined with the availability of the product 

means that it is worthwhile filler to investigate during commissioning. 
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Talc powder 

 

 

Figure.4.8 – Natural Mineral Talc powder [40] 

 

Talc is a naturally occurring mineral compound (hydrated magnesium silicate)  It is most 

widely used as filler for paints, plastics, paper, ceramics and construction materials [41].  

Again talc like mica there has to undergo several processes before the finished product 

can be produced.  Including extraction, crushing, separation and wet/dry grounding.  There 

are typically three grades of talc Coarse: 50 µm+, Fine 10 µm - 40 µm and Finest 3 µm - 

10 µm.  Companies such as Mondo Minerals supply a talc powder called “Finntalc M50-

SQ” mainly consisting of MgO and SiO2, with a median particle size of 22µm and a bulk 

density of 0.9 kg/dm3 [42]. As talc being has a platelet shape it means that the aspect ratio 

(� ) is relatively low and so not a good option for a reinforcement filler, as it often means 

poor retention of mechanical properties. However due to the molecular structure, it has the 

ability to delaminate easily and double as a lubricant[29]. Meaning it gives reduced 

abrasion wear and better processability. Talc is also inert to most chemicals one of the 

main benefits of it its ability to improve the flexural modulus of the compound as shown by  

Figure 4.9. 
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Figure 4.9 - The increase in flexural modulus due to incorporation of talc [43] 

 

With other improvements such as UV and thermal stability and with the particle size being 

in the permissible range for deposition by the nozzle and the low cost of acquisition, it is a 

good basis for the testing within the commissioning phase of the Fab@Home machine. 

 

With other improvements such as UV and thermal stability and with the particle size being 

in the permissible range for deposition by the nozzle and the low cost of acquisition, it is a 

good basis for the testing within the commissioning phase of the Fab@Home machine. 

 

4.2 Possible Useable Materials 

After general research and pre-examination, an in-depth evaluation of each candidate 

material is necessary with the aim of concluding which one to use for further investigation 

and experiments with the Fab@Home machine. 

 

4.2.1 Evaluation tables 

To evaluate possible “new” materials for use with the Fab@Home machine a certain 

criterion has to be agreed upon from the offset. Using evaluation tables to compare and 

contrast the new materials against that of a fixed standard will aid in selecting an 

appropriate new material or not. 
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Figure 4.10 – Evaluation plot 

 

Figure 4.10 shows the realistically desired properties for the possible new material and 

portrays their importance. The benchmark material for this is silicone. Below is the table 

break down, describing each property in succession. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Tensile/ yield strength The higher the value of the tensile strength the 

more desirable it is. However, setting a target value 

that is unrealistic is pointless. As silicon is the most 

widely used material on this machine; anything that 

will compete with this but also yield higher qualities 

is sought-after. 

Increasing the strength is important, so anything 

that does this significantly is advantageous. 

Price As silicon is not only a very cheap material it is also 

very easy to get a hold of. Any new material that 

doesn’t cost more than the price of silicon is 

desirable.   

Temperature As this machine is designed to be used as a 

desktop machine, processing at room temperature 

is the only really viable choice. However, 

temperature is one option that is open to much 

further development with regards to the machine 

itself. 
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The material must not set while it is in the syringe, 

or during handling, nor must it take a long time 

before it can be moved from the z-axis table to 

allow for more manufacturing to take place. Silicon 

provides a good standard again as it does not set in 

the syringe but it does cure at an acceptable rate 

once it is exposed to air. 

Setting time 

Hazardousness The least amount of precautions that may have to 

be taken the more desirable a material it would be. 

The Fab@Home machine is designed for desktop 

use, so anything more than basic ventilation, gloves 

and goggles should be avoided. 

Stiffness This is much like tensile strength, i.e. the higher the 

value for the property, the better. However, too high 

a value for this can lead to brittleness which can be 

undesirable. 
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4.2.2 Evaluation of “New” Materials 

The following tables represent the evaluation of candidate materials selected for further 

investigation during research. 

 

Fab Epoxy  

 

Figure 4.11 - Fab Epoxy Evaluation Table 

 

Figure 4.11 - Fab Epoxy Evaluation Table shows the actual evaluated properties of the 

Fab Epoxy resin and hardener after reading through the appropriate technical and safety 

data sheets [44]. Fab Epoxy will provide much higher stiffness and strength properties to 

that of silicone and will set at room temperature. As Fab Epoxy sets with the addition of the 

hardener it will set within the syringe, and the time given for this is 2-3 hours, which is 

sufficient enough to empty a syringe, however there is still a risk of it setting in the syringe 

if left over night etc. Although this isn’t an expensive product it is considerably more so 

than silicone and also it is only available from the United States, so postage and delivery 

time is also extra. The resin part of Fab Epoxy is mostly safe; however the hardener part is 

more likely to cause chemical burns and eye irritation, so safety goggles, gloves and safe 

storage is essential. 
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Axson’s Extrudable Paste 

 

Figure 4.12 - Extrudable Paste Evaluation Table 

 

Figure 4.12 shows the actual evaluated properties for Axson’s’ extrudable paste after brief 

communications (Axson proved difficult to contact) and reading any available content on 

the material [45]. The extrudable pastes will provide much higher stiffness and strength 

properties to that of silicone and will set at room temperature. As Axson claims that the 

paste is remould-able and workable once it has been extruded it is safe to assume that it 

has a long curing time, in fact it takes 7 days for it to reach its maximum yield strength at 

room temperature, or 16 hours when baked at 80oC. This product is much more expensive 

than silicone (roughly £20 per kilo) and large orders are preferred. Also it is only available 

from France, so postage and delivery time is also extra. Similar safety factor to the of Fab 

Epoxy as there is a possibility to cause chemical burns and eye irritation, so safety 

goggles, gloves and safe storage is essential. 

 

Mica and Silicone 

 

Figure 4.13 – Mica and Silicone Evaluation Table 
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Figure 4.13 shows the actual evaluated properties for silicone plus the addition of Mica as 

the filler material. The mica will probably not provide much higher stiffness and strength 

properties to that of silicone alone. With the addition of mica it will still set at room 

temperature and the curing time should also be relatively unaffected. Mica is not 

hazardous and is in fact often used within the cosmetics industry. It is a widely available 

material and also very cheap, often free, quite large samples can be obtained from certain 

manufacturers too. Even though the addition of mica is unlikely to improve upon silicone’s 

mechanical properties it is a material that has still been chosen to be tested. The reason 

behind this is because of its cheap price, high availability and its’ potentially improved 

aesthetics. Testing this material will also help to improve the knowledge of how filler 

materials will work within the Fab@Home system. 

 

Glass Granules and Silicone 

 

Figure 4.14 - Glass Granules and Silicone Evaluation Table 

 

Figure 4.14 shows the actual evaluated properties for silicone plus the addition of glass 

granules as the filler material. The glass granules should provide an increase in strength 

and stiffness due to the introduction of the harder and stiffer glass granules. (Mica wouldn’t 

have this affect as it is a powdered material.) With the addition of glass granules it will still 

set at room temperature and the curing time should also be relatively unaffected. Glass 

granules are not hazardous and only basic precautions are required. It is a widely 

available material and also very cheap as often free, quite large samples can be obtained 

from certain manufacturers. This material has been chosen as the main choice to be taken 

forward for further testing. Not only does it provide the same benefits as mica but it should 

improve the mechanical properties and give a different texture to the surface finish.
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Polymorph 

 

Figure 4.15 – Polymorph evaluation table 

 

As shown in Figure 4.15, Polymorph achieves high strength and Young’s modulus values. 

The price is in an acceptable range and the shipping costs are fairly low (within the UK). 

The biggest downside of Polymorph however is its inability to be extruded by a simple 

syringe arrangement since it does not achieve an appropriately low viscosity under 

temperatures up to 200ºC [17]. Moreover, the setting time is far too low to match the 

typical Fab@Home process set-up. Owing to these factors, especially the temperature 

problem, no further evaluation and investigation on Polymorph was carried out. Hence, for 

the use within the Fab@Home machine, it can be eliminated as a candidate material. 

 

Potting compound 

 

Figure 4.16 – Potting compound evaluation table 
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The evaluation of potting compounds in general is based on the information available for 

the product UR5097 from Electrolube [19] and shown in Figure 4.16. The cured material 

has a high level of stiffness and posses a fairly good tensile strength. Its price is 

reasonable when ordered through a supplier such as RS components. Based on the smart 

way of packaging and handling, the hazardousness of the polyurethane resin is reduced to 

a minimum however contact with the readily mixed material can cause skin an eye 

irritations. The curing mechanism is purely chemical and far too quick for the use in the 

Fab@Home system as its usable time is said to be about 20mins [19]. Though this 

material has some very good properties, it mainly serves the need for protection of 

electronic components and, so, cannot offer sufficient usefulness for other applications like 

3D-fabrication with Fab@Home. 

 

Engineering ceramics 

 

Figure 4.17 – Engineering Ceramics Evaluation Table 

 

Figure 4.17 illustrates the evaluation of ceramic paste on the basis of general properties of 

engineering ceramics [24]. In comparison to metals, ceramics have many advantages 

such as their very high Young’s modulus and flexural strength. However not all of their 

great benefits are not considered in the evaluation table, especially hardness, wear and 

corrosion resistance as well as high service temperatures. Ceramic pastes can be 

extruded easily at room temperature but for achieving full engineering properties, a 

sintering process at high temperatures is required, making the overall production costly in 

terms of time and money. Sufficient information on purchase costs of ceramic powders 

was not found; hence the evaluation is based on estimates for that. As far as the hazards 

are concerned; the danger of inhalation or ingestion of the powder is the only main risk. 
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For the current stage of the project, the use of ceramic materials was too demanding by 

means of organisational and operational requirements. Therefore, ceramics are not 

considered further in the selection of materials. 

 

4.3 Tried and Tested 

Apart from potentially usable materials, a number of substances have already been used 

and proven suitable for the Fab@Home machine’s default setup. According to the 

information given on the Fab@Home website and in the documentation there are various 

simple materials that have been worked with, using the Fab@Home machine [7]. Besides 

icing sugar, “spray cheese” and others, silicone rubber was used for most applications and 

objects. It is readily available in every hardware store and easy to handle; moreover it 

features good deposition characteristics and is a reasonably affordable material to begin 

with. 

 

Using silicone, it took quite a while to establish suitable tool settings since the default tool 

files, available from the Fab@Home website, did not initially work satisfactorily. The 

settings that finally proved best for silicone included changed values for the path height, 

deposition rate and path speed: PH=0.45mm (from 0.7), DR=0.0032 (from 0.0035), 

PS=7mm/s (from 10mm/s) (saved as “Alec1.tool”; see Appendix A) for parameter 

description and further details). The “suckback” and “pushout” also had to be modified 

(SB=0.3s from 0.13s; PO=0.25s from 0.2s). The most significant changes of the path 

height and speed, respectively, were due to a poor and insufficient deposition quality 

causing early failure of model fabrication. The new settings produced a better filling and 

avoided gaps between the material paths. 

 

After completing first calibration and commissioning, the decision was made to start tests 

with different materials, for example different mixtures of silicone with filler materials. 

These fillers were chosen to be glass granules (“Reidt Glasgranulat ST-150”) and 

phlogopite mica flakes (“Minelco Mica PW-30”). 

 

Previous tests had been performed before the arrival of the machine and showed that 1:1 

mixtures of silicone with glass granules as well as mica powder were nearly impossible to 

extrude manually from a syringe. A mixing ratio of 2:1 - silicone to glass granules or mica 
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powder, respectively - proved much more suitable to the syringe deposition tool as used in 

the Fab@Home machine. Therefore, that formed the basis for the material mixture tests 

with the Fab@Home machine. 

 

Initially, tests were conducted with the glass granules the dimensions of which are stated 

to be in a range from 50-150µm. A mixture of 2 parts silicone and 1 part glass granules 

was produced and loaded into the deposition tool. The default tool settings of the 

fabrication runs with pure silicone had to be modified by means of a higher deposition rate, 

increased values for “suckback” and “pushout” as well as an enhanced value of path 

height (SB=0.45s, PO=0.40s, DR=0.0038, PH=0.55mm); the tool definition file for the 

green syringe tip (inner diameter: 0.84mm) was saved as “Alec1gg.tool” after its settings 

have proved to give good results in deposition quality as well as in shape consistency [46] 

(see Appendix A). In preparation for the strength testing, some tensile and impact test 

specimens were fabricated with the established tool settings (Figure 4.18 and Figure 4.19). 

 

 

Figure 4.18 – Tensile test specimens, glass granules mixture 
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Figure 4.19 – Impact test specimen, glass granules mixture 

 

After having produced sufficient test specimens of appropriate quality with the 

silicone/glass mixture, the next runs included a mixture of silicone with mica powder. 

Quickly, the mixing ratio of 2:1 (silicone : mica powder) turned out to be too stiff for the 

deposition tool, causing the syringe plunger to stall the motor. Hence, the mixing ratio was 

changed to double the portion of silicone, i.e. 4:1, and performed much better though the 

material was notably less rigid. The consistency of the mixture appeared excellent, since 

the extruded track of material did not show any kind of self-flattening or deformation. It 

resulted in the test pieces retaining a very smooth and consistent overall appearance (see 

Figure 4.20). 

 

 

Figure 4.20 – Impact test specimen, mica powder mixture 

 

Astonishingly, the path height for the silicone/mica mixture could be increased to the same 

value as the tip diameter (PH=TD=0.84mm) which is normally higher for most materials. 

Whereas the deposition rate remained the same relative to the settings for the glass 
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granules, the “suckback” and “pushout” numbers were significantly reduced as the material 

flow was much improved with the mica filler (SB=0.35s and PO=0.30s). The tool 

parameters that finally performed best were saved as “harrytool.tool” (see Appendix A). 

Due to the very good results of fabrication with the green syringe tip (0.84mm), the 

material mixture was also used with the red nozzle (0.25mm). The accordant tool settings 

had to be changed, but the final settings also provided quite good results. 

 

 

Figure 4.21 - Tensile test Specimen; mica mixture (red nozzle) 

 

4.4 Strengths tests 

In order to be able to evaluate the mechanical properties of the employed material 

mixtures and especially to examine how the addition of fillers alters their characteristics, 

strength tests were conducted. Due to the lack of time, the tests performed do not fully 

satisfy the requirements for a professional investigation but provide a good basis for inter-

comparison. As this project was very much time constrained; quick, simple and 

standardised tests were the only viable options. The major test methods are a tensile and 

an impact test however a “Shore scleroscope” is also used to inspect the influence of the 

filler materials. 

 

Tensile results 

Tensile testing is probably one of the most basic and simple mechanical properties tests 

available. By running a tensile of test a variety of things can be determined. By creating a 

“dog bone” piece (see Figure 4.22) using the Fab@Home machine the test was carried out 

in order to find the piece’s strength and elongation at break. 
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Figure 4.22 - "Dog Bone" Tensile Test Drawing 

 

Testing the properties of 100% silicone against those of both silicone with glass granules 

(in a ratio of 2:1) and silicone with mica (4:1) will yield the resulting differences of strength 

and elongation at break. As stated earlier in the report, the inclusion of mica was not 

expected to improve upon the 100% silicone results, however the glass granules as the 

filler material are expected to. Table 4.3 shows the results of the testing carried out also 

stating what tool was used and any comments that were made. 

 

Model Piece Material Tool Load (kg) 
Elongation 
(mm) Comments 

1903a Dog Bone Silicone Alec1 N/A N/A Specimen slipped through grip - void 

1903b Dog Bone Silicone Alec1 1.115 79 Success 

1903c Dog Bone Silicone Alec1 N/A N/A Specimen slipped through grip - void 

2803d Dog Bone Silicone + gg Alec1gg 1.430 43 Success 

2803e Dog Bone Silicone + gg Alec1gg 1.450 44 Success 

2803f Dog Bone Silicone + gg Alec1gg 1.440 43 Success 

0304g Dog Bone Silicone + mica harrytool 1.100 70 Slipped in grip - amended graph 

0304h Dog Bone Silicone + mica harrytool 1.050 65 Slipped in grip - amended graph 

0304i Dog Bone Silicone + mica harrytool 1.050 62 Slipped in grip - amended graph 

0304l Dog Bone Silicone + mica harrytoolred N/A N/A Specimen slipped through grip - void 

0304m Dog Bone Silicone + mica harrytoolred N/A N/A Specimen slipped through grip - void 

       

 Key: Silicone =  100% silicone    
   Silicone + gg =  2:1 silicone and glass granules  
   Silicone + mica =  4:1 silicone and mica    

Table 4.3 - Tensile Test Results 

 

The first three specimens were made from 100% silicone and only one test worked 

properly as two of the specimens slipped through the grip causing the machine reach its 

elongation limit. The reason the 100% silicon slipped through the grips so readily was 
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because as the specimen experienced higher tensile stresses it was pulled longer, but due 

to Poisson’s ratio effects it also decreased in width and thickness. The reduction in its 

thickness caused the clamp around the outside of the hole to lose grip meaning the hole 

lost considerable support and suddenly stretched, forcing the machine to reach its limit. 

Figure 4.23 clearly shows the very elliptical hole at the top of the specimen after it slips. 

 

Figure 4.23- Grip Slips 

 

The one 100% silicone test piece that did yield results was actually very similar to that of 

the two where the grips slipped, suggesting that the result was reasonably reliable. Figure 

4.24 shows the tensile test curve for the successful 100% silicone specimen and refers to 

model 1903b in Table 4.3. 
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Figure 4.24 - Tensile Testing Curve for 100% Silicone 
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Three successful test specimens were carried out using the silicone and glass granules 

mixture. Slippage did not occur as the specimens proved to be not only stiffer but also 

stronger than silicone alone.  

 

Figure 4.25 – Silicone and Glass Granules Tensile Test 

 

There was very little variance in both elongation and strength in all three tests, suggesting 

reliable results. The silicone and glass granules mixture also produced considerably 

stronger and stiffer specimens. There is a strength increase of around 25% and it also 

almost cuts the elongation by half (approximately 45%). This mixture produces good 

consistent, stronger and stiffer results than 100% silicone. Figure 4.28 is a very clear 

graphical representation of the results. 

 

Figure 4.26 shows the 3 tensile test results carried out for the silicone and granules 

mixture specimens. It can be seen that 3, nearly identical curves were produced. 

Unfortunately the specimen just breached the top of the Y-axis scale; however this isn’t a 

big problem as a continued line can be imagined and drawn, hence a truer value of the 

strength at break can be estimated. 
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Figure 4.26 - Tensile Testing Curves for Silicone and Glass Granules 
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Three test specimens were carried out using silicone and mica. Although all three tests 

experienced some slippage, not enough slippage occurred for it to breach the machines 

elongation limit of approximately 100mm. The dotted line from Figure 4.27 represents an 

estimate for the sample piece 0304h, if slippage had not occurred. All three samples 

displayed very similar strengths and elongations at break.   

 

Figure 4.27 - Tensile Test Curve for a Silicone and Mica Specimen 

 

As it had been suggested previously in this report, the addition of mica to the silicon 

doesn’t seem to have improved its properties, and this can be seen clearly in Figure 4.28. 

Perhaps the reason the silicone and mica mixture specimens didn’t slip out of the grips as 

completely as the 100% silicone mixtures was because the addition of mica reduced its 

Poisson’s ratio so it didn’t decrease in width at the same rate as silicone alone does as it is 

stretched. 



Team Project: Fab@Home 2007/08 25/04/2008 

 

 

Auth.: AP  - 61 - 

Tensile test

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

Specimen

Lo
ad

 (
kg

)

0

10

20

30

40

50

60

70

80

90

E
lo

ng
at

io
n 

(m
m

)

Load (kg) 1.115 1.430 1.450 1.440 1.100 1.050 1.050

Elongation (mm) 79 43 44 43 70 65 62

1903b 2803d 2803e 2803f 0304g 0304h 0304i

 

 100% Silicon 
 Silicone and glass granules 
 Silicone and mica 
Figure 4.28 – Tensile Test Results 

 

Additional Notes from the Tensile Tests 

 

From Table 4.3 models 0304l and 0304m have yet to have been mentioned. All of the 

previous tests were conducted using a syringe with a nozzle diameter of 0.84mm. Figure 

4.29 shows the final completed manufacture of model 0304h. The path taken by the 

deposition syringe is very clear even with even apparent gaps between the outer 

circumferential path and the 45° inner paths.  

 

Figure 4.29 - 0.84mm Diameter Nozzle 

 

A nozzle diameter of 0.25mm was used for the final two tests. Silicone and mica was used 

for this as some was already mixed and in the syringe, and these were the last two tests 

there was time for. Although no major commissioning had taken place using the 0.25mm 
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diameter nozzle, a specifically altered (just like all the other tool files were altered for 

specific needs) tool file called “harrytoolRED” was used (see Appendix A). 

 

Figure 4.30 shows model 0304l completed. The much higher resolution of this model is 

instantly apparent with the model appearing much more like a solid block (though the 45° 

inner paths are still visible.) There are no visible gaps between the outer and inner paths; 

however there are quite a few “loose” strands (mainly across the holes) and these 

occurred as there was a problem in controlling the “suckback”, so when the syringe lifted 

off the specimen, to move to a different location to start a new deposition path, it often 

“drooled” extra, unwanted strands across the specimen. Further work with the tool files 

may improve this, but in this case they were easily cut away and removed. 

 

 

Figure 4.30 - 0.25mm Diameter Nozzle 

 

The two test run using the 0.25mm nozzle with silicone and mica, which had originally 

performed similarly to 100% silicone, now showed much higher strength and elongation 

values. Both strength values reached 1.4kg (the same as silicone and glass granules) and 

also both samples breached the elongation limit of the machine, and hence the test ended. 

However, the gathered results showed enough evidence to prove that using a higher 

precision nozzle not only increased the accuracy of the finished piece, but would also 

increase the specimens’ strength at break (and addition to that its elongation at break will 

be greater too.) The reduction in nozzle diameter does however significantly increase the 

time taken to make a specimen. This is due to the much increased lengths of path needed 

to be taken to fill the increased number of layers for the model. 

 

A very simple reason is likely to be behind the specimens’ sudden increase in strength and 

that is due to the probability of trapped air. Figure 4.31 and Figure 4.32, respectively, show 

very simply how a larger diameter nozzle is likely to ensure more air gets trapped between 

the paths and the layers of the piece being made.
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Figure 4.31 - Lots of Trapped Air 

 

 

Figure 4.32 - Less Trapped Air 

 

The more air there is within the specimen the more likely it is to fail as it will reduce its 

overall strength. The introduction of air will basically reduce the effective cross-sectional 

area of the specimen that is taking the load because some of the cross-section will include 

air.  

 

Izod (Charpy) impact results 

For the impact testing the Izod method is applied meaning that one half of the impact test 

specimen in clamped, the pendulum swings down and collides with the other half of the 

piece near the top end. 

 

Figure 4.33 - Izod Impact Tester with Silicone Specimen

Test specimen  
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Three test pieces made of pure silicone, two made of silicone/glass mixture and three 

made of silicone/mica mixture were tested. Those specimens were produced using the 

green syringe tip with an inner diameter of 0.84mm hence the resolution of the fabrication 

was consistent. The only general difference between the silicone and the mixture pieces 

was the orientation during printing. As the pure silicone specimens were produced with the 

notch facing up, its definition was not very good; therefore, the mixture material pieces 

were printed with an angular shift of 90 degrees to facilitate a better quality the notch 

shape. 

 

The expectations concerning the outcome were limited as the material is too elastic to 

break and the absorbed energy was assumed to be within the bottom section of the scale 

going from 0 to 10J. Nevertheless, the results achieved from the Izod test displayed a 

notable difference especially between the mica mixture and the other materials (see Figure 

4.34). 
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Figure 4.34 - Impact Test Results 
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While the average value for the glass granules mixture is less than four percent higher 

than that of pure silicone, so nearly negligible, the mica mixture showed an increase in 

absorbed energy of more than 40%. Bearing the results of the tensile tests in mind, one 

might have expected the glass mixture to be stiffer and also tougher but it does not seem 

to be. Unfortunately, it was found out only later that the silicone/glass mixture was not fully 

cured yet though it had been given a similar setting time as the mica mixture. That 

definitely caused a certain error of the test outcome. 

 

Nonetheless, when considering the difference of the numbers relative to the overall range 

of the test apparatus scale, the variation between those values lies in a very small order of 

magnitude – about two percent. That is probably not significantly bigger than the 

uncertainty of the test machine. Thus, major conclusions should not be drawn from the 

differences between the values. 

 

Shore scleroscope test 

Another way of comparing material properties is to measure the hardness which, for 

plastics, is usually done with the help of a Shore test. The “Shore scleroscope” used for 

that test is generally designed to measure the hardness of metals though a similar test is 

applied for plastics. The series of test were expected to provide additional comparative 

data but there are several reasons not to use them for any kind of evaluation. Apart from 

metering difficulties, the surface structure of the test pieces (the impact test specimens) 

are not uniformly flat, possibly causing the indentation projectile to hit the material surface 

non-perpendicularly, hence falsifying the test result. The actual numbers turned out to be 

randomly different even for the same material. 

 

Altogether, the Shore scleroscope test might have offered further comparisons but proved 

as unsuitable for these materials. 

 

The tensile and impact strength tests formed the final step of the materials experiments 

and evaluation. In the following, therefore, the attention will be directed at another focus of 

this project, namely potential applications and commercial possibilities of the Fab@Home 

machine. 
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5 Applications for Machine  

 

The Fab@Home machine was created to bring rapid prototyping to the masses, allowing 

anyone with £1,600 to potentially build anything they want to, out of any material they want 

to. However in creating a machine capable of this the designers may have inadvertently 

created a tremendous business potential through innovation and new technology. If this 

advantage could be harnessed in a business application using engineering principles, or in 

an engineering application using business principles it could potentially prove to be highly 

lucrative. In the pages that follow are ideas for some applications of the machine and an 

analysis of how each would fare in a business environment.  

 

To analyse the suitability of an application each idea will be assessed using six questions. 

The market, the industry and the people will be assessed in both small and large scales. 

 

It is important to remember that markets consist of buyers and their needs, not products. In 

the small one must ask: 

1. How attractive is the product to the customer?  

Here the customer will have to be defined, and the business model should be made to 

satisfy the customer’s needs.  

 

In the large: 

2. How attractive is the market?  

This is looking at if there are enough customers out there for a business to work. 

 

When looking at the industry in the small: 

3. Can the advantage be sustained?  

Is it easy to copy what the business is doing or can a brand loyalty or keeping ahead of 

technology or suchlike stop competitors from taking the customers?  

 

In the large: 

4. How attractive is the industry?  

Here the industry as a whole should be looked at, is there fierce competition, is it a 

growing, mature or declining industry? 
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When looking at people, in the small: 

5. What skills and experience are needed?  

Are the people in house good enough at what they do, both in a business and technical 

sense?  

 

In the large:  

6. How much outsourcing would be needed?  

Do you have strong ties with external suppliers, distributors etc to be able to rely on them 

or will you be self reliant.  

 

It is also important to look at how well the business would be able to perform in terms of 

operational excellence, customer intimacy and product leadership. A company that is 

operationally excellent would work smoothly and efficiently, examples include McDonalds 

cooking their food or an F1 mechanic changing a wheel during a race. A company should 

aim to excel in as many of these as possible. Customer intimacy is getting to know the 

customer and treating them well and as individuals, an example of this could be a financial 

adviser. Product leadership is the product being sold is better than any other; the technical 

innovators such as Bose and BMW are examples of companies with product leadership 

strategies.  

 

To think of applications for the Fab@Home machine its strengths will be looked at and 

then a product can be found that will benefit from those strengths. When choosing a 

product the attributes that are to be taken advantage of include, the time to customer can 

be reduced, the cost of delivery can be reduced, the impact on the environment can be 

lowered, a totally customised product and not having to rely on other people or companies. 

 

With many products now being sourced from the Far East[47] the time taken from a 

customer placing an order to receiving the part takes a large amount of time, or to get a 

fast delivery is costly and consignments getting lost are common place. If a machine is not 

working at a plant the company is not making cash from that machine so the quicker a part 

can be found the better it is for a company. As the Fab@Home machine is where the 

product is needed this wait that the customer usually has to endure can be removed. 
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In recent years the cost of transport has been rising[48], due to growing nations demand 

for transportation and the rising costs of fossil fuels. Having the product made where it is 

needed saves the cost of transport. The main reason for manufacturing having been 

moved to the Far East was the high cost of labour in the West. As the Fab@Home 

machine is largely automated there is only a slight addition in cost of manufacture. 

 

Companies can no longer get away with polluting the environment; a green and ethical 

image can work as an effective marketing campaign for companies. As there is no need to 

transport the goods, fuel required for the transportation is saved. Customers are becoming 

increasingly concerned about the origins of their purchases and the conditions of the 

workers making them. People especially like locally made products. This is another of the 

benefits of the Fab@Home machine being able to make artefacts where they are to be 

used. 

 

Through making parts on site a company does not have to divulge their designs to anyone 

else. They also do not have to rely on other companies and can use their own personnel to 

make sure things are made properly. The Fab@Home machine could also be used for 

building prototypes. 

 

Any shape that can be made on a CAD file can in theory be made using the Fab@Home 

machine, though a two syringe system with a support material may need to be used. This 

makes it possible to create almost anything as long as it can be extruded. This means that 

broken parts difficult or expensive to source can be made; personalised parts with peoples 

names, pictures and colours can be made; ergonomic products can be designed and 

made to fit to the users body; the Fab@Home machine could be used in rapid tooling as it 

could make the wax mould for investment casting; it could also be used as a service in a 

similar way how 2D printers are used today. These ideas are described fully in the next 

sections. 
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5.1 Possible applications: Rapid Tooling 

5.1.1 Application concept 

Rapid tooling is using a rapid prototyping kind of process but the end result is used to help 

manufacture the final product. As the Fab@Home machine could print molten wax (if a 

heated nozzle was implemented) it would have been ideal for making the pattern used in 

investment casting (also known as lost wax casting).  

 

The process works by creating a pattern, if there is going to be large quantity of the parts 

made the patterns would be injection moulded, but due to the large cost of the mould and 

the injection moulding machine it is not possible for small batch sizes. For smaller batch 

sizes the pattern could be made by a sculptor or the rapid prototyping technique 

stereolithography; to hire the skills of a sculptor would be expensive and they may struggle 

to achieve the tolerances required; a stereolithography machine is very expensive as is the 

material used by the machine.  

 

Once the pattern is made it is dipped into a ceramic solution until the collating around the 

pattern is strong enough to withstand the addition of molten metal. Once the ceramic is 

thick enough the pattern needs to be removed this is done in a kiln or an oven, this is now 

a mould. Molten metal can be poured into the ceramic mould and is left to cool and 

harden, and then the ceramic shell is removed by a method such as vibration, ballistics, 

corrosive agents or water jets. The product would then be left either ready to use or to be 

machined. 

 

The business idea would be to compete with the stereolithographers as a pattern making 

company. The company could draw up the design on a CAD program with input form the 

customer if they do not use CAD or the customer could send in an .STL file of the pattern 

they wanted making. The company could build links with an investment casting company 

and be able to provide the finished product to the customer. 

  

1. How attractive is the product to the customer?  

The customer would be any person or company who wanted to buy a pattern, a mould or a 

finished product. The business would be attractive to the customer as the service would be 

able to be offered at a much cheaper cost to them as the costs of making the pattern 
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would be less than the costs of the competitors. It would also be attractive to people with 

custom designs that they would like to be made out of metal. The company would build 

links with other companies who offer the other stages of the investment casting process so 

would be able to make a hassle free delivery of a totally customised product as long as it is 

made from a material that can be used in investment casting. If the product had to be 

procured from abroad; delivery time, delivery cost and the impact of the delivery on the 

environment would be improved. 

 

2. How attractive is the market?  

With the rise of people requiring customised products, it is a growing market which makes 

it attractive to go into. The market would also be the current users of the stereolithography 

companies who use them to make moulds, if these people are staying in business and 

ours could offer the service with lower start up and operating costs, the market looks 

attractive. 

 

3. Can the advantage be sustained?  

It would be difficult to sustain an advantage as the idea could easily be copied. Though 

implementing the Fab@Home machine in this capacity would be an advantage in itself; 

giving the users the necessary knowledge and adapting the machine before others to offer 

more services could help sustain the advantage. If customers are satisfied they will return, 

and the best (and worst) form of advertising is word of mouth [49], the company will be 

able to build a strong brand image which would be difficult to take away. Contracts with 

companies further along the investment casting process could sign contracts preventing 

them from using other Fab@Home machines offering the same service which would cause 

a large barrier to entry. 

 

4. How attractive is the industry?  

Though much mass production has moved overseas specialist manufacturing still occurs 

in the UK. The investment casting industry as a whole is also growing [50]. There is no 

large company offering from component idea to finished product service so there will be no 

large scale immediate competition who could use destroyer pricing tactics on the business. 

 

5. What skills and experience are needed?  



Team Project: Fab@Home 2007/08 25/04/2008 

 

 

Auth.: AB  - 71 - 

The in house staff must have good knowledge of the Fab@Home machine and how to use 

it. They would also need to be able to be competent with CAD so they could crate a CAD 

model from a paper drawing or from someone sat next to them telling them what they 

would like the model to look like. There should also be research and development staff 

working on the Fab@Home machine to try to improve the service. 

 

6. How much outsourcing would be needed?  

The company would rely on links with companies further down the investment casting 

process heavily if the customer wanted the product to be made by the business. If the 

customer just wanted the patter this could be created with no outsourcing other than the 

material suppliers.  

 

5.1.2 Summary of Rapid Tooling 

This looks like it could be a viable business as the set up costs would be low as the cost of 

a Fab@Home machine is relatively cheap as is wax and the computational technology 

needed to run the machine. The business could be started from home to see if the idea 

would work before buying expensive property. Modifications could be made to the 

Fab@Home machine in order to allow the machine to make patterns better and faster. 

Possible ideas for this would include a cooled bottom plate or operating within a cooled 

environment in order to get the wax to set quicker, enlarging the Fab@Home machine so it 

is possible to create larger patterns or use a two syringe system so it is possible to have a 

filler material so more intricate patterns could be made.  

 

If links with other companies worked well this company could become operationally 

excellent. A possibility for growth would be to get all of the process on one site under a 

single company name, thus allowing a smooth efficient operation. A strong relation would 

be formed with the customer as they would be involved in the design stage of the product. 

Product leadership may be difficult as the precision of the Fab@Home machine is less 

than that of stereolithography [51] though better finishing techniques a high standard of 

final product could be achieved. 
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Figure 5.1 - Minolta Vivid 900 laser scanner[52] 

 

Figure 5.2 - A, Digitalized image (copied & mirrored).B, Reproduction of overlapping image 

[52] 
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5.2 Possible applications: Ergonomic contact artefacts 

There a several potential applications taking advantage of the Fab@Home machine’s 

highly customised manufacturing nature. A major one of these is that of human contact 

points with artefacts, i.e. any item which the user has contact with (not necessarily 

manual). By making the contact point of the solid artefact mated to the user’s physiological 

counterpart it is possible to increase the user’s comfort and reduce the risk of any health 

issues which may be associated with the use of said artefacts e.g. repetitive strain injury. 

Another advantage of this application is enhanced quality of the contact surface through 

personalisation can increase the friction between the user and artefact i.e. the grip, which 

may prevent accidents and improve the efficiency of the use of the artefact. 

 

5.2.1 Ear Inserts 

It was mentioned earlier that the contact point would not necessarily be manual. It is easy 

to see the potential for hand held devices such as tool/machinery handles and sports 

equipment like bicycle grips and ski poles handles. However there are dozens of 

alternative and possibly more necessary contact points with everyday items. The first of 

which are ear inserts, these could be in the form of ear plugs for noise protection in an 

industrial environment, stethoscopes for medical staff or even ear phones for the domestic 

market. By having highly personalised ear inserts this will greatly increase the comfort and 

effectiveness of the device. At present the most comfortable ear buds available are in the 

form of standardised ear plugs such as Defendear [53] and PROTECThear [54] offering 

slightly above standard ergonomics. The potential for the Fab@Home machine to 

supersede the current standard is greatly enhanced when coupled with a laser scanner 

producing CAD models of the scanned physiological area. Laser scanning is commonly 

used for the modelling of the human body, a relevant example of such is the modelling of 

human ears for prosthetic purposes using a laser scanner and rapid prototyping wax casts 

[52] as shown in Figure 5.1 and Figure 5.2[52]. 

 

The limitations of these scanning devices lie far beyond the applications talked about 

above as similar equipment can be used to conduct much more complex structures such 

as the face [55] and the torso [56]. In terms of materials, silicone would be most suitable 

as it has relatively high elasticity and would therefore be more comfortable in the ear. This 

material is used by the current equivalent products and would not require any additions or 
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developments to the basic Fab@Home machine. Fillers such as mica could be added for 

aesthetic purposes or to reduce the weight of the end product. 

 

Applying the six questions as described earlier the potential for this application can now be 

analysed. 

 

1. How attractive is the product to the customer? 

Firstly the customer must be defined and for this application there are several distinctly 

differing customers however, generally the customer is anyone who has ears and more 

specifically those that use ear inserts of any kind regularly. This could range from 

labourers to doctors to domestic use on headphones. There is also scope to create a 

business relationship with a headphone manufacturer, however this would require mass 

production unless the nature of the manufacturer was defined as a product leader i.e. 

expensive headphones, lessening the batch sizes. The product in this instance is very 

attractive in that it offers significant improvement on previous similar products. However it 

is worth noting that it is NOT a new product, merely an innovative improvement on an 

existing product using a combination of high-end technology and the Fab@Home machine 

and as such there is an argument that if people have coped with old, why buy the new? 

 

2. How attractive is the market? 

There is huge growth in the market for both industrial and domestic uses. With the ever 

increasingly litigious nature of society, health and safety are rife and the rules for noise 

protection are no exception [57]. The alternative domestic market is also on the increase 

with 20% of the US owning MP3 players [58].  

 

3. Can the advantage be sustained? 

The advantage most definitely cannot be sustained without further innovations or 

developments in technology. In terms of intellectual property there is no legislation 

applicable to the Fab@Home machine itself (due to its open source nature) and the 

manufacture of customised ear pieces is too vague and adaptable to allow copyrighting of 

the concept. The only way to retain an advantage would be to remain a product leader or 

rely on operational excellence and reputation. 

 

4. How attractive is the industry? 
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At present the industry is very attractive and as already mentioned there are no previously 

existing competitors capable of offering a rival product. However this could quickly change 

once the new concept was introduced making the industry a potentially hostile and highly 

competitive one. 

 

5. What skills and experience are needed? 

This would require a low number of highly skilled operators for three main areas, the laser 

scanning/analysis, the CAD modelling and the operation of the Fab@Home machine. The 

operation of the Fab@Home machine requires an experienced operator as does the laser 

scanning. 

 

6. How much outsourcing would be needed?  

Potentially any engineer could operate the Fab@Home machine with sufficient experience 

and the same applies for the CAD software. However the operation of the laser scanning 

equipment would require highly specialised operators which would need to be outsourced. 

Also the materials and nozzle/syringes would need to come from a supplier, although the 

nature (size and commonness of materials) of the orders should mean that the suppliers 

would not be in a position of power over the operation of the business. 

 

5.2.2  Hand grips 

This concept originated from a response from Edinburgh Bicycle Cooperative suggesting 

that there would be a potential demand for personalised ergonomic contact points between 

the bike and rider. As cycling is generally a long and repetitive action, there are various 

strains and wearing which the rider incurs such as hand blisters and chafing. At present 

there are few solutions and arguably none which effectively solve the issue. Component 

Force is a company offering foam, plastic, industrial and rubber grips, an example of which 

is shown in Figure 5.3. Ergon is a manufacturer of bicycle ergonomic components and 

they offer several ergonomic grips specifically designed for bicycle use, shown in Figure 

5.4. 
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Figure 5.3 - Ergonomic grip designs by Component Force Ltd.[59] 

 

 

Figure 5.4 - Ergonomic grip designs by Ergon [60] 

 

As can be seen in Figure 5.3 and Figure 5.4 there are improvements of standard grips 

available however there are no user-specific grips which the Fab@Home has the potential 

to exploit, again using the laser scanning technology implemented with the ear inserts. In 

this instance however, the user would have to use a mould such as plaster of paris to 

create an impression of their hand’s surface. This impression would then be laser scanned 

as a freeform surface and modelled in CAD. The Fab@Home machine would then 

fabricate this in the form of a rectangular sheet with the user’s impression on the upper 
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surface (the bottom face being flat and smooth). The user could then attach this “grip 

sheet” to any device they wished to, from bicycle handle bars to ski poles. This means that 

the application has a very generic use and could be further designed to be sold as a kit for 

example the user could have their hand modelled, then order 5 grips, with an adhesive to 

affix the grips and possibly other attachments to aid in affixing the grips to any surface. 

Again the most suitable material to be used would be silicone and the basic Fab@Home 

machine would be adequate to extrude this. Also fillers may be used to control the material 

properties of the grips in terms of hardness and stiffness as required by customers and as 

before mica could be used for aesthetics or weight control. 

 

Again, the six questions can now be applied in order to analyse the potential for this 

application. 

1. How attractive is the product to the customer? 

The definition of the customer here is basically anyone who has hands making this a 

potentially massive market. However under further inspection the only individuals who 

would be willing to invest in a high calibre ergonomic grip system are keen sportsmen and 

women and professional athletes. There may still be potential for a domestic market for 

items such as handheld tools and devices etc. but this would not make up the primary 

target market. Within the defined market this product should be very attractive and there 

would be differing viewpoints as to the nature of the perceived product. Firstly, to the keen 

sportsmen and women it is a luxury item, however the purchasing nature of these 

customers shows that they are willing to spend money on a luxury item if it can either 

practically improve their performance or simply as a show of status and dedication to a 

sport/pursuit. Secondly the professional athletes would perceive the product as a necessity 

to their sport as it would prevent unnecessary injury and again be a symbol of status. 

 

2. How attractive is the market? 

The market described previously would be very attractive as it is a cash rich one with an 

international scope. The amount of disposable income has been rising consistently for a 

number of years now and today’s economy is driven by purchasing. The amount of people 

spending their money on leisure activities (including sports and outdoor pursuits) is also 

rising [61] as shown in Figure 5.5. 
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Figure 5.5 - Graph showing proportion of disposable income and weekly leisure 

expenditure[61] 

 

3. Can the advantage be sustained? 

As with the previous application, the advantage could potentially be lost as the 

Fab@Home machine is open source hence anyone could fabricate a similar product. 

However the process of taking a mould, laser scanning and fabricating the grip sheet could 

be copyrighted, helping to protect the application. There are various developments as well 

such as colour, different materials and the possibility of dual purpose. An example of this 

may be that the grips could have an inbuilt pouch for a mobile phone etc. 

 

4. How attractive is the industry? 

Again the industry is attractive in its present state as the competitors use very crude and 

basic technologies which could not offer the same products as the proposed system. 

 

5. What skills and experience are needed? 

As with the ear plug application a specialist would be required for the laser scanning 

process. In addition to this the process of taking an impression of the hand would require 

trained personnel however it is a relatively low skilled task. 

 

6. How much outsourcing would be needed? 
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As with the ear plug application, the materials shouldn’t be an issue, nor should the supply 

of nozzles, casts etc. It would be likely however that the impression casting equipment 

would need to come from a separate supplier which further increases the application’s 

dependence on external parties, potentially decreasing the operational excellence of the 

system unless an inventory of materials was kept which has an adverse effect on cash 

flow. 

 

5.2.3 Shoe Lasts 

The final potentially lucrative application concerned with the modelling of human 

physiology is the manufacture of highly detailed and personalised shoe lasts. Shoe lasts 

are used as the base shape for the manufacture of shoes and basically consist of a foot 

shaped artefact which the shoe is created around. They are used for customised, 

handmade shoes. At present the shoe lasts are worked from a block of polyethylene using 

3-axis lathes, roughing machines, some manual rework, hole boring and finished by 

finishing machines [62] some of which is shown in Figure 5.6. As with the previous two 

applications the process relies on laser scanning, a technique which is already employed 

in the modelling of highly customised shoe design, this can be seen in Figure 5.7 

 

Figure 5.6 - Current manufacturing techniques for shoe lasts [62] 
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Figure 5.7 - Scan-CAD-CAM chain [62] 

 

The current method of fabrication involves a lot of waste, unnecessary man hours and a 

relatively long time to completion. By implementing the same Scan-CAD-CAM-chain as 

used at present but implementing the Fab@Home machine for the fabrication stage of the 

production, the efficiency of this system could be drastically improved. The Fab@Home 

machine would require a heated nozzle to be added so that the thermoplastic could be 

extruded to construct the shoe last, as silicone is not stiff enough to build a shoe around. 

 

Again, the six questions can now be applied in order to analyse the potential for this 

application. 

 

1. How attractive is the product to the customer? 

The definition of the customer here is potentially anyone who has feet, again making this a 

potentially massive market. More realistically however, the market will be people who have 

foot problems or their foot shape does not conform to a standard shoe design, too wide, 

too high etc. Within this group of potential customers it will only be those with large 

disposable incomes as again this is a luxury item. There may be a medical application if 

the use of these mass customised shoes was proven to prevent foot trouble and/or 

posture. This would open up a whole new market of private healthcare and government 
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funded health support, however before that became possible it would be necessary for the 

system to prove itself in a more domestic environment. 

 

2. How attractive is the market? 

The market is very attractive as, according to Liu and Rottman, there has always been a 

potential need for customised shoes [63]. And with the popularity of sports, outdoor 

pursuits [64] and extreme sports [65] there is a definite need for specialist footwear. 

 

3. Can the advantage be sustained? 

Potentially any rapid prototyping machine could fulfil this role within the production of shoe 

lasts, at present however the link of mass customisation has not been implemented 

between the manufacture of shoe lasts and rapid prototyping. In this way it would be very 

difficult to sustain any competitive advantage especially as there is no need for aesthetic 

enhancements or improvements to material properties. 

 

4. How attractive is the industry? 

The paper by Denkena and Scherger goes on to say that the current system in use takes 

50mins to produce a pair of shoe lasts. Realistically the Fab@Home machine would be 

hard pressed to beat this meaning that the only advantage is that it would not require any 

human input once the process was started and there would be no waste. The potential use 

of direct sole injection is also waiting to be tested, which could potentially be a major 

competitor. 

 

5. What skills and experience are needed? 

As with the previous applications a specialist would be required for the laser scanning 

process. In addition to this if the process was to be used in a medical application, it is likely 

that a paediatrician would need to be employed to conduct the analysis/diagnosis of the 

foot problem. 

 

6. How much outsourcing would be needed? 

It would be necessary to either employ new staff members or to team up with an already 

existing company providing the scan-CAD-CAM side of the system as these expertise 

already exist it would not be viable to attempt to train engineers up from scratch in the 

relevant techniques and expect them to be as capable as the current professionals.
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5.2.4 Summary of Ergonomic contact artefacts 

The earplug application definitely seems like a viable application. It fulfils both the criteria 

of fitting well within the limits of the machine and having a genuine and relatively large 

market. Although the application may not be easy to protect in terms of intellectual 

property, its future could be safeguarded through clever marketing i.e. operational 

excellence, customer intimacy and product leadership. The hand grip sheets application 

again falls well within the limits of the Fab@Home machine however this is more of a 

luxury item and less of a necessity, but with the correct marketing could prove to be just as 

lucrative. The shoe last application appears to have the greatest demand, with current 

manufacturing techniques already in place. Unfortunately the demands of this application 

lie outside of the machine’s capabilities in terms of time restrictions. It would also require 

the implementation of the heated nozzle and hopper which. The barriers to entry for this 

application are too high as the industry has existed for too long already (and the market for 

even longer). 

 

5.3 Possible applications: Specific replacement/customised artefacts 

A business possibility would be making parts which are difficult to get, expensive or need 

to be delivered. In this section each application idea will be introduced in turn and then the 

six questions will be asked generically as the business model would be similar. 

5.3.1 Household applications 

Due to the changing fashions, progressions in technology and companies going bust 

household appliances are constantly changing so when they go wrong it can be difficult to 

find replacement parts. It can often be a simple part or cover that breaks, but it leaves the 

product unable to function properly or does not look neat enough to be on display in 

someone’s home.  

 

Many washers and seals have locating features and therefore getting replacements is not 

as simple as just knowing the internal and external diameter so to buy the correct ‘as new’ 

washer can be difficult especially if the appliance it has been taken out from is old. This 

difficulty highlights a gap in the market waiting to be filled. A company could be created 

which has a database with the dimensions and material properties of a vast array of 

washers and seals when an order for a replacement comes through the washer or seal 
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could be fabricated then posted to the customer or collected from the workshop. 

Alternatively if the old washer could be sent to the workshop and then be measured, if the 

washer had perished the place where it had been taken from could be measured and then 

this information would be added to the database.  

 

There is a growing trend for ‘retro’ appliances [66]; meaning more of the older appliances 

are being repaired instead of being replaced as the old appliance can be re-sold as a 

modern fashion accessory. 

5.3.2 Car parts 

When a component on a car fails it can be very frustrating due to not being able to use 

your primary mode of transport, the cost it takes to fix it and the time it takes to fix it. There 

is a both a financial and an inconvenience cost of a car part failing as you have to use 

alternative transport and the cost of replacing the part. 

 

 

Figure 5.8 - Anti-roll bar bushes 

 

The business idea will be to make spare parts using the Fab@Home machine. S. Down a 

vintage car racing enthusiast said that as cars first started plastics in the 1970’s there were 

many parts failing as they were weak, and that there are many models with slightly 

different sizes on parts which means it is difficult to find spare parts that are a perfect fit. A 

major problem was the bushes at the end of the anti roll bar failing see Figure 5.8 [67]. 

 

The shape of these bushes makes them ideal for the Fab@Home machine as the machine 

without adaption. To build them they would be built in the same way as the bush on the left 
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hand side of Figure 5.8. The hole in the bush would mean that it is not possible just to set 

the machine running and expect a correct part out as the extruded material would be 

without support. The hole could be made making a solid part and then stamping or drilling 

the hole. Alternatively, a cylinder covered with release agent could be placed into a half 

made hole and this would support the material until it sets, the clearance of the machine 

would need to be changed in the tool file so the nozzle would not hit the cylinder. 

 

The car he has is a Lancia which originates from Italy so to get parts they have to be 

delivered, many are discontinued and difficult to get, and their rarity also puts up the price. 

This means too many parts are from cars being ‘broken’ which means the part has been 

used and would not last as long a new one. The Fab@Home machine would get rid of this 

problem. 

 

1. How attractive is the product to the customer?  

The customer would be anyone with a fridge, freezer, air conditioning, boiler, washing 

machine, tumble dryer, vacuum cleaner and such like which has a defective washer or 

seal. Replacement parts for new appliances would be sold, but this product/service would 

be more useful for the owners of old, long discontinued appliances. 

 

2. How attractive is the market?  

With improved manufacturing techniques and quality control household appliances are 

lasting much longer, so there are more and more people with appliances it is difficult to get 

spare parts for. 

 

3. Can the advantage be sustained?  

It would be quite easy to set up in competition against this business as the Fab@Home 

machine is quite cheap and relatively easy to use. Though through being one of the first 

onto the market the database of parts can be extensively made and updated as new jobs 

come in which would make the time to delivery faster if the part or the place the part has to 

go does not need to be measured. Brand recognition and loyalty could also be formed. 

   

4. How attractive is the industry?  

There are many competitors selling spare parts for house hold appliances, though ours 

would be looking for the older parts, which may have perished over time as many have 
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been made from rubber, this means that it is likely that many of the spares would have 

perished in storage.  

 

5. What skills and experience are needed?  

The business would need to build up a vast database of tool files for the different materials 

needed to match the different physical properties required for different applications. This 

would require an employee with experience working with the Fab@Home machine to 

build. A CAD draftsman who has knowledge of seals and washes would be needed for 

measuring the sent in washers and estimating how they have changed over time and 

would also be able to work backwards from looking at the place where the washer needs 

to go to design a suitable replacement.  

 

6. How much outsourcing would be needed?  

There would not be very much out sourcing other than the purchasing of raw materials and 

maybe getting some dimensions for washers. It may be useful to outsource someone with 

marketing experience to get in custom at the start and help with a market positioning 

strategy. 

 

This business idea could work but the main thing stopping it from work is the vast number 

of competitors selling replacements that are not perfect fits but will do the job. These will 

have been made using mass production techniques and therefore the unit price will be 

much smaller than what it would be possible to make with the Fab@Home machine.  

 

This business focus of excellence would be product leadership as it can make the product 

exactly the same as the one originally intended for the purpose.

5.4 Possible applications: Generic customised artefacts 

5.4.1 Application concept 

The concept for this application arose due to the existence of a company with a similar 

application, which fortunately would in no way be a competitor. This company is Kinko’s (a 

subsidiary of FedEx) and they offer various printing services including high-velocity 

printing, digital printing, sign/banner printing, document design/creation, professional 

finishing/binding, personalised products and photo enhancements [68]. A few of these 
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services have direct 3D counterparts which could be offered by this application such as 

personalised products and 3D sign/banner making could be a popular service. Kinko’s 

offers physical locations all over the US whereby customers can go in with digital copies of 

documents or photographs. These can then be uploaded into the relevant machinery 

which is then capable of printing the images/documents in various different forms. 

Although the company was started (in 1970) purely with physical locations it has now 

succumb to the inevitable “.com” side of business as photos and documents can be 

uploaded over the internet and printed items can be sent by post or courier to the 

customer. The services that could be offered by a 3D printing service are as limited as the 

imaginations of the customers however a few concepts are listed in Table 5.1 according to 

material choice. 
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Soft Plastic (Silicone) Hard Plastic 

(thermoplastic) 

Consumables 

Shock absorbing 

personalised covers for 

devices such as MP3s, 

cameras etc. 

Small business/domestic 

signs and banners with 3D 

lettering/imagery. 

Personalised cake designs 

especially wedding cake, 

with accurate bride/groom 

models. 

Personalising items with 

name, D.O.B. etc. 

Highly customised picture 

frame for awkward shaped 

pictures (and can be 

personalised) 

Personalised sweets, 

biscuits etc. for 

parties/gifts 

Embedded electronics 

circuits, using conductive 

silicone. 

Replacement/customised 

toys e.g. Lego bricks 

Highly detailed hors 

d’oeuvres for dinner 

parties etc. 

Table 5.1 - Possible 3D printing products 

 

The customer could have two options for the manufacture of their desired artefact. Firstly 

the customer designs the artefact themselves with CAD software (possibly downloaded 

from the company’s website). Secondly, if the customer is unable to design the artefact 

themselves or doesn’t have access to the internet, they can hire a CAD operator on-site to 

design their artefact there and then-this will obviously be a more expensive option. A range 

of materials would be available for use and if a customer wanted a non-standard material 

then this could even be accommodated for (at an extra cost as the tooling file would 

require re-calibrating). 

 

Shown below are the six questions used in the analysis for this application. 

 

1. How attractive is the product to the customer? 

The customer for this application is a mainly a domestic one. The market is not limited by 

any specific criteria as with the previous applications such as foot problems etc. In this way 

the market is any member of the public, even if they don’t have access to a computer/the 

internet. The attractiveness of the application lies behind the appeal of the Fab@Home 

machine itself. The application, put simply, is making the already domestic Fab@Home 

machine even more available to the public as the customer will not even have to purchase 
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a machine or have any technical ability to fabricate whatever they want which leads onto 

the next question. Businesses may also need the use of a low cost 3D printer. 

 

2. How attractive is the market? 

There is a definite interest in the Fab@Home machine and relatively low sales could be 

attributed to lack of anecdotal popularity (as it is still a relatively new product) and high 

cost for non-engineers. As suggested by Malone and Lipson[69] and shown in Figure 5.9. 

 

 

Figure 5.9 - Fab@Home website response to media coverage [69] 

 

Presuming that the market share accredited to this application would potentially be the 

same as that accredited to current 2D printing services. Kinko’s was bought by FedEx for 

$2.4billion in 2004 and currently has 19,000 employees in 11 countries. Although the 

company did start primarily making black and white and colour copies, the personalised 

printing services and sign printing create large amounts of revenue making this a very 

lucrative application and the market very attractive. The cake design service could almost 

be analysed as a separate application as there appears to be a great demand for highly 

customised, made-to-order cakes for all occasions, especially weddings. Simply typing 

“wedding cake designers” into Google will return over 3 million results. There is a massive 

market for the wedding cake industry and this application could potentially allow the 



Team Project: Fab@Home 2007/08 25/04/2008 

 

 

Auth.: JB  - 89 - 

customer to have their cake printed very accurately at a low cost and highly personalised 

to their specifications. 

 

3. Can the advantage be sustained? 

This application is unique in that it is very much location dependant. Unlike the previous 

applications, the interface between the company and the customer is important here as 

there would need to be physical shop locations with staff etc. This means that with careful 

planning the advantage could be sustainable as location dominance would defer potential 

competitors. As Kinko’s have done, the advantage could also be sustained through good 

marketing, operational excellence and most importantly competitive pricing as other similar 

companies emerge. 

 

4. How attractive is the industry? 

The concept of bringing a 3D printing service to the domestic public along with make-to-

order industries and professional engineers in general is new. At present there are 

companies such as Protomold however they claim that their prices start at $1795[70], 

whereas this application would offer much cheaper fabricating, as machine costs and 

material costs are much lower than that of current competitors. 

 

5. What skills and experience are needed? 

It would be necessary to have trained floor staff as well as specialist technician capable of 

fixing the machines, changing fool tiles etc. The interaction with the customers would be 

very important to avoid potential customers being deterred by too technical floor staff. In 

this respect the application would have a lot of staff and they would be potentially 

expensive to train to different levels. For example the floor staff would need a basic 

understanding of the machine and be able to solve very common problems so as no to 

waste too much time. Another factor to be considered is that if consumables were to be 

used (likely to be a large source of revenue) then all the food standards and regulations 

would apply. This means that clean and hygienic environments would be necessary for the 

food preparation and storage, also the staff involved with the foodstuffs would need to be 

fully trained in health and safety just as professional kitchen staff are. Front desk staff 

would help transfer the needs of the customer to the floor staff, they would need to be 

helpful and friendly; they would deal with the financial transactions. 
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6. How much outsourcing would be needed? 

This application is heading more towards the mass customisation area of rapid prototyping 

and would require very good supply relationships. In this respect the suppliers would 

certainly have more power over the company however this is dependant on the materials 

being used. For example silicone can be easily sourced as there is an abundance of 

suppliers making it very hard for one supplier to monopolise the others and drive prices too 

high. More rare materials which may be used however such as conductive silicone or 

certain foodstuffs would be more easily monopolised. Fortunately though there are fewer 

suppliers for these materials because there is less demand for them, which would be 

reflected in the material demand for this application i.e. the rarer the material the rarer the 

customers wishing to use them. A just-in-time delivery system could be used for custom 

orders of such materials to avoid unnecessary inventory. 

 

5.4.2 Business idea for generic customised artefacts 

The business for this idea would start by buying a single Fab@Home machine and starting 

to ‘play’ with it in the home, in order to get knowledge of how to work it and build up a 

library tool files for the different materials that people would require. The target market 

would be to people requiring personalised items such as the domestic ideas in section 5.3; 

it could also be useful for all the other applications looked at such as people requiring the 

buses for cars and washes; it could be used in the later part as the fabrication of the 

ergonomic artefact and also for creating the pattern for investment casting. This business, 

in the beginning, would be best suited to someone who is still employed and is just 

working with the Fab@Home machine out of interest as a lifestyle business and for a bit of 

spare cash. 

 

In order to generate knowledge in the market about this service houses could have adverts 

posted through doors and examples of products could be taken to market places and such 

like with examples and take orders from there, then make the product and deliver it or 

arrange for customer pick up. As the orders come in the owner will be able to target similar 

people who may have similar requirements. Vintage car companies would be contacted 

and examples of replacement parts could be taken down and shown of to the members. A 

stall could be set up at vintage car rallies showing the possible replacement parts that can 
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be made; here would be an opportunity to show how metal parts could be made through 

investment casting. 

 

To calculate the sale price of this product, the extra parts of the process should be added 

to the cost of making the product, the other overheads plus the margin. As the start-up 

costs are low it is a relatively low risk experiment. If enough orders come in to warrant 

growth it is possible to grow through having more machines and adapting them then taking 

on employees and premises. If the orders do not come in, the cost of set up is so minimal, 

it can be written of as a fun project. 

 

If the idea takes off the owner would then have to decide what they should do to grow 

there business. One tool for examining the company is performing a SWOT analysis. The 

acronym SWOT stands for strengths, weaknesses, opportunities and threats. The 

strengths and weaknesses are internal to the business and the opportunities and threats 

are external to the business. The aim of this exercise is to take maximise and improve the 

businesses strengths, minimise the weaknesses, take advantages of the opportunities and 

defend against the threats. This SWOT analysis has been taken place after a year in 

business see Table 5.2. 

 

Strengths 

Good knowledge of how to use 

Fab@Home machine 

Good relationship clubs 

Good relationship with customer 

Opportunities 

Sell in more locations 

Make more varied products 

Build links with businesses/universities 

Weaknesses 

Not enough customers 

Not making enough cash 

Threats 

Anyone else can start a similar business 

More established pattern makers 

Table 5.2 - SWOT analysis for 3D rapid printing 

 

In order to overcome the weaknesses more customers are needed, the opportunities 

should be looked at for ideas to grow. It would be possible to set up similar workstations in 

other geographical areas as long as tool files are transferred and the workers are well 

trained. As users become more competent and adapt the machine, the accuracy, precision 

and capabilities will become improved; leading to the possibilities of products increasing. 
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Better patterns for investment castings would be able to be made, and the company could 

market itself more as a pattern makers. 

 

5.4.3 Summary of Generic customised artefacts 

This application certainly has potential do be a very successful one with massive 

international potential, just as Kinko have done. This system would be a mass 

customisation manufacturing model, as it combines a high customisation capability with 

the capacity for a large product output. However filling a shop with Fab@Home machines 

is not the same as filling a shop with high volume 2D printers. Currently the Fab@Home 

machine is relatively slow and requires a relatively large amount of attention as the 

commissioning process proved. The implications of having several standard machines 

running at the same time in the same place would be a large workforce. This would be 

very expensive and difficult to set up, even when the machine works without any errors the 

syringe changes alone would require man-hours. If the machine was adapted to have a 

large hopper and screw feeders removing the necessity for timely syringe changes and 

increasing the consistencies of material qualities would make this application much more 

of a reality. A product data management system would need to be implemented in order to 

track the product being fabricated. Whilst the concept of a 3D printing chain with 

nationwide shops is potentially a very lucrative one, the Fab@Home machine is not quite 

ready for the task. 

 

5.5 Conclusions and Development of chosen application 

The final decision for an application of the Fab@Home machine is a difficult one, as the 

idea of combining this home-use intended, open source, low cost machine with a highly 

competitive, external market with all the potential risks of a new business venture proves 

to be somewhat of a paradox. The problem is that the machine has been designed with 

home use in mind, seemingly insignificant errors and flaws in the machine’s performance 

such as timeliness and the unexplained loss of positional awareness in any/all of the three 

axes, whilst forgivable in home use, become major issues when considering the machine 

for an engineering application. 
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However, there is clearly a range of applications where the use of a mass customisation 

machine, such as the Fab@Home machine, could be used. The Fab@Home machine 

itself is also capable of producing highly customised artefacts, however not on a large 

scale. So the market exists and the machine capable of creating the artefacts necessary to 

satisfy this market also exists, the problem occurs when making the direct connection 

between the two. This is because it highlights the inherent fact that the Fab@Home 

machine is incapable of mass production. Each artefact produced requires a lot of time 

and supplementary support from at least one person to keep the machine functioning 

correctly. To speed up the process the machine would have to be heavily adapted. 

 

The idea of using the machine as a pattern maker is a definite possibility though only for 

crude applications. As long as the Fab@Home machine has been able to make the shape 

required, a metal casting of that shape can be made. If the requirements of the casting are 

within the capabilities of the Fab@Home machine, it would be an excellent low cost 

replacement of making a pattern by hand, creating mould or using stereolithography. 

 

Use of the Fab@Home machine as a 3D printer would be a viable option, though it would 

net be recommended for someone to buy a hundred and set up shop. It should be more a 

growing business, as knowledge of the Fab@Home machine grows possible applications 

will grow as well. In order to implement such possibilities it will be necessary to develop 

the machine as detailed previously. 

 

The Fab@Home machine was designed to allow any person in the world to be a designer, 

allowing previously unheard of innovations to be not just be voiced, but built and used. In 

this respect the Fab@Home machine has succeeded and this is an application in itself, 

however implementation of a large scale application has proven to be too counter-intuitive 

to the nature of the machine at this stage in its development. The Fab@Home machine 

being the centre to a large company is not likely but there is a definite possibility for use in 

small to medium enterprises (SME’s), home businesses or as a part of a larger application 

as with the rapid tooling. If nothing else the Fab@Home has proven to be an entertaining 

piece of equipment with definite potential applications. 
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6 Discussion  

6.1 Future Prospects for Fab@Home 

6.1.1 Newcastle Fab@Home 

Following this project with the Fab@Home machine at Newcastle University, the machine 

will continue to be used by other students who will continue to develop the machine. Many 

developments are possible for the machine but there were none that were possible in the 

time scale given to complete the project. Some form of thermoplastic extrusion 

mechanism, which would allow objects to be made on the machine that would be far more 

useful in an engineering application, would be a hugely useful development and would 

make the machine far more useful for the likes of the formula student project within the 

university. The University of Adelaide have already developed a mechanism to extrude hot 

glue (Technomelt Supra -100), through a nozzle on to the deposition table [4]. The main 

problems experienced were to do with the control of the temperature at the nozzle and 

thus the control of material viscosity and rate of deposition. It was agreed upon within the 

group that an expansion of the machine to work with thermoplastic polymers would be a 

valuable development. 

 

Some materials used in industrial thermoplastic extrusion that may be suitable for further 

investigation are [71]: 

·  Acrylic 

·  Acrylonitrile Butadine Styrene (ABS) 

·  Polycarbonate (PC) 

·  Polyester (PETG) 

·  Polyethylene (HDPE/LDPE) 

·  Polypropylene (PP) 

·  Polystyrene 

·  Polyvinyl Chloride (PVC) 

6.1.2 Worm Screw Design 

The idea of a heated worm screw option for the Fab@Home machine opens up a host of 

different options. Not only the obvious benefit of being able to use materials suited to a 

wider range of engineering applications but the option to have a large hopper above the 
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extrusion tool would negate the need to stop at regular intervals to refill the deposition 

material. The main problem is finding a stepper motor of sufficient power that could be 

mounted on the X, Y carriage and not be too heavy. The whole unit would be fairly 

massive putting a large strain on the moving carriage. A compromise needs to be found 

between the viscosities; low viscosity would allow lighter equipment to be used but a 

higher viscosity would aid the control of the extruded material but require ‘heavier’ 

extrusion equipment. Some of the problems experienced by the University of Adelaide 

were to do with the stepper motors overheating due to the extra strain they were under. 

Cooling of these stepper motors is clearly another important consideration. 

 

Figure 6.1 - A worm screw extruder as used by the University of Adelaide [2] 

 

It is proposed that a feedback control system is used for the control of the temperature 

surrounding the extruder. This may involve multiple sensors to build up a better picture of 

the temperatures involved in the extruder. By use of a feedback system a constant or near 

constant temperature may be maintained to achieve the best extrusion results. The heat 

could be provided by a resistance coil wound round the barrel of the worm screw casing. 

For better results it would be preferable to part melt or at least soften the material before it 

entered the screw barrel. This would reduce the amount of work required by the screw 

stepper motor. 
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From research conducted it was found that there were limited available worm screws on 

the market of suitable size for inclusion on the Fab@Home machine. Caleva Ltd. [72] 

manufacture a small worm screw extruder that could be modified to work with the 

Fab@Home project. They claim that their extruder is capable of working with as little as 5g 

of material. It is believed however that in order to develop the best design, it will need to be 

custom built. It is generally accepted; the longer the screw the better the extrusion quality 

as the temperature gradient within the material is more constant [73]. It also reduces the 

chance of the material charring due to heat concentration [4]. Length and diameter are 

very important when determining the volumetric capacity of a screw and also the amount 

of heat generated by friction. A length to diameter ratio is produced where by a bench 

mark for screw design is established. 25:1 was considered a good starting point however a 

L/D ratio as low as 3.5:1 has been shown to work [73]. This would permit a smaller worm 

screw to be used on to the Fab@Home machine whilst still producing a good extrusion. 

6.1.3 Other Possible Developments 

There are of course other areas that can be investigated such as the use of a dual syringe 

mechanism as used by Rockefeller University NY [2]. The two syringes could be used to 

deposit some form of support material that would allow the machine to create more 

complicated structures with overhanging designs. This sort of technology is already 

available in industry standard rapid prototyping techniques but would be a useful 

development to the Fab@Home program and Fab@Home in Newcastle University. 

 

A form of mixing nozzle design would allow better use of two part resin materials where by 

the two parts are only mixed just before extrusion. This would result in more consistent 

setting through the material and the reduced time between mixing and extrusion would 

allow for faster setting materials to be used. This would also require a two syringe based 

deposition tool thus further supporting the idea of that development. 

 

The Fab@Home software was not always reliable. Sometimes the machine would not 

respond and other times it would produce a deposition path wildly detached from what was 

expected. It seems this is down to software bugs which could be ironed out as part of the 

continuing development. The software could also be improved to better control the 

deposition; this could involve a non linear step change after each layer to allow for ‘slump’ 

within the material (Where ‘slump’ is the amount the material compacts under its own 
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weight, changing the dimensions of the part). Incorporating some sort of allowance in to 

the software would keep the deposition height more constant above the previous layer. 

This ‘slump’ factor would be a material dependant property. 

6.1.4 Fab@Home in the Global Arena 

At the moment the Fab@Home machine is far from a competent rapid manufacture 

machine due to the limitations imposed on the materials available for use with the 

machine. If developments are successful to make these limitations less pronounced and 

the cost of the machine can be brought down even further, it is a real possibility that we 

may well realise the vision of creator, Evan Malone. Much like the similar projects such as 

RepRap [74], where the idea of home scale rapid manufacture is essentially the same as 

Fab@Home, there are predictions of how it will change the society we live in; "[RepRap] 

has been called the invention that will bring down global capitalism, start a second 

industrial revolution and save the environment..."� The front page of The Guardian, 

November 25, 2006 [74]. Whilst that is a very large and somewhat farfetched claim, the 

suggestion behind what is being said is potentially very true. The idea of Fab@Home and 

other home based rapid manufacturing projects allowing people to make items at home 

could undermine the traditional revenue models for manufacturers [5]. 
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6.2 Building and Calibration 

The build and calibration of the Fab@Home machine turned out to be straight forward with 

few problems encountered. The instructions in the documentation were followed as closely 

as possible. When problems did arise, missing screws for example, in order not to lose 

time, other assembly steps were commenced avoiding any delays. 

 

6.3 Commissioning 

The commissioning plan was cut short due to the unforeseen time constraints that were 

placed on the project by the machines continuously pushed back arrival date. Many of the 

tests were run on one test piece; “test piece one”. This was a limitation due to the control 

parameters on each test. However basic results were returned for each area of 

commissioning plan with the most satisfactory conclusions being drawn from the accuracy 

tests where it was possible to properly examine the resolution of the machine. A large 

proportion of the time was initially spent on developing an improved tooling file for the 

silicone material that was available. As shown in Table 3.1 two tool files were used to 

examine the changes produced by varying different parameters. 

 

6.4 New materials  

For the Fab@Home process various appropriate materials are available, though not all of 

them allow the use for engineering applications. Some materials require specialist 

equipment such as a thermoplastic extruder for many plastics. As it is cheap and easy to 

get hold of, silicone rubber was used as the benchmark material for this project. The 

properties of silicone rubber were compared to those of tested mixtures with different 

fillers; glass granules and mica powder were used. 

 

The strength of silicone could be increased by 25% with the addition of glass granules 

(mixing ratio 2:1) while the elongation to failure was reduced by 40%. Mica, on the other 

hand, did not show any significant improvements of the mechanical properties however 

mica provides silicone with enhanced aesthetics. 
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6.5 Applications 

Many possible applications of the Fab@Home machine have been found including, 

making equipment made to fit the users’ body, making replacement parts for consumer 

goods, in rapid tooling by making patterns for use in investment casting and as a 3D 

printers printing whatever the customer requires as long as it is possible to use the 

material required. The machine does have the capability to make low accuracy low cost 

one-off products, but to make a successful business from it would be difficult. If the 

machine and its software could be modified for a smoother more accurate process on a 

grander scale; the Fab@Home machine as part of a business could be a realistic 

opportunity. 

 

6.6 Late Delivery 

A major issue with this project was the reliability of the delivery. As with most international 

deliveries some lea-way must be allowed for on delivery dates due to customs and 

taxation etc. However the delivery of the Fab@Home machine was delayed by 3 months 

which was approximately 50% of the entire timescale of the project. This in itself would not 

have been too detrimental to the productivity of the group if a definite delivery date could 

have been given as opposed to expecting it each week. Having received the machine 

however and completed the majority of the original commissioning plan, it is now clear that 

much more work could have been completed during these 3 months than originally 

planned. This would have allowed the implementation of some of the future developments 

described in section 7. 

 

With hindsight, the work evaluation and re-assessment could have been improved; the 

problem being that without a definite delivery date the timescale of each plan revision was 

limited to a very short timescale i.e. 1-2 weeks only allowing for small amounts of work to 

be completed each week. Despite this the group was able to maintain a relatively high 

level of productivity through good communication, a high level of planning and constant 

workload re-assessment. 
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7 Conclusions on the Fab@Home project  

 

During the course of this team project the group had a number of objectives to meet which 

were indicated by the team brief. Originally the project requirements were to; 

·  Build and commission the Fab@Home system, 

·  Develop a new material to use in conjunction with the system, with specific regards 

to having good mechanical properties. 

·  To use the system to fabricate a model with an engineering application. 

 

It was clear that our initial objectives were not going to be met, as we were without the 

Fab@Home machine for all of the first term and most of the second. Although it was still 

expected of the team to build and commission the machine and develop a product with an 

engineering application, a revised list of objectives were given to us (06/12/07) this saw 

revisions to the material objective. The team were to produce an ‘evaluation into new 

materials for the potential use within the Fab@Home system. During the time between the 

initial revisions of the brief the group had conducted a significant amount of research into 

potential materials and also the use of additives and fillers for use with the Fab@Home 

machine, extensive experiments with potential materials, including fibreglass, mica and 

silicone were also conducted. However it was soon apparent that when the Fab@Home 

machine had not arrived by February the brief would again have to been adapted. The 

final revision of the project objectives were given to us (06/02/08): 

 

·  To Build the Fab@Home machine. 

·  To develop an in depth commissioning plan for the machine and implement the plan 

as far as possible in the time permissible. 

·  To evaluate new materials for use in the system, with a target of providing good 

mechanical properties. 

·  To identify and evaluate potential engineering applications for the system 

 

Fortunately the Fab@Home system arrived soon after and the team were able to start 

completing the brief. The first objective was to build the Fab@Home machine; to do this 

the team implemented an in-depth build plan. The build plan allowed the team to utilise the 

maximum number of individual man hours of each individual team member. In total 27 
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hours over the space of week were set aside in order to complete this build. The total build 

and initial calibration of the machine was actually completed within three weeks, however 

the overrun in time was caused due to delays in receiving essential components (JTAG 

adapter and screws) as mentioned earlier in the commissioning chapter the actual build 

and calibration took just under 24 hours, which was well under our initial specified build 

time.  With regards to the second objective the team had originally created a two part in-

depth commissioning plan and timetable. These documents contained every individual 

aspect of the Fab@Home machine, which was to be evaluated and tested. Following on 

from this a range of test pieces and manufacturing benchmark tests were created in order 

to maximise the efficiency of the commissioning programme. Finally all tests were 

scheduled into an intensive four week commissioning programme (as shown in the 

commissioning plan timetable) However due to the late arrival of the machine, the team 

were not able to implement the full programme. Due to this the testing and commissioning 

of the machine was less extensive and progress suffered, however it was decided as a 

group that the key tests would be concentrated on for as long as possible, in order to get 

enough data to analyse.  In this regards the team put in a substantial amount of, in and out 

of hours, work in order to fulfil the programme and also produced a lot of high quality 

results (including Charpy, tensile and accuracy and speed tests). Nevertheless if the 

machine was not late a more enhanced commissioning phase could have been 

implemented. The third and final objective relates to the evaluation of materials in 

conjunction with the Fab@Home machine, as mentioned earlier extensive work in the form 

of individual research and material experiments were carried out over the entire course of 

the project. It was originally hoped that the Fab@Home machine could be adapted in order 

to increase the range of materials used.  One of these applications within particular was 

the use of a worm screw extruder and the ability to process polymers (thermoplastics and 

thermosets) this would have been the ideal material medium to use, in terms of increasing 

mechanical properties and expanding the range of possible engineering applications. 

However the delay in the machine meant only theoretical analysis of this could be done. In 

order to try and complete the very first objective set out (Develop a material to use in 

conjunction with the system) the team investigated the use of fillers and the applications 

they have, from this various silicone rubber compounds were produced, which were 

subsequently tested and evaluated. Through this research the team were able to create 

wider implications in the context of using the Fab@Home machine to fabricate engineering 

applicable products. This therefore leads into the final objective which was to identify and 
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evaluate potential engineering applications for the system. This proved to be one of the 

more difficult objectives to complete as the team were forced to choose engineering 

applications based around the material choice available. Ideally the engineering 

application would drive the material, and as the team were given the options of silicone 

rubber or icing sugar the choices for engineering applications were limited. Part of the 

process involved with choosing an engineering application was to find an adequate were 

there would also be sufficient demand for the product, however the limitations in terms of 

accuracy and complexity of the product had to be factored in when choosing the final 

concept. From this a specific criteria for what product could be created was developed, in 

the end applications which revolved around human interaction were chosen, this was due 

to their relatively ease to manufacture and the high demand for bespoke products in the 

market, with regards to these factors the team successfully completed this objective. 

 

In reflection the project can be said to have been very successful, but somewhat 

problematic, the late of the arrival of the system meant that our project brief was 

continually adapting, which consequently impacted on the work which the team were able 

to produce. However in spite of these limitations the team managed to complete all 

objectives to a high standard and also enjoyed the work which they were involved with. It 

is hoped that the work which was carried out in this project will serve as a foundation, in 

order to further research into the machine and its applications, in the future.  
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Appendix A  

Alec1.tool    
    
TIPDIAM 0.84  //[mm], internal diameter of syringe needle/tip 
PATHWIDTH 0.8  //[mm] width of stream of material deposited 
PATHHEIGHT 0.45  //[mm] height of layers of material deposited 
PUSHOUT 0.25  //[seconds] early dispensing to start flow quickly 
SUCKBACK 0.3  //[seconds] reverse plunger motion to stop flow quickly  
DEPOSITIONRATE 0.0032  //(mm plunger motion per mm of path length) 

CLEARANCE 2  
//[mm] clearance between tip and last layer when 
traversing 

PATHSPEED 7  //[mm/s] speed along paths when depositing material 

PAUSEPATHS 50  
//number of paths after which to trigger an automatic 
pause 

    
Alec1gg.tool    
    
TIPDIAM 0.84  //[mm], internal diameter of syringe needle/tip 
PATHWIDTH 0.8  //[mm] width of stream of material deposited 
PATHHEIGHT 0.6  //[mm] height of layers of material deposited 
PUSHOUT 0.4  //[seconds] early dispensing to start flow quickly 
SUCKBACK 0.45  //[seconds] reverse plunger motion to stop flow quickly  
DEPOSITIONRATE 0.0038  //(mm plunger motion per mm of path length) 

CLEARANCE 2  
//[mm] clearance between tip and last layer when 
traversing 

PATHSPEED 7  //[mm/s] speed along paths when depositing material 

PAUSEPATHS 1000  
//number of paths after which to trigger an automatic 
pause 

    
Alec1mica.tool    
    
TIPDIAM 0.84  //[mm], internal diameter of syringe needle/tip 
PATHWIDTH 0.8  //[mm] width of stream of material deposited 
PATHHEIGHT 0.55  //[mm] height of layers of material deposited 
PUSHOUT 0.4  //[seconds] early dispensing to start flow quickly 
SUCKBACK 0.45  //[seconds] reverse plunger motion to stop flow quickly  
DEPOSITIONRATE  0.0045  //(mm plunger motion per mm of path length) 

CLEARANCE 2  
//[mm] clearance between tip and last layer when 
traversing 

PATHSPEED 7  //[mm/s] speed along paths when depositing material 

PAUSEPATHS 50  
//number of paths after which to trigger an automatic 
pause 

    
Dom1.tool    
    
TIPDIAM 0.84  //[mm], internal diameter of syringe needle/tip 
PATHWIDTH 0.8  //[mm] width of stream of material deposited 
PATHHEIGHT 0.45  //[mm] height of layers of material deposited 
PUSHOUT 0.25  //[seconds] early dispensing to start flow quickly 
SUCKBACK 0.3  //[seconds] reverse plunger motion to stop flow quickly  
DEPOSITIONRATE   0.0028  //(mm plunger motion per mm of path length) 

CLEARANCE 2  
//[mm] clearance between tip and last layer when 
traversing 

PATHSPEED 8  //[mm/s] speed along paths when depositing material 
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PAUSEPATHS 16  
//number of paths after which to trigger an automatic 
pause 

    
Dom2.tool    
    
TIPDIAM 0.25  //[mm], internal diameter of syringe needle/tip 
PATHWIDTH 0.35  //[mm] width of stream of material deposited 
PATHHEIGHT 0.3  //[mm] height of layers of material deposited 
PUSHOUT 0.245  //[seconds] early dispensing to start flow quickly 
SUCKBACK 0.23  //[seconds] reverse plunger motion to stop flow quickly  
DEPOSITIONRATE  0.0007  //(mm plunger motion per mm of path length) 

CLEARANCE 2  
//[mm] clearance between tip and last layer when 
traversing 

PATHSPEED 8  //[mm/s] speed along paths when depositing material 

PAUSEPATHS 45  
//number of paths after which to trigger an automatic 
pause 

    
Dom3.tool    
    
TIPDIAM 0.84  //[mm], internal diameter of syringe needle/tip 
PATHWIDTH 0.8  //[mm] width of stream of material deposited 
PATHHEIGHT 0.45  //[mm] height of layers of material deposited 
PUSHOUT 0.25  //[seconds] early dispensing to start flow quickly 
SUCKBACK 0.3  //[seconds] reverse plunger motion to stop flow quickly  
DEPOSITIONRATE  0.003  //(mm plunger motion per mm of path length) 

CLEARANCE 2  
//[mm] clearance between tip and last layer when 
traversing 

PATHSPEED 8  //[mm/s] speed along paths when depositing material 

PAUSEPATHS 40  
//number of paths after which to trigger an automatic 
pause 

    
Harrytool.tool    
    
TIPDIAM 0.84  //[mm], internal diameter of syringe needle/tip 
PATHWIDTH 0.8  //[mm] width of stream of material deposited 
PATHHEIGHT 0.84  //[mm] height of layers of material deposited 
PUSHOUT 0.3  //[seconds] early dispensing to start flow quickly 
SUCKBACK 0.35  //[seconds] reverse plunger motion to stop flow quickly  
DEPOSITIONRATE 0.0038  //(mm plunger motion per mm of path length) 

CLEARANCE 2  
//[mm] clearance between tip and last layer when 
traversing 

PATHSPEED 7  //[mm/s] speed along paths when depositing material 

PAUSEPATHS 1000  
//number of paths after which to trigger an automatic 
pause 

    
HarrytoolRED.tool    
    
TIPDIAM 0.25  //[mm], internal diameter of syringe needle/tip 
PATHWIDTH 0.25  //[mm] width of stream of material deposited 
PATHHEIGHT 0.25  //[mm] height of layers of material deposited 
PUSHOUT 0.245  //[seconds] early dispensing to start flow quickly 
SUCKBACK 0.23  //[seconds] reverse plunger motion to stop flow quickly  
DEPOSITIONRATE   0.0007  //(mm plunger motion per mm of path length) 

CLEARANCE 2  
//[mm] clearance between tip and last layer when 
traversing 

PATHSPEED 7  //[mm/s] speed along paths when depositing material 
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PAUSEPATHS 1000  
//number of paths after which to trigger an automatic 
pause 

    
Impey.tool    
    
TIPDIAM 0.84  //[mm], internal diameter of syringe needle/tip 
PATHWIDTH 0.8  //[mm] width of stream of material deposited 
PATHHEIGHT 0.45  //[mm] height of layers of material deposited 
PUSHOUT 0.25  //[seconds] early dispensing to start flow quickly 
SUCKBACK 0.28  //[seconds] reverse plunger motion to stop flow quickly  
DEPOSITIONRATE   0.0028  //(mm plunger motion per mm of path length) 

CLEARANCE 1.9  
//[mm] clearance between tip and last layer when 
traversing 

PATHSPEED 9  //[mm/s] speed along paths when depositing material 

PAUSEPATHS 60  
//number of paths after which to trigger an automatic 
pause 

    
JON.tool    
    
TIPDIAM 0.25  //[mm], internal diameter of syringe needle/tip 
PATHWIDTH 20  //[mm] width of stream of material deposited 
PATHHEIGHT 0.3  //[mm] height of layers of material deposited 
PUSHOUT 0.245  //[seconds] early dispensing to start flow quickly 
SUCKBACK 0.23  //[seconds] reverse plunger motion to stop flow quickly  
DEPOSITIONRATE  0.0007  //(mm plunger motion per mm of path length) 

CLEARANCE 2  
//[mm] clearance between tip and last layer when 
traversing 

PATHSPEED 10  //[mm/s] speed along paths when depositing material 

PAUSEPATHS 45  
//number of paths after which to trigger an automatic 
pause 

    
Jon.tool    
    
TIPDIAM 0.84  //[mm], internal diameter of syringe needle/tip 
PATHWIDTH 0.8  //[mm] width of stream of material deposited 
PATHHEIGHT 0.45  //[mm] height of layers of material deposited 
PUSHOUT 0.25  //[seconds] early dispensing to start flow quickly 
SUCKBACK 0.28  //[seconds] reverse plunger motion to stop flow quickly  
DEPOSITIONRATE   0.003  //(mm plunger motion per mm of path length) 

CLEARANCE 1.5  
//[mm] clearance between tip and last layer when 
traversing 

PATHSPEED 10  //[mm/s] speed along paths when depositing material 

PAUSEPATHS 60  
//number of paths after which to trigger an automatic 
pause 

 


