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Summary

This report begins by documenting the development of a new ‘circuit inclusion’ technology which creates electrical circuits. The process injects molten alloy into casting channels in a physical component. On solidification, a robust electrical circuit is formed within the structure of the physical component.

The circuit inclusion process was automated by mounting the injection device onto a mechanical axis (similar to an axis found inside a desktop printer). This axis was designed to move the injection device along one dimension so that it could mechanically deposit the alloy into the casting channels.

The axis was specifically designed to incorporate rapid prototyping technology which has the capability of printing three dimensional, insulating, mechanical components using a similar deposition principle. The combination of circuit inclusion and rapid prototyping technologies into a single unit would enable the manufacture of three-dimensional electro-mechanical components. It is recognised that this process is the fundamental principle which a ‘self-replicator’ could use to manufacture its own parts.

With a view to realising such a device the simple circuit inclusion axis was designed around the idea of self-replication i.e. it was designed from components which the future circuit inclusion/rapid prototyping unit would be able to make (with the exception of a few acceptable “standard” components).

This report documents the development, design and manufacture of such an axis. Three significant successes were recorded. Firstly the axis achieved a repeatable movement across the length of its stroke for 100 % of 38 tests, secondly the majority of the design conformed to the idea of self-replication. Eight extra components outside the accepted list were used, however less than half of these were considered necessary for future developments. Thirdly the automated axis successfully created a simple circuit by depositing a continuous stream of molten alloy into a casting channel.

Research should continue to develop the circuit inclusion technology further starting by extending the axis into the second and third dimensions. On completion of this development the axis would be ready to adopt both circuit inclusion and rapid prototyping technologies to form a basic self-replicating unit.
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1 
Terminology

This section defines some terms commonly used throughout the report:

	ABS
	A plastic based on Acrylonitrile-Butadiene-Styrene copolymers; used as the build material in the Stratasys Dimension RP machine.

	Bend alloy
	See Wood’s metal.

	Casting channel
	A design feature for ‘circuit inclusion’. A groove in a component used to contain molten Wood’s metal during the distribution process. These channels follow the basic shape and connectivity of the circuit.

	Circuit casting
	The action of depositing molten Wood’s metal onto a component and allowing it to cool to form an electrical circuit.

	Circuit inclusion
	The technology of manufacturing a physical component with an electrical circuit forming part of the component’s structure.

	FDM
	Fused Deposition Method: the specific RP technique used by the Stratasys machine.

	Infill
	The RP process of filling the volume between critical surfaces of components with structural material.

	Rapid prototyping (RP)
	A technology which can create parts using fused deposition modelling and other techniques. Components are designed in a 3D solid modelling software package (e.g. SolidEdge) and then sent to the RP machine which then automatically manufactures the component using, in this case, ABS.

All subsequent references within this document to RP refer to the fused deposition modelling technique. The machine used for this technique was the Stratasys Dimension rapid prototyping machine. 

	RPEC
	Rapid Prototyped Electronic Circuits. The name of the technology whereby electrical circuit inclusion is possible with rapid prototyped components.

	Self-reproduction
	The capability of a system or organism to reproduce itself.

	Self-replication
	The ability of a self-reproducer to make the physical building blocks required to reproduce itself.

	Self-assembly
	The ability of a self-reproducer to assemble the building blocks required to reproduce itself.

	Wood’s metal
	Low melting point (70 °C) alloy. Also known as bend alloy. 


2 
Background and related work

Von Neumann first developed the theory of self-reproducing automata in the 1940’s (Von Neumann, 1966). He proved that it was possible for a machine to carry out its own duplication. His proposed machine is made up of tens of thousands of cells but is so large that, to date, it has never been physically made. Simplifications of the idea have been demonstrated; however, the theoretical concepts of cellular automata are difficult to simulate in the physical and less perfect world.

Bowyer (2004) points out that the technology behind a self-reproducing machine would have the benefit of exponential growth. No technology other than self-reproduction can do this and exponential growth is the fastest that is mathematically possible. For example, consider a machine that could reproduce itself at the rate of one machine per day. After one month there would be one machine for every man, woman and child on the planet (raw materials permitting). These able machines would obviously have the capacity to make other products and the volume of produced goods would also multiply exponentially, quickly surpassing current mass production techniques. Other applications might involve the exploration of space, or rapid response units to disaster areas.

The theory of a self-reproducing machine is entirely biological. Investigation reveals self-reproducing mechanisms in all forms of life. Before this is discussed it is necessary to define our terms within the scope of this project:

· Self-reproduction - The capability of a system or organism to reproduce itself.

· Self-replication - The ability of a self-reproducer to make the physical building blocks required to reproduce itself.

· Self-assembly - The ability of a self-reproducer to assemble the building blocks required to reproduce itself.

Whilst it is difficult to definitively classify different mechanisms, two general distinctions can be made: autonomous self-reproducers (ones that can both replicate the essential building blocks and assemble them e.g. humans or a bacterium) and symbiotic self-reproducers (ones that can either replicate or assemble and rely on another living system to perform the remaining function e.g. viruses and proteins).

A fully autonomous self-reproducing machine would therefore need three elements: a resource of basic materials, a ‘self-replicator’ (which replicates the components required from the resource materials) and a ‘self-assembler’ (which assembles the replicated components into the final self-reproducing machine). Indeed these two elements can be considered separate sub-machines within the autonomous self-reproducing unit.

Since Von Neumann’s ideas there has been much attention towards theoretical detail but little effort towards actually building a small scale self-reproducing machine. Perhaps this has been because of the appropriate availability technology.

Moses (2001) recently attempted to develop a self-assembler using a novel set of components that could be assembled into a wide variety of devices. The components were used to make a 3-axis Cartesian manipulator, demonstrating that the manipulator was kinematically capable of assembling a duplicate of itself. This was a symbiotic self-reproducing machine because the assembler could not fabricate the individual components it required to build itself (i.e. it relied on humans to replicate and supply its building blocks).

The key to designing the self-replicating element is to invent a process which can manufacture electro-mechanical components: mechanical parts which contain the electronics required within their structure (Bowyer, 2004). To do this the object would have to be made from both an electrically insulating material and a conductor. With the technology at the time of writing it was assumed that the self-replicator would have to be able to make all of its components other than “standard” components: self tapping screws, brass bushes, lubricating grease, standard electronic chips such as microcontrollers and optical sensors, a standard plug-in low voltage power supply and stepper motors. Component design requirements for self-assembly could be specified to enable a person to assemble the machine from those components and the standard parts.

At the time of writing the current technology most suited to building three-dimensional, mechanical objects from an electrically insulating material was Rapid Prototyping (RP). RP is the collection of technologies that allow engineering components to be directly manufactured from descriptions held in a computer. Bath University has a fused deposition modelling (FDM) machine: a thin molten filament of ABS is deposited in the shape required. The process builds components up in layers with a resolution of 100 µm. The results are physically strong enough to be used as components in prototype devices and any shape which can be represented in a CAD system can be made, regardless of complexity, up to a cube with sides of 300 mm.

Chua (2003:384) remarks that the RP industry has enjoyed a two-digit growth rate annually from its introduction in 1988 right up to 1999. The tapering-off of the growth rate since 2000 either indicates technology maturity or is indicative of the poor economic conditions of 2001. Chua predicts further growth within the industry due to the large market for concept modelling, rapid manufacturing and tooling applications. Whilst RP is a new technology, predicted future growth indicates that this is a technology which can be invested in with confidence. 

With respect to integrating the conductive circuitry into the mechanical (insulated) component, Pain (2002) documents an attempt made in 1944 by British engineer John Sargrove. He designed an automatic radio production line which he called ECME (Electronic Circuit-Making Equipment). In a bid to manufacture radios cheaply he dispensed with most of the hand-assembled bits by inventing a primitive chip – a slab of Bakelite with all the receiver’s electrical components and connections embedded in it. This was something which could be easily made and assembled by machines.

The starting point was a piece of Bakelite, moulded with a pattern of grooves and depressions on each side (Figure 2). When these were filled with molten zinc, they formed all the conductors, inductors, capacitors and resistors and so on that the receiver needed, all connected in exactly the right way. An operator sat at one end of the ECME line (a series of metal cabinets 20 metres long) feeding in the plates (Figure 1).
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Figure 1: ECME production line in 1947
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Figure 2: ECME bakelite chip


Despite economic success and unprecedented production rates, financial backing for ECME was lost as investors viewed such a high level of automation a threat to people’s livelihoods. Sadly only a few of the Bakelite boards survive in London’s Science Museum, and the ingenious machines which made them have been lost without trace.

The idea behind the project described here was to combine rapid prototyping technology to make the component with Sargrove’s far-sighted idea of circuitry made by depositing molten metal into grooves in the plastic component.  Initial experiments (Bowyer, 2003) showed that it was possible to incorporate a metal alloy (Wood's metal or Bend Alloy) into channels left for the purpose in a rapid-prototyped component simply by pouring it in.  This was because the alloy's melting point (about 70 °C) is much lower than that of the RP polymer.

In theory, this circuit inclusion technology combined with existing RP technology (plus a few standard components) is all that is needed for a self-replicator. A research area, named RepRap, has been founded by Bowyer to develop this unit.

This project, inspired by RepRap, attempts to solve a piece of the self-reproducing puzzle by developing this circuit inclusion technology and also demonstrating an automated circuit inclusion device specifically designed for self-replication. This device will form half of a self-replicator (i.e. a symbiotic self-reproducer), to be completed at some point in the near future when it is integrated with RP manufacturing technology. It is conceivable that at some point in the far future (perhaps near the end of our lifetimes) this will be combined with a self-assembler to create an autonomous self-reproducing machine.

3 
Objectives

3.1 Brief

To design and manufacture an entirely automated circuit inclusion device specifically designed for self-replication. This circuit inclusion device would automatically deposit a stream of molten bend alloy into a casting channel on a RP test piece.

3.2 The idea of self-replication

The idea of self replication proposed by Bowyer (2004) relies on exclusive use of the following parts:

· Any components which can be made using FDM RP technology

· Self tapping screws

· Brass bushes

· Lubricating grease

· Standard electronic chips such as microcontrollers and optical sensors

· A standard plug in low voltage power supply

· Stepper motors

Components outside this list were to be avoided wherever possible to minimise the size of this list.

3.3 Specification

A detailed specification for the project is included in the Appendix, Section 15.5 (page 159). 

A top-level specification is included here for the reader’s convenience:

Table 1: Top level specification for the project

	Area
	Specification

	RP performance
	Investigate the Stratasys Dimension Rapid Prototyping machine to define its performance characteristics with a view to building an axis assembly

	Circuit inclusion research
	Define and assemble a simple process for manual circuit inclusion into a rapid prototyped component

	Alloy temperature control
	Develop the temperature for the manual circuit inclusion to be controlled using an automated closed loop system

	Injection development
	Develop a syringe mechanism capable of automated molten alloy deposition

	Axis development
	Design and manufacture an entirely automated circuit inclusion device specifically designed for self-replication using previous developments


4 
Rapid Prototyping performance research

4.1 Summary

Experiments were conducted on the Stratasys Dimension rapid-prototyping machine to establish its limitations with respect to the manufacturing components suitable for circuit inclusion technology (i.e. components designs which could incorporate casting channels).

Experiments included investigations into:

· Casting channel parameters

· Support material requirements

· Minimum wall thickness

Results proved that it was possible to create the casting channels required for the proposed circuit inclusion technology.

Experiments were also conducted to further the knowledge of the Stratasys Dimension’s manufacturing performance to enable the engineer to the efficient manufacture of an automated device.

Experiments included investigations into:

· Shaft and hole fits

· Calibration zone locations

Performance results from all investigation areas were assembled into an RP manual. This manual was designed as a reference guide for all engineers wishing to use the Stratasys Dimension rapid prototyping machine.

Further research should be conducted to determine Young’s moduli for RP components.

4.2 Note to reader

This section outlines a series of experiments which were conducted on the Stratasys Dimension rapid-prototyping machine to establish its performance characteristics. To improve the readability the author has included only the experiment summaries in the main body of the report. 

Whilst these summaries contain important conclusions the reader should be mindful that they do not represent a full account of the tests that were undertaken (e.g. detailed methods or full discussions).

Should the reader require in-depth, detailed documentation for any of the tests, the reader is urged to look in the Appendix where full laboratory reports have been included. References have been inserted in each summary to facilitate this requirement.

4.3 Introduction

The assumed circuit inclusion process involved casting molten metal (Wood’s metal) into the structure required for an electronic circuit. This would require the incorporation of casting channels into the design of the component. These channels would hold and form the alloy in the desired shape during the casting process. In order to cast successful circuits it was necessary to research the limitations of the Stratasys Dimension RP machine (used in the Biomimetics laboratory of the Department of Mechanical Engineering at the University of Bath), with respect to channel geometries.

The production of the automated axis would also require a full understanding of the machine’s capability to manufacture what would inevitably be a complex design.

This section, therefore, outlines experiments undertaken to generate a performance specification for the RP machine.

4.4 Rapid Prototyping performance research specifications

Detailed specifications for this research area are included in the Appendix, Section 15.5 (page 159).

4.5 
Rapid prototyping theory

Table 2 outlines the basic steps taken to manufacture a component using RP technology.

Table 2: Step by step demonstration of rapid prototyping manufacture process

	Stage
	Visualisation
	Details

	1
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	Design is created virtually using a 3D modeller.

	2
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	The 3D model is pre-processed using a program from Stratasys called  Catalyst: the design is converted into tool paths for the RP machine to follow. Red lines represent component material. Blue lines represent any support material (required for overhangs).

	3
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	Tool path information is sent to the RP modeller. The modeller is initiated and then left to manufacture the job.

	4
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	When the RP modeller is finished, the component is unloaded and support material is peeled away to give the finished part.  Here the support material can be seen under the part and in the holes at the left.


4.6 
Experiment summary: Initial test of the RP machine’s performance

This experiment was devised to gain familiarity with the rapid prototyping process and approximate an initial minimum casting channel width in a component design. The casting channel would be used to hold a molten alloy which, after solidification, would form a basic conductive circuit (Figure 3).
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Figure 3: Magnification of a solidified circuit in a casting channel in a RP component.

A test piece was designed using Solid Edge r14 (Figure 4 and Figure 5).
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Figure 4: Isometric view of initial test piece
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Figure 5: Plan view of channel widths ranging from 0.3mm to 1.5mm, all 1.5 mm deep

The experiment proved that casting channels incorporated into rapid prototype design were feasible but should be at least 0.9 mm wide to guarantee structural integrity. Further approximations suggested that support walls should be at least 0.3 mm thick, channel entrances from casting wells should be filleted and that the RP machine should be calibrated fully before manufacturing quality components.

A detailed laboratory report for this experiment, including full method and discussion of results, can be found in the Appendix, Section 15.6 (page 167).

4.7 
Experiment summary: Casting channel parameter test

A component with complex channel geometries was designed and made on the RP machine (Figure 6).
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Figure 6: Isometric view of test plate including channels under test, chip pit and casting wells

This experiment identified that poor in-fill quality only applied to faces orientated towards the back of the RP machine during manufacture. Thus the operator should avoid orientating critical faces towards the back of the machine (e.g. chip terminals) until RP machine correction/calibration.

Other results concluded that channel length and corner radii did not influence the integrity of the component or the channels. Channels were structurally sound at a minimum width of 1.1 mm (a refined result from Section 4.6). Channels were structurally sound up to and including sharp corners of 150°. Channels depths were as shallow as 0.25 mm without influencing channel integrity. Inverse drafts were used up to and including 10° without influencing integrity or requiring support material.

It was noted that a further test should be conducted to investigate the possibility of printing horizontal, triangular roofed holes to increase the possible geometries available for making circuits that are fully three-dimensional.

A detailed laboratory report for this experiment, including full method and discussion of results, can be found in the Appendix, Section 15.7 (page 171).

4.8 
Experiment summary: Support material requirements

A test piece with varying triangular hole geometries was designed (Figure 7). This was then tested on Catalyst and the support material requirement conditions were analysed (Figure 8).
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Figure 7: End view dimensions of the hole profiles under test
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Figure 8: Lay ups required to manufacture the test piece

It was noted that the RP machine could cater for overhangs in the model design of up to and including 45 ° away from the vertical axis. Support material was required for overhangs greater than or equal to 46 ° away from the vertical axis.

This result was crucial to the casting channel specification as it accurately defined the geometric specification of horizontal holes which could be made without using support material.

A detailed laboratory report for this experiment, including full method and discussion of results, can be found in the Appendix, Section 15.8 (page 177).

4.9 
Experiment summary: Minimum wall thickness

The test piece shown in Figure 9 was designed to establish the minimum wall thickness for any thin wall orientation.

[image: image15.jpg]



Figure 9: Photograph of the completed thin wall test piece

Under test conditions it was possible to manufacture thin walls at angles between the major axes of the Stratasys Dimension RP machine at a minimum wall thickness of 0.4 mm.

A detailed laboratory report for this experiment, including full method and discussion of results, can be found in the Appendix, Section 15.9 (page 181).

4.10 
Experiment summary: Calibration zone locations

The RP machine builds components on disposable foam plates. In order for the Stratasys Dimension rapid prototyping machine to function precisely it calibrates the print head in relation to the foam plate surface at the start of every job.

After loading the machine with the foam plate and instigating the job the plate is raised to printing level and the printing unit is sent along a path over the plate. The plate is raised into the unit at four different locations along the path, depressing a switch on the print unit which is used to calculate the surface geometry of the plate.

Removing a part from the foam often forms cavities in the surface local to the origination of the part. Due to the nature of machine’s use, jobs are often done on used plates which introduces the possibility of false calibration i.e. depression of the switch on a cavity surface abnormal to the geometry of the surface majority, created from job removal.

This investigation was conducted to maximise the efficiency of the foam plate usage, and minimise expenditure. After rough approximation techniques a calibration zone map was generated (Figure 10). This map was posted on the machine for all RP users to ensure that jobs were not initialised over the calibration zones, thus increasing the life of the foam plates.
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Figure 10: Estimates of calibration zones on plate

A detailed laboratory report for this experiment, including full method and discussion of results, can be found in the Appendix, Section 15.10 (page 185).

4.11 
Experiment summary: RP hole fits for true shaft diameters

4.11.1 Summary

It was noticed that round holes made in any model on the Stratasys Dimension RP machine were slightly inaccurate. In order to establish compensations for this inaccuracy a test plate was made (Figure 11) and fits to shafts of true diameters were established (interference, tolerance, clearance and screw fits).
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Figure 11: Isometric view of test plate including holes under test

It was discovered that holes designed for products to be made on the Stratasys Dimension RP machine should be made slightly larger depending on the fit intended. Full mapping is shown in Figure 12.

Holes for self tapping screws were also mapped.

A detailed laboratory report for this experiment, including full method and discussion of results, can be found in the Appendix, Section 15.11 (page 190).
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Figure 12: Mapping for designed hole ø (mm) to achieve a specific fit from a true shaft ø (mm) on the Stratasys Dimensoin RP machine

4.12 Experiment summary: RP hole fits for RP shaft diameters

This experiment was designed to enable clearance, tolerance and interference fits for all shafts and holes made in the RP machine between ø 3 mm and ø 8 mm. Knowledge of the compensation factors would enable right-first-time manufacture of RP components designed to fit to each other.

The test generated consistent trends for fits for hole and shaft diameters made in the Stratasys Dimension RP machine (trends are shown in Figure 13).

A detailed laboratory report for this experiment, including full method and discussion of results, can be found in the Appendix, Section 15.12 (page 198).
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Figure 13: Trends for shaft and hole differences across a range of nominal shaft diameters (excluding ø 3 mm – deemed spurious) for interference, tolerance and clearance fits

4.13 RP performance research discussion

This section discusses the research carried out to define the performance of the Stratasys Dimension RP machine. Individual results are discussed in the relevant lab reports which are included in the Appendix (refer to the preceeding summaries for references).

The performance of the Stratasys Dimension machine was successfully defined to manufacture casting channels and components with key engineering features.

The machine’s ability to make casting channels was critical to the entire project. The basic minimum width requirement for a casting channel (estimated to be 1.0 mm) was considered a suitable width for the typical casting process. This was an extremely encouraging result as it meant that the first element of circuit inclusion technology was possible.

This project saw the first investigation into the specific requirements for support material on the Stratasys Dimension RP machine. It was discovered that the critical overhang angle was much larger than expected (45 ° away from the vertical) and this enabled two important facilities:

· The ability to manufacture holes on a horizontal build plane using a triangular profile

· Efficient RP design of parts with overhang features

Establishing a minimum wall thickness of 0.4 mm was essential for component design and mapping the calibration zones required for the RP machine meant that jobs could be planned efficiently, extending the life of the foam plates.

Possibly most useful of all was the data generated on the hole and shaft fits. This enabled right-first-time manufacture of precision components on the RP machine. 

Data from this section, included in the RP Manual (Section 6), was an invaluable resource at the design stages of the project.

It was noted during thin wall testing that spring components could be made. Useful further research might include the determination of Young’s moduli for RP components.

4.14 
RP performance research conclusion

Research into the Stratasys Dimension RP machine performance proved that it was possible to create the casting channels required for the circuit inclusion technology.

Experimentation also successfully defined:

· Casting channel parameters

· Support material requirements

· Minimum wall thickness

· Calibration zones

· Shaft and hole fits

This data generated the RP Manual (Section 6) - an invaluable resource at the design stages of the project. 
Further research should be conducted to determine Young’s moduli for RP components.

5 
Circuit inclusion research

5.1 Summary

This section analyses different methods of distributing Wood’s metal into the casting channels of rapid prototyped components. The objective was to define a technique capable of integrating electronic circuits into mechanical parts in a manner which could be adopted easily by a rapid prototyping machine. This process would then be used to complete the second half of the circuit inclusion technology.

The most successful alloy distribution method used continuously heated equipment to inject molten Wood’s metal into the casting channels. The resultant circuit quality was good, and the process was considered acceptable for circuit inclusion technology.

The high surface tension of the alloy allowed manipulation of the casting channels up to a 20 ° incline without disturbing the circuit.

Whilst the injection technique was developed for prototype manufacturing it demonstrated that molten alloy distribution could be done accurately and yielded an excellent circuit quality. It was noted that the principle would lend itself well to existing rapid prototyping technology which already relies on melting materials at a distribution head to enable deposition.

5.2 Note to reader

As with Section 4, this section outlines a series of experiments which were conducted to establish circuit inclusion technology. Again, for the same reasons, the author has included only the experiment summaries in the main body of the report.
5.3 
Experiment summary: Simple molten alloy distribution

A simple test piece was used for casting. Wood’s metal (melting point 70 °C) was heated until molten, poured from a beaker into a casting well within the test piece and then distributed along the channels using a thin copper strip.

The results of the forged circuits were poor due to premature solidification of the metal. This made the process extremely difficult to perfect (Figure 14).
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Figure 14: Initial casting piece

A detailed laboratory report for this experiment, including full method and discussion of results, can be found in the Appendix, Section 15.13  (page 204).

5.4 
Experiment summary: Pre-heated molten distribution equipment

This experiment attempted to cast Wood’s metal into casting channels of a rapid prototyped test piece. The test equipment was preheated where possible to prevent premature freezing. A needle and syringe was also used to improve the accuracy of the deposition.

The alloy was kept molten for approximately 60 seconds. Syringe deposition was observed to be more accurate but pre-heating did not delay the freezing for long enough, thus general distribution was poor or incomplete (Figure 15).
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Figure 15: Casting result after using pre-heated equipment

A detailed laboratory report for this experiment, including full method and discussion of results, can be found in the Appendix, Section 15.14 (page 208).

5.5 
Experiment summary: Continuously heated equipment for molten distribution

This experiment attempted to inject molten Wood’s metal into casting channels of a rapid prototyped test piece. From the lessons of previous experiments, all test equipment was continuously heated. It was found that the use of a syringe heating jacket (Figure 16 and Figure 17) complemented the use of the hot plate to completely eliminate the problem of premature freezing.
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Figure 16: Hot-jacket assembly designed to maintain needle and syringe in excess of 70 °C (front view)
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Figure 17: Hot-jacket assembly (rear view)


The thin needle also enabled accurate deposition which eliminated the need for casting wells and a distribution aid (e.g. a low-temperature soldering iron) and also reduced major spills. The best performance was found when the casting channel was slightly overfilled. Then the syringe was used to apply suction to the alloy. This drew the alloy into the channel and gave excellent consistency to the circuit quality.

The results from this experiment yielded circuits of a high quality (Figure 18). This indicated that the continuously heated injection process was viable for casting electronic circuits using molten Wood’s metal.
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Figure 18: Magnification of forged circuit around 90 ° bend (channel width 1.2 mm). Circuit is consistent and does not suffer from overspill.
A detailed laboratory report for this experiment, including full method and discussion of results, can be found in the Appendix, Section 15.15  (page 214).

5.6 Experiments summary: Maximum channel incline

This experiment was devised to identify the maximum channel incline allowable to maintain a stagnant fluid state of molten Wood’s metal post-injection. Injection trials were conducted by using channel inclines of increasing severity on a test plate.
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Figure 19: Isometric view of test plate showing increasing channel inclines of 20 mm length

The maximum channel incline which could maintain a stagnant fluid state was found to be 20 °. This should be taken into account during circuit design.

A detailed laboratory report for this experiment, including full method and discussion of results, can be found in the Appendix, Section 15.16  (page 221).
5.7 
Circuit inclusion research discussion

This section discusses the research carried out to develop a new circuit inclusion technique. Individual results are discussed in the relevant lab reports which are included in the Appendix (refer to the preceeding summaries for references).

The research successfully developed a new circuit inclusion technique.

The final solution used a needle and syringe to ensure accurate deposition of molten bend alloy. Continuously heated apparatus (featuring a custom heating jacket made using the RP machine) prevented premature freezing. The primary heating mechanism involved pumping pre-heated air into the heating jacket to heat the alloy and surrounding components. 

The circuit results were extremely positive. The circuits were simple to cast into the channels and robust after solidification. The only distribution problem using this technique came about because of the high surface tension within the alloy: this made it difficult for the alloy to flow along the casting channels. 

However, it was noted that the high surface tension was, on occasion, quite useful. This property meant that a liquid section of alloy within a channel could maintain its shape up to an incline of approximately 20 °. This meant that handling procedures (whilst in mid-casting) could be less delicate.

There were two main advantages of using a fluid heating medium (air) in this research phase. Firstly, it used a maximum contact surface area with the components it was trying to heat. Secondly, it created a hot envelope around the deposition area ensuring that the alloy remained molten after leaving the needle, thus enabling alloy manipulation within the casting channel.

It was noted that poor repeatability of the air pressure supply to the heating jacket meant that constant adjustments had to be made to the heating voltage. This was a major disturbance to the process. Further work would develop an automatic temperature control loop.

Detailed procedures to reproduce the circuit inclusion techniques were recorded in the RP Manual (Section 6).
It is important to remember that a fluid heating medium is not the only way to heat the alloy. Although the hot air envelope introduces versatility into the deposition process which is essential at this basic stage of the RepRap project, it is possible that a point-heating method (similar to the existing molten deposition method of ABS in the Stratasys Dimension RP machine) would be more suitable in the future stages.

It was noted that the injection method had interesting parallels to the existing FDM RP technology, sharing a similar deposition principle: forced deposition with heat. Integration with FDM RP technology would harness many of the resources existing already. This was an encouraging feature of the injection apparatus because it meant that it demonstrated a process compliant with the idea of self-replication.

However, a threat to the self-replicating concept is the use of heat in the process i.e. how do you make something which can make itself using heat without, at some stage, accidentally melting itself down? This is a problem, applicable to both RP technology* and circuit inclusion technology, which future research might solve by either adding an insulated heating module to the standard parts list or using materials which do not need heat e.g. conductive epoxy. 

*(It should be noted at this point that Z-Corp already make an RP machine which works closer to ambient temperatures by using solvents to bind a powder build material).

5.8 
Circuit inclusion research conclusion

A successful circuit inclusion technique was discovered by using continuously heated equipment to inject molten Wood’s metal into the casting channels. The resultant circuit quality was acceptable for adoption as part of circuit inclusion technology.

The high surface tension of the alloy allowed manipulation of the casting channels up to a 20 ° incline without disturbing the circuit.

It was noted that the principle would lend itself well to existing rapid prototyping technology which already relies on melting materials at a distribution head to enable deposition.

Further work should included development of an automatic temperature control loop and research to avoid the use of heat in the injection process.

6 
RP Manual

The previous two sections made some useful discoveries. This knowledge would be particularly useful to anyone who wanted to use the RP machine, or use the circuit inclusion techniques. A manual was written to ensure knowledge transfer, detailing procedures and educating the reader on design for RP components. It also features a quick-reference section for advanced RP users.

This manual has been included in the Appendix, Section 15.25 (page 263) and will be available for all at www.reprap.org. Hard copies have been distributed to the Stratasys Dimension machine administrators.

The manual was also designed in for future research to be added to it in the hope that it will serve as a central collection point for RP technology knowledge within the department.

7 
Alloy temperature control development

7.1 Summary

The circuit inclusion technology needed a heating process to melt the alloy. This heating process used an in-line (pneumatic) heater to blow hot air over the syringe containing the alloy. Due to the low air flow required during the deposition process the voltage had to be frequently adjusted to ensure that the in-line heater did not over heat. This was quite disruptive during the deposition process, and was a potential risk to the heater.

A controller and a thermocouple were added to the heating circuit to create a closed loop thermostat to simplify the circuit inclusion procedure and reduce the risk of damaging the heater. In order to establish the correct control parameters it was necessary to test the equipment using different parameter configurations.

An experiment was carried out to identify a parameter set which would provide an air temperature between 70 °C and 90 °C as quickly as possible. The final parameters to achieve the optimum were 0.1 bar air pressure, 90 V supply to the heater and a control target of 90 °C. This yielded a heat curve which acclimatised within 125 seconds and oscillated between 75 °C – 85 °C. This was deemed sufficient for research needs.

Future work should incorporate a temperature controlled cut-off switch at the heater base and an investigation into the control box program to optimise the heat curve further.

7.2 Introduction

As demonstrated in Section 5, the alloy heating process was a critical element of the alloy deposition technique for circuit inclusion. Hot air was blown into a hot-jacket which held a syringe containing the alloy (Figure 20).
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Figure 20: Alloy heating mechanism: hot air (at approximately 80 °C) was pumped into the heating jacket which in turn heated the alloy in the syringe above melting point. This enabled molten deposition. In addition the mechanism also provided a hot air envelope around the deposition area. This delayed alloy solidification in the casting channel and made the deposition process more versatile. However, a consistent hot air supply was difficult to achieve.

Whilst this concept worked well, the air supply pressure for the heated injection process was inaccurate and unrepeatable. As a consequence it was difficult to set up the airflow and heater voltage to achieve a repeatable air temperature at the nozzle. Due to the low air flow required during the deposition process the voltage had to be frequently adjusted to ensure that the in-line heater did not over heat. This was quite disruptive and was a potential risk to the heater.
This section details the development of the air temperature control used in the alloy heating process.
7.3 Development brief

A closed loop control circuit was required to automate the alloy heating mechanism. It had to achieve a consistent air temperature at the hot-jacket nozzle of 80 °C (± 10 °C) as quickly as possible.
7.4 Key requirement specifications

A detailed specification for this development is included in the Appendix, Section 15.5 (page 159). Key requirements are listed in Table 3.

Table 3: Key requirement specifications for the closed loop air temperature control circuit

	
	Requirement Specification

	1
	The required temperature (range 70 °C – 90 °C) had to be input simply by the user

	2
	Modifications had to be made to existing process equipment i.e. resources were limited

	3
	An necessary cabling was not allowed to limit the movement of the injection assembly

	4
	The apparatus had to be powered from mains supply


7.5 
Research

The existing equipment was evaluated. The initial apparatus used to heat the air supply was an open loop circuit shown in Figure 21. The set-up used an in-line air heater connected to a reduced voltage supply (using a Variac) operating at approximately 80 Volts. The essential elements are shown in Table 4.
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Figure 21: Initial heating circuit (open loop)

Table 4: Equipment description and justifications for the initial alloy temperature circuit

	Photo
	Element
	Description
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	RS200-2531 pneumatic in-line air heater (750 Watts)
	Required to heat the air. The heater was in-line with the air supply.
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	Variac
	Adjustable voltage supply (0 V ‑ 250 V)


7.6 Development

A controller and a thermocouple (T-type), shown in Figure 22, were added to the heating circuit to create a closed loop circuit.
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Figure 22: Circuit required to maintain a constant air temperature (closed loop)

Table 5 details the extra elements used in the closed loop heating circuit.

Table 5: Equipment description and justifications for the additions to the alloy temperature control circuit

	Photo
	Element
	Description
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	T-type Thermocouple
	(Shown as the blue/white twisted wire entering the nozzle of the hot‑jacket). Required to measure the temperature of the air leaving the hot-jacket. T-type was selected because it was useable from 0 °C to 350 °C. This was the smallest of the possible thermocouple ranges which guaranteed high accuracy and resolution.
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	Controller
	Treated as black box, this took the temperature input and used Pulse Width Modulation to supply the Variac. This unit was powered at 240 Volts.


Detailed procedures for set-up, operation and shut-down of the equipment were documented in the RP Manual. This document is included in the Appendix, Section 15.20 (page 264).

The procedure was then checked by issuing the instructions to Miss Maja Schmidt and Dr Adrian Bowyer and observing their actions. Alterations were made accordingly.
7.7 Performance/Results

The performance of the system was regulated by three different parameters within the control circuit:

· Air pressure

· Variac supply to the heater

· Target temperature set in the controller

A detailed laboratory experiment was carried out to determine the best parameter set. This laboratory report is included in the Appendix, Section 15.17 (page 223).

Figure 23 summarises the heat curves generated for a variety of parameter sets.
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Figure 23: Summary of increasing air temperatures with increasing time for different parameter sets in the closed loop heating circuit. Note the test at 20 °C ambient, 0.25 psi air pressure, 80 V supply, control target 85 °C was abandoned because the pneumatic pipe at the heater exit started to burn.

7.8 
Development evaluation

Table 6: Evaluation of the development to include a closed loop air temperature control circuit

	
	Requirement Specification
	Status

	1
	The required temperature (range 70 °C – 90 °C) had to be input simply by the user
	Achieved. Target temperature was altered simply using the controller. See Appendix, Section 15.17 (page 223).

	2
	Modifications had to be made to existing process equipment i.e. resources were limited
	Achieved.

	3
	An necessary cabling was not allowed to limit the movement of the injection assembly
	Achieved. A T-type thermocouple extension cable was used to ensure this.

	4
	The apparatus had to be powered from mains supply
	Achieved.


7.9 
Alloy temperature control discussion

This section discusses the temperature control development for the new circuit inclusion technique. Detailed discussion of the individual heat curves generated from a variety of parameter sets is documented in the laboratory report. This laboratory report is included in the Appendix, Section 15.17 (page 223).

The introduction of a controller and thermocouple created a successful closed loop temperature control circuit. 

In theory the apparatus could have been made more efficient by using the controller to replace the Variac, however, the Variac acted as a useful fail-safe for the control circuit. If anything had happened to the thermocouple (e.g. it slipped out of housing and out of the circuit) the Variac would have acted as a buffer to ensure that the heater would never receive a full 240 Volts. At low air-flows this would have been disastrous to the project as the heater would have almost certainly melted down.

The optimum result achieved by the developed closed loop apparatus yielded a heat curve which acclimatised after 125 seconds and oscillated between 75 °C – 85 °C. The final parameters to achieve this result were 0.1 bar air pressure, 90 V supply to the heater and a control target of 90 °C.

The closed loop circuit was considered a big improvement for the injection process. The automation of the voltage adjustment meant that the user was able to concentrate solely on the physical alloy deposition. This meant an improvement in the quality of alloy deposition. The achievement of all requirement specifications meant that the set-up was efficient and easy to use.

It was noted in practice that the air-flow needed to be reduced during the deposition process to avoid disturbing the molten alloy in the channels. Due to the over-heating incident documented in the first test (at low air pressure), it is recommended that the heater be monitored occasionally. If the base of the heater (shown in Figure 24) feels cold or warm the airflow is sufficient. If the base is hot the airflow should be increased.
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Figure 24: Identification of heater base to be used for occasional heater monitoring. If the base is hot, the airflow should be increased to avoid over-heating.

The manual check carries a burning risk; therefore future work should incorporate a temperature controlled cut-off switch at the heater base.

The results collected from performance experiment have been extremely useful – the empirical data has yielded a set of parameters which provide a sufficient heat curve. The controller however, has been treated as a black box. Further optimisation should include the investigation of the control program and experimentation with its internal parameters. This could for example reduce the oscillation amplitude.

7.10 
Alloy temperature control conclusion

The final closed loop set-up enabled automatic alloy temperature control with a fluid-heating medium. The best parameters were estimated to be 1 psi air pressure, 90 V supply to the heater and a control target of 90 °C. This yielded a heat curve which acclimatised within 125 seconds and oscillated between 75 °C – 85 °C. This was deemed sufficient for injection needs.

Future work should incorporate a temperature controlled cut-off switch at the heater base, and investigate the control box program to optimise the heat curve further.

8 
Injection development

8.1 Summary

After demonstrating that the injection technique worked for circuit inclusion, the next step was to automate the injection mechanism.

Direction, speed control, position feedback and heating jacket development areas were all concluded successfully resulting in a design which succeeded in achieving all of the requirement specifications (excluding loading cycle evaluation - this would be assessed in the testing phase). Injection development yielded an automated syringe with a controlled deposition resolution of 0.87 mm3 - this was regarded as sufficient for testing purposes. 

The development also marked two achievements for the RepRap project. The first was the demonstration of an opto-switch. Owing to its reliability and ability to perform many functions this would be a likely contender for the accepted parts list for self-replication (detailed in Section 3.2). Secondly the demonstration of a housing design which could make a static feature adjustable in two planes (a critical requirement for any self-replicating device).

The development process for the automated syringe benefited from geometric modelling, rapid prototyping and circuit inclusion techniques, all of which lead to a fast turnaround. 

Future work might involve further research into the use opto-switch measurement using gear teeth, and an improvement of deposition resolution by measuring the driver gear rotation and reducing the stud threading pitch (the total improvement potential was estimated to be a resolution of 0.11 mm3).

8.2 Introduction

Remote, motorised control of the syringe would rely on a high degree of accuracy and control: a rogue alloy droplet could ruin a circuit. The use of a ø 0.9 mm needle made this all the more challenging: a 1 mm movement of the plunger would displace a volume with a length of 123 mm.

The requirement of the injection technique to be automated would be the concept’s final test before being integrated into an automated axis.

8.3 Development brief

An injection mechanism capable of automated molten alloy deposition was required. The design had to be sufficiently accurate and have sufficient control resolution to ensure viable deposition. The design had to comply with the idea of self-replication (Section 3.2).

8.4 Key requirement specifications

A detailed specification for this development is included in the Appendix, Section 15.5 (page 159). Key requirements are listed in Table 7.

Table 7: Requirement specification for the motorised syringe

	
	Requirement specification

	1
	Plunger had to move in both directions

	2
	Plunger had to move at variable speeds

Deposition and suction speed: Inwards & outwards (1 mm3/sec - 2 mm3/sec)

Loading speed: Inwards & outwards (20 mm3/sec - 30 mm3/sec)

	3
	Motor speed and direction setting had to be easily controlled by the user

	4
	Replacement of the disposable syringe and plunger had to be simple

	5
	Compatible with disposable syringes

	6
	Powered from remote source

	7
	Backlash was acceptable at this stage of the project but must not compromise the basic functionality of the design

	8
	Design had to be compatible with heat jacket

	9
	Design had to be compact and ergonomically sound (due to manual handling use)

	10
	Components used had to withstand temperatures of 100 °C

	11
	Circuits had to be made using circuit inclusion technology

	12
	The mechanical structure had to withstand 100 loading cycles


8.5 
Concepts

Bowyer conceived the concept for a progression from the manual syringe to an automated syringe: the incorporation of a motor bracket onto the syringe which moved the plunger up and down using a gear train and a studded shaft (illustrated in Figure 25). A nut was embedded into the centre of the driven gear and a constraint shaft was built into the motor bracket to prevent the studding from rotating, thus when the nut in the driven gear was rotated, the studding had to move laterally.
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Figure 25: Original motorised syringe concept by Bowyer

8.6 
Development

Four areas of concept development were needed to meet the requirement specifications (Table 8). These areas were prioritised to ensure efficient design.

Table 8: Injection development priorities

	Priority
	Development area

	1
	Direction and speed control

	2
	Speed consistency

	3
	Feedback design

	4
	Heating jacket integration


8.6.1 Direction control

The motor was connected to a 12V supply. Due to the limited travel it was necessary to reverse the current frequently (to reverse the direction of the plunger movement). A double throw switch was used as a simple cross-over switch (Figure 26).
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Figure 26: Double throw switch circuit used to reverse the supply current for the injection motor

8.6.2 Speed control

The motor proposed was a DC permanent magnet motor (RS: 245-6095). Therefore the motor speed was proportional to the supply voltage (Prest, 2003). During the testing phase it was essential to have direct control over the motor speed, so a variable voltage supply was used as a controller (Figure 27). The analogue control was useful to quickly perfect the motor speed.
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Figure 27: Variable voltage supply used to control the speed of the syringe motor featuring analogue control.

8.6.3 
Speed consistency

On initial testing it was noticed that, despite using a constant voltage, there was an inconsistency in the speed of the driven gear, and consequently plunger movement (Figure 28).
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Figure 28: Inconsistency of driven gear speed

This was a potential problem because accurate deposition depended on a consistent deposition rate. After careful examination it was decided that a quick sensitivity experiment would further the understanding of the gear train charateristics. During driven rotation, a 2 kg load was applied to the studding in two different directions (see Figure 29): direction A (axial loading) and direction B (lateral loading).
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Figure 29: Driven gear sensitivity experiment: loading directions

It was observed that axial loading caused negligible difference to the driven gear speed, whereas lateral loading actually stopped the gear.

This result, combined with the periodic speed lull noticed in Figure 28, indicated an eccentricity somewhere in the assembly. On closer examination of the driven gear it was noticed that the hole holding the nut was slightly off centre. The extremity of eccentricity was marked and the gear was returned to the assembly. After switching the power on it was noticed that the speed lull occurred precisely when the eccentricity extremity came closest to the driver gear. It was also noticed that at this point the teeth mesh was very tight. This confirmed that the eccentricity of the driven gear hole was casing the problem.

A new gear was selected and the pre-existing ø 6 mm hole was widened using a lathe rather than a pillar drill, in a bid to guarantee a concentric central hole. The gear was held in the lathe chuck on the flange as illustrated in Figure 30, and a through hole of ø 8.7 mm was bored to create an interference fit for the M5 nut.
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Figure 30: Lathe set-up to create the concentric driven gear hole using a ø 8.7 mm drill bit to bore the hole.

After fitting the nut into the hole and putting the driven gear back into the assembly, the gear was observed to rotate concentrically and the speed of rotation was consistent.

8.6.4 Plunger position feedback

It was necessary to have control over the movement of the plunger in the syringe: a closed loop feedback circuit was required. Measurement of the driven gear position could be used to determine the studding movement.

The initial idea used slots in the gear and a light gate (a light emitting diode and phototransistor) to generate pulses of voltage which could be read by a counter to measure the rotation of the driven gear. Figure 31 illustrates this concept.
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Figure 31: Initial photo-detector concept - using slots in the driven gear to create a fringe for a light gate (a light emitting diode and phototransistor) which could be used to determine the gear’s position

At this stage, two things were realised:

· A simple opto-switch would neatly replace the light gate set-up.

· The ideal result would be to use the gear’s teeth rather than the slots, as this would avoid manufacturing the slots. 80 teeth would also provide a high resolution.
A detailed laboratory experiment was carried out to establish the feasibility of using the driven gear teeth as a measurement fringe for the opto-switch. This laboratory report is included in the Appendix, Section 15.18 (page 230).

A test circuit was made up for the opto-switch (Figure 32) and the gear teeth were passed through it (Figure 33).
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Figure 32: Opto-switch test circuit. An LED was included as a preliminary indicator for voltages when the switch was open or closed.
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Figure 33: Gear teeth were positioned within the opto-switch to act as a fringe, using the drill bit as an axle for the gear
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Figure 34: Opto-switch performances using the driven gear as the fringe

The maximum volt drop obtained was 2.49 Volts, with an average drop of 2.19 Volts for all ten attempts. This was compared to a drop of 3.53 Volts under controlled conditions.

Despite the efficiency of the concept, performance and reliability were too poor for this stage of the research. This was because the teeth were too small for the size for the light beam (the concept was noted to be developed further at a later date).

Further discussion of these results, which this decision was based upon, are discussed in laboratory report which is included in the Appendix, Section 15.18 (page 230).

A fringe plate was designed for the opto-switch to be fitted to the driven gear using a push fit on to the gear flange (Figure 40). It was calculated that a 5 ° rotation of the driven gear would result in a 0.87 mm3 deposition of molten alloy (calculated in Section 15.19.1). This gave the basic specification for the custom fringe plate. Two features maximised the fringe plate performance:

· 5 ° resolution

· Long fringes to maximise the volt drop performance on the opto-switch
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Figure 35: Custom fringe plate for opto-switch

In order to ensure that the opto-switch would be correctly aligned with the fringe it was necessary to design a mounting which was adjustable both axially and radially. The motor bracket was re-designed accordingly to enable adjustability (Figure 36).
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Figure 36: Axial and lateral adjustment capability for the opto-switch mounting

The switch could be moved radially by adjusting the opening of the hinged lateral adjustment bracket, and axially by adjusting the position of the clamped axial slide. All adjustments were possible using self-tapping screws to comply with the idea of self-replication.

8.6.5 Circuit inclusion

The addition of the opto-switch circuit (Figure 32) onto the mechanical structure of the syringe was an excellent opportunity to demonstrate circuit inclusion. Figure 37 shows how the circuit was designed in a solid modelling program before being rapid prototyped and assembled within minutes to an entirely custom specification.
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Figure 37: The opto-switch circuit panel which was added to the syringe assembly. This 3D model shows how the circuit was designed in a solid modelling program before being rapid prototyped and assembled within minutes. The panel footprint was designed to fit around the constraint shaft on the motor bracket.

8.6.6 
Heating jacket integration

The final design had to incorporate the original heating jacket (Figure 38) developed in Section 5.
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Figure 38: Heating jacket design for manual injection
This required two simple mounts to meet the motor bracket. The two sections were assembled using fasteners. The complete assembly is shown in Section 8.6.7.

8.6.7 Working assembly
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Figure 39: Complete assembly for the syringe, showing how the feedback design and the modified heating jacket were integrated into the original concept. This produced a mechanical assembly. Once linked to a microcontroller, this would be capable of automatically controlled molten alloy distribution accurate to within 0.87 mm3 deposition.

Spacers were included in the assembly to reduce backlash: without an axial constraint the driven gear would simply rotate up the shaft.. Figure 40 illustrates the push fit of the fringe plate onto the driven gear flange and the position of the top and bottom spacers.
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Figure 40: Section A-A is a section across the length of the assembly. Detail B illustrates the push fit of the fringe plate onto the driven gear flange, also the position of the top and bottom spacers. These were included to reduce backlash. The spacers were designed as floating parts to aid assembly.

8.6.8 Manufacture

Figure 41 is a photograph of the manufactured automated syringe assembly. All structural parts were made on the RP machine and fabricated simply using fasteners. The opto-switch circuit was made using the circuit inclusion techniques detailed in the RP Manual (Appendix, Section 15.25, page 263).
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Figure 41: Physical syringe assembly manufactured using the RP machine. The opto-switch circuit was made using the circuit inclusion techniques.

8.6.9 Standard parts list

Table 9 shows the bought-in parts used in the assembly. Some of these parts do not comply with the idea of self-replication. The use of these parts is discussed in Section 10.

Table 9: Bought-in parts used in the automated syringe assembly

	Project Ref
	Description
	Qty
	Order code

	B1
	500 µm x 16 mm Monoject needle
	1
	Tyco: 1100-255106 or 122

	B2
	5 ml BD Plastipak syringe
	1
	Becton

	B3
	Optoswitch (logic ready)
	1
	RS: 304-560

	B4
	LED
	1
	

	B5
	Resistors (360 & 530 Ohms)
	2
	

	B6
	Nut (M5)
	1
	

	B7
	Studding (M5 x 85)
	1
	

	B8
	Cap bolt (M3 x 20)
	2
	

	B9
	CSK bolt (M3 x 10)
	2
	

	B10
	Wire
	-
	

	B11
	Connectors (male)
	6
	RS: 251-8351

	B12
	Connectors (female)
	6
	

	B13
	Driven gear
	1
	RS: 745-270

	B14
	Driver gear
	1
	RS: 286-2355


Note: The original opto-switch used in the experiment was replaced with a TTL opto-switch to simplify the circuit.

8.7 
Development evaluation

Table 10: Evaluation of the development of the automated syringe

	
	Requirement specification
	Status

	1
	Plunger had to move in both directions
	Achieved using a double throw switch (Section 8.6.1)

	2
	Plunger had to move at variable speeds

Deposition and suction speed: Inwards & outwards (1 mm3/sec - 2 mm3/sec)

Loading speed: Inwards & outwards (20 mm3/sec - 30 mm3/sec)
	Achieved using a variable voltage supply (Section 8.6.2)

	3
	Motor speed and direction setting had to be easily controlled by the user
	Achieved through physical interfaces (Section and 8.6.2 and 8.6.1)

	4
	Replacement of the disposable syringe and plunger had to be simple
	Achieved using existing heating jacket design (Section 8.6.6)

	5
	Compatible with disposable syringes
	Achieved using existing heating jacket design (Section 8.6.6)

	6
	Powered from remote source
	Achieved. Opto-switch circuit was powered using a 5 V supply (Section 8.6.5). Motor was powered using a 12 V supply.

	7
	Backlash was acceptable at this stage of the project but was not allowed to compromise the basic functionality of the design
	Use of spacers reduced backlash problems (Section 8.6.7)

	8
	Design had to be compatible with heat jacket
	Achieved using existing heating jacket design (Section 8.6.6)

	9
	Design had to be compact and ergonomically sound (due to manual handling use)
	Achieved. Compact design (Section 8.6.7). Pre-existing ergonomics conserved using existing heating jacket design (Section 8.6.6).

	10
	Components used had to withstand temperatures of 100 °C
	Achieved.

	11
	Circuits had to be made using circuit inclusion technology
	Achieved. Opto-switch circuit was made using circuit inclusion technology (Section 8.6.5).

	12
	The mechanical structure had to withstand 100 loading cycles
	Not tested.

	13
	Design had to comply with idea of self-replication
	Achieved except for use of opto-switch. Its versatility however made it eligible for entry into the standard parts list.


8.8 
Injection development discussion

This section discusses the development of the injection assembly. Detailed discussion of the voltage drops generated using gear teeth is documented in the laboratory report. This laboratory report is included in the Appendix, Section 15.18 (page 230).

The development of the original concept for a motorised syringe fulfilled the requirements of the brief: a syringe capable of automated molten alloy deposition. 

The design was able to deposit molten alloy at a controlled resolution of 0.87 mm3 - this was sufficient for testing purposes. The development succeeded in achieving all of the requirement specifications excluding loading cycle evaluation (this would be assessed in the testing phase).

The first instance of design problem solving came about when the motor did not move at consistent speed despite being given a constant voltage supply. As described above in Section 8.6.3, stripping the design down to its essential elements and observing simple case tests quickly identified an eccentricity problem in a manufacturing process and was easily solved. This emphasised the importance for concentricity in the manufactured components.

The feedback solution fitted neatly into the design, even using the fringe plate. It was noted that a very simple way to increase the resolution would be to put the fringe plate on the driver gear. Assuming that a fringe plate with the same number of teeth was used, the resolution would improve by a factor of four. Studding with a reduced thread pitch would also increase the resolution; a pitch of 0.4 mm (previously 0.8 mm) combined with a driver gear fringe would reduce the resolution to 0.11 mm3.

Whilst the fringe plate was used instead of the gear teeth, preliminary results discussed in the laboratory report (Section 15.18, page 230) were encouraging and certainly indicated that the use of the gear fringe could be a future possibility. However the performance and reliability were not appropriate for this stage of development, where systems needed to be as reliable as possible, even at the cost of design efficiency.

The feedback design saw the first use of opto-switches. It was quickly realised that their reliability and ability to perform many functions (for example measurement and switching) meant that they would eligible contenders for the standards parts list defined in the idea of self-replication, at least until the latter stages of research.

The re-design of the motor bracket was an excellent opportunity to demonstrate how a feature could be designed to be adjustable with respect to position. This is likely to be a critical requirement for any self-replicating device – if something cannot always be made accurately, it can be made adjustable instead, thus achieving the same performance.

The manufacture of the opto-switch circuit was the first indication of self-replication. Assembling the circuit to the syringe, which had just been used to make the circuit, was the first real indication that the self-replication idea was coming to life.

From the design perspective re-use of the heating jacket conserved previous features which were known to work well and saved a great deal of design time. Modifications proved simple and the combination of efficient modelling software and rapid prototyping technology meant that the entire development could be designed and manufactured extremely quickly.

Injection development was the last stage before embarking on the axis design. The results from this area of work were encouraging, and demonstrated qualities of reliability and accuracy that would be essential to the success of the axis.

8.9 Injection development conclusion

Injection development yielded an automated syringe able to deposit molten alloy at a controlled resolution of 0.87 mm3 - this was regarded as sufficient for testing purposes. 

Direction, speed control, position feedback and heating jacket development areas were all concluded successfully resulting in a design which achieved all of the requirement specifications (excluding loading cycle evaluation - this would be assessed in the testing phase).

The development also marked two achievements for the RepRap project: the use of an opto-switch (a like contender for the standard parts list owing to its ability to perform many functions and reliability) and the demonstration of a housing design which could make a static feature adjustable in two planes (likely to be a critical requirement for any self-replicating device).

The development process for the automated syringe benefited from geometric modelling, rapid prototyping and circuit inclusion techniques, all of which lead to a fast turnaround.

Future work might involve further research into the use of opto-switch measurement using gear teeth, and an improvement of deposition resolution by measuring the driver gear rotation and reducing the stud threading pitch (the total improvement potential was estimated to be a resolution of 0.1 mm3).

9 
Axis development

9.1 Summary

The final phase of the project was to design an automated axis to bring all of the previous developments together and achieve the project’s aim: an entirely automated circuit inclusion device specifically designed for self-replication.

Research into existing axis designs (particularly an HP printer) inspired different concepts. A feasibility study has demonstrated that the chosen concept is a sound platform for further development. This development should incorporate the use of symmetry wherever possible ensure efficient design.

The RP Manual proved invaluable during the design phase and ensured a quality build. The build was an important validation for the hole fits defined in the RP Manual. 86 % of the fits were manufactured to the correct fit specification – this was considered a big improvement on the previous success rate (roughly 33 %). 

A reference switch for the axis was designed using the circuit inclusion technique to demonstrate its capability.

Integration of software and circuits allowed the axis to be tested briefly. The resolution of the carriage movement was estimated to be 0.16 mm though this could be simply improved by introducing a reduction gear box.

At optimum speed the carriage wandered from the predicted travel path by up to 0.065 ± 0.06 mm. This was not considered a problem because as long as the action was repeatable, movements could be mapped and compensated to improve the accuracy.

A brief repeatability analysis showed that, after start-up strokes, 100 % of 38 attempts achieved a destination distance within the resolution of a motor step i.e. no steps were missed. The problem of determining the carriage’s position immediately after start-up can be solved by driving the carriage to a reference switch. The performance confirmed that a stepper motor would suffice for the axis needs.

The development of the axis successfully pulled together all of the previous developments required for a fully-functional, automatic circuit inclusion device. The design of the axis was such that the majority of the structural components were manufactured using RP technology.

Future work should include redesign of the lifting cam to anchor trailing connections and allow heating jacket support from the carriage when in the down position, and a redesign of the bogey to allow the tension spring to provide a force in-line with the pulley wheel. Circuit inclusion technology should be used to manufacture the electronic circuit for the axis and software should be developed to make the interface intuitive for the user. More testing is required to build a complete profile of the axis performance. A development path for the axis should encompass extension into the second and third dimensions.

9.2 Introduction

The final phase of the project was to design an automated axis. This would bring all of the previous developments together to achieve the project’s aim: an entirely automated circuit inclusion device specifically designed for self-replication.

9.3 Development brief

A physical axis, designed to self-replication specifications, was required to automate the circuit inclusion process by incorporating existing developments. The ideal final result would be automated deposition of bend alloy into a straight casting channel. An interface was required such that the user could control the entire system through a PC.

9.4 
Research

9.4.1 Key mechanical requirements

A detailed specification for this development is included in the Appendix, Section 15.5 (page 159). Key requirements are listed in Table 11.

Table 11: Mechanical requirements for the axis

	
	Requirement specification

	M1
	Strong enough to support and move the injection assembly along the axis.

	M2
	Accurate and repeatable to within ± 0.05 mm

	M3
	Range of movement must be 300 mm (nominal bed width for RP technology) along the axis

	M4
	The axis must be able to lift the injection needle a height of 5 mm to enable the needle to move in and out of the casting channels. Linear motion of the injection assembly must be possible with the needle in both the up and the down position.

	M5
	A feedback mechanism is required to ensure adequate movement control

	M6
	Ability to be calibrated


9.4.2 Existing axes

Research was conducted to find existing examples of linear movement and each approach was analysed (Table 12). After careful consideration the pulley transmission method was selected for further development: the ball screw was too far outside the idea of self-replication and the rolling carriage had too many backlash problems.

Despite moderate problems with backlash, friction and replication the pulley transmission was considered a good compromise. A Hewlett Packard printer was rescued from a skip and stripped down in an attempt to understand the features (Figure 42).

Table 12: Existing solutions to axis movement

	Inspiration
	Picture
	Mechanical translation
	Axis characteristics

	
	
	
	Advantages
	Disadvantages

	Lathe
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	Rolled ball screw:

Bearing type – Race runs on screw

Drive  - Remote motor rotates the screw. Race is constrained from rotation, therefore race moves up or down.
	Low backlash

Low friction
	Expensive

Difficult to replicate

	Printer
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	Pulley transmission:

Bearing type – Bushes rest on cylindrical linear bearing

Drive  - Remote motor pulls the carriage along the bearing using a tooth belt
	Linear bearing is cheap and widely available
	Medium backlash

Medium friction

Moderately simple to replicate

	Railway train
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	Rolling carriage:

Bearing type – Carriage wheels run along rails

Drive  - Local motor rotates the carriage wheels
	Low friction

Simple to replicate
	High backlash

Medium cost of roller bearings for wheels (though this is dependent on the design)
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Figure 42: Design notes - a Hewlett Packard DeskJet printer was stripped down in an attempt to understand the critical features of the pulley transmission

The Hewlett Packard (HP) printer used a neat mechanism to link the tooth belt to the carriage as shown in Figure 43.
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Figure 43: Design note on the HP printer – the toothed belt was simply attached to the carriage by means of a male plug and female cavity designed to clamp the belt to the carriage platform.

Figure 44 illustrates how HP designed their transmission. Interestingly the idler roller was flat – a toothed roller would have been an unnecessary constraint. The pulley was also sprung to maintain the tension in the belt and provide a small degree of compliance in the transmission necessary for accelerations.
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Figure 44: Design note on the HP printer – the transmission was made up of a servo which turned the belt using a toothed gear. Interestingly the idler roller was flat – a toothed roller would have been an unnecessary constraint. The pulley was also sprung to maintain the tension in the belt.

Figure 45 illustrates an excellent development of the fringe plate conceived in Section 8.6.4 to be used with the opto-switch. This was noted as a topic for future work to improve the resolution of the automated syringe.
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Figure 45: Design note on the HP printer – an excellent design for a fringe plate previously used for the syringe feedback (Section 8.6.4). By printing opaque bars onto an acetate sheet a fringe plate with much finer resolution could be made. This was noted as a topic for future work.

Figure 46 illustrates how the concept shown in Figure 45 was used to provide linear feedback for the transmission.
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Figure 46: Design note on the HP printer – a linear version of the fringe plate shown in Figure 45 was found to be used for the axis transmission feedback.

These design notes were useful considerations when designing the axis.

9.5 Concepts

The requirements (Section 9.4.1) stated that the axis had to lift the injection needle a height of 5 mm so that it could move in and out of casting channels. Linear motion of the injection assembly had to be possible with the needle in both the up and the down position. Three different ideas were generated to achieve this.
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Figure 47: Axis concept 1 – solenoid actuators mounted into the brackets lift the entire assembly to lift the injection needle in and out of casting channels
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Figure 48: Axis concept 2 – a solenoid actuator mounted onto the carriage lifts the carriage and pivots the needle out of the casting channel.
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Figure 49: Axis concept 3 – a cam lift, powered by an instrument motor, lifts a cradle which supports the syringe. This isolates the lifting action to the syringe so that the carriage remains stable under all circumstances.

9.6 Feasibility study

The characteristics of the ideas were identified (Table 13). From Table 13 a risk and benefit analysis for all the ideas could be undertaken as a form of empirical evaluation (Table 14). Factors for this analysis are translated in Table 15.

Table 13: Idea characteristic analysis

	Idea
	Title
	Idea characteristics

	
	
	Advantages
	Disadvantages

	1
	Assembly lift

(Figure 47)
	No complications of carriage movement for both needle positions.

The carriage can be designed independently of the lift mechanism, ensuring optimum weight distribution – essential for a good linear action.

The carriage stays flat on the bearings at all times – ideal for transmission and calibration.

The needle lifting action is vertical – no arc complications.
	Inefficient design: two actuators required, both subjected maximum possible load by lifting the entire assembly.

Poor mechanical principle: two actuators working in the same vector increases the likely-hood of a jam.

Greatly increases the complexity of the design.

	2
	Tilt carriage

(Figure 48) 
	Simple design.
	The roller bearing is an awkward compromise for carriage movement for both needle positions. The roller bearing contact angle with the flat runner (when the needle is in the up position as shown in Figure 48) makes for a poor linear action.

The position of the solenoid actuator means that the total weight of the carriage is biased towards the flat runner and not the primary linear bearing. This would increase the friction of the carriage.

The lifting action means that the carriage is not permanently flat. This would cause complications for transmission and calibration.

The fact that the lifting action is an arc increases the probability of a collision between the needle and the casting channel wall. The arc radius may be unfeasibly large for a compact assembly.

	3
	Flat carriage and cradle

(Figure 49)
	Elegant design.

Improved weight distribution over linear (primary) bearing.

The carriage stays flat on the bearings at all times – ideal for transmission and calibration.

No complications of carriage movement for both needle positions.
	Moderately complex design.

The fact that the lifting action is an arc increases the probability of a collision between the needle and the casting channel wall. The arc radius may be unfeasibly large for a compact assembly.


Table 14: Risk and benefit analysis for the different axis ideas. (Factors for this analysis are translated in Table 15)

	
	Idea
	Title
	Risk
	Severity (0-3)
	Probability (0-3)
	Sub score
	Total score (high = risky; low = safe)

	Risk
	1
	Assembly lift
	Actuator overloading
	2
	1
	2
	16

	
	
	
	Actuator jamming
	2
	3
	6
	

	
	
	
	Non-viable design due to complexity
	3
	3
	9
	

	
	2
	Tilt carriage
	Roller bearing jam during linear carriage movement
	2
	3
	6
	17

	
	
	
	Carriage movement jam due to friction over flat bearing
	2
	2
	4
	

	
	
	
	Erroneous calibration/poor transmission due to tilting carriage
	2
	2
	4
	

	
	
	
	Needle collision with casting wall due to arc
	3
	1
	3
	

	
	3
	Flat carriage and cradle
	Non-viable design due to complexity
	3
	1
	3
	9

	
	
	
	Needle collision with casting wall due to arc
	3
	1
	3
	

	
	Idea
	Title
	Potential
	Benefit (0-3)
	Probability (0-3)
	Sub score
	Total score (high = high potential; low = low potential) 

	Potential
	1
	Assembly lift
	No carriage movement complications during needle lift
	2
	3
	6
	21

	
	
	
	Optimum weight distribution over primary bearing
	2
	2
	4
	

	
	
	
	Flat carriage: good for transmission and calibration
	3
	3
	9
	

	
	
	
	Vertical needle lifting action
	1
	2
	2
	

	
	2
	Tilt carriage
	Simple design
	1
	3
	3
	9

	
	3
	Flat carriage and cradle
	Elegant design
	1
	3
	3
	22

	
	
	
	Improved weight distribution over primary bearing
	2
	2
	4
	

	
	
	
	Flat carriage: good for transmission and calibration
	3
	3
	9
	

	
	
	
	No carriage movement complications during needle lift
	2
	3
	6
	


Table 15: Evaluation factor translations

	Category
	Factor
	Translation

	Severity
	0
	No consequence

	
	1
	Minor nuisance

	
	2
	Prevents assembly from carrying out its function

	
	3
	Component breakage/development barrier

	Benefit
	0
	Standard

	
	1
	Better mechanical design

	
	2
	Induces better performance

	
	3
	Improves many functions

	Probability
	0
	Impossible

	
	1
	Unlikely

	
	2
	Likely

	
	3
	Extremely likely


Table 14 demonstrates that the ‘tilt carriage’ (idea 2) was the least beneficial and most risky idea, and was therefore ignored. It also showed that while the ‘flat carriage and cradle’ (idea 3) and the ‘assembly lift’ (idea 1) had similar potential benefits, the assembly lift was almost twice as risky.

Based on the results from Table 14, feasibility analysis continued with the ‘flat carriage and cradle’ idea.

Table 14 identified a major risks of the injection needle colliding with the casting wall due to lifting arc. The collision risk was investigated using geometric techniques.

9.6.1.1 
Needle collision investigation

The lifting action for the ‘flat carriage and cradle’ idea was on a radius. This increased the probability of a collision between the needle and the casting channel wall. It also implied that the arc radius may have to be unfeasibly large for a compact assembly. Table 16 states the parameter assumptions for the problem. Figure 50 illustrates how these assumptions defined the problem.

Table 16: Needle collision investigation parameter assumptions

	Assumption
	Symbol
	Value
	Units

	Channel width
	w
	1.60
	mm

	Channel depth
	d
	2.00
	mm

	Channel width clearance for needle arc
	a
	0.20
	mm

	Needle height above channel floor for deposition
	e
	0.50
	mm

	Needle outside diameter
	n
	0.90
	mm

	Max height above channel in up position
	c
	3.00
	mm
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Figure 50: Illustration of parameters for the needle collision investigation

To determine a locus for point O about a point (h,v) with constant r it was shown (Appendix, Section 15.19.2) that:
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This theory was used to create a simulation of the problem in Microsoft Excel (Figure 51). A graph plotted the needle arc based on the parameters given. By also plotting the environment profile it was possible to see whether the needle entered the safety clearance zone or not. Dynamic control tools were added to the arc centre parameters so that the pivot position could be quickly optimised.

This simulation was deliberately constructed in a parametric fashion and friendly user‑interface so that:

· an understanding of the parameter impacts could be quickly achieved - movement of the scroll bars dynamically changed the profile of the arc.

· key parameters could quickly be changed to optimise the solution.

· in the event of a change in specification (likely to occur in future research) the problem would not have to be re-solved. Simply inputting the parameters would be the most work required.

The simulation approximated an optimum arc centre of (-100, 5) in relation to point P (point P is shown in Figure 50) and avoid collision by achieving the clearance distance specified in Table 16.
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Figure 51: Needle collision simulation in Microsoft Excel. Parameters were entered into the green section. The diagram below this green section illustrated how these parameters defined the problem. The graph on the right hand side then plotted the resultant needle arc (green). By also plotting the environment profile, it was possible to see whether the needle entered the safety clearance zone or not. Dynamic control tools (scroll bars shown in the green section) were added to the arc centre parameters so that the pivot position could be quickly optimised – movement of the scroll bars dynamically changed the profile of the arc.

9.7 Mechanical development

9.7.1 Introduction

This section will start by introducing the reader to the final design before indicating how it evolved in the hope that it will put the individual components and concepts into perspective.

The mechanical development was an extension of the ‘flat carriage and cradle’ concept detailed in Section 9.5.

Key components in the final assembly design are shown in Figure 52. Component functions are given in Table 17.

Table 17: Key component functions for the final assembly

	Component
	Function

	Carriage
	Designed to house the cradle and injection assembly and provide a stable, smooth action along the length of the axis on the linear bearings.

	Bearings
	Enabled the carriage to slide up and down the axis.

	Cam and motor
	Mechanism to provide vertical (z-direction) movement for the cradle and injection assembly.

	Cradle
	Pivoted component to enable the injection needle (part of the injection assembly) to be lifted in and out of the casting channels. Hinged within the carriage component.

	Injection assembly
	Provides alloy deposition. Detailed in Section 8.

	Axis motor
	Motor to move the carriage up along the axis (x-direction).

	Bracket
	Designed to constrain the linear bearings and house the axis motor.

	Belt transmission
	Transmission to convert the rotation generated by the motor into a linear action for the carriage.

	Home switch
	Alerts the control system when the carriage has reached the home position.

	Hot plate
	Plate with high thermal capacity keep the test plate warm during testing. This replaced the Techne Dri-Block D8-3 hot plate oven used previously in circuit inclusion (Section 5).
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Figure 52: Final design for the axis assembly with key areas identified to give the reader perspective over the mechanical developments documented in this section.

9.7.2 Design for manufacture

In compliance with the idea of self-replication, all components had to be designed for manufacture using the Stratasys Dimension rapid prototype machine.

9.7.2.1 Fits

Rather than estimating fits, male and female component dimensions were designed to the specifications in the RP manual (Appendix Section 15.25, page 263).

9.7.2.2 Springs

It was important to build spring components in an orientation which ensured that the stress ran along the length of the RP layers rather than over the weaker interfaces between the individual layers. Figure 53 illustrates the bracket home switch which used a spring section.
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Figure 53: Example of an RP component using a spring section in its design

Figure 54 and Figure 55 illustrate correct and incorrect build orientations with respect to layer orientations for the above example.
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	Figure 54: Correct build orientation. Layers run along the length of the sprung section. RP components are weakest in the planes where layers are bound together (the interfaces) – this lay-up ensures that the stress is distributed along the layers and not the interfaces.
	Figure 55: Poor build orientation (ignore support material). Layers cut across the sprung section. Stress concentrated on interfaces.


9.7.2.3 Support material awareness

As explained in Section 4, support material was induced for overhanging features made using the Stratasys Dimension RP machine. Support material was avoided where possible to improve the efficiency of the build, improve the finish of the component and save time finishing the component post‑manufacture.

The approach taken to avoid support material is shown in Figure 56.
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Figure 56: Approach to avoid the use of support material

Rather than identify every instance to the reader, basic theoretical examples of the approach are given below. Examples of the approach can be seen in all aspects of the axis design.

9.7.2.4 Efficient orientation of component during build

Support material was avoided for simple components by orientating the component appropriately.

Table 18: Examples of solutions to avoid the use of support material using appropriate orientations

	
	Example 1
	Example 2

	Component
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	Support material
	Support material induced below overhang
	Support material induced into the hole. Difficult to remove and reduced the quality of the finish.

	Orientation solution
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	Built with largest flat at the bottom
	Built with hole axis in the vertical plane


9.7.2.5 Designing to eliminate the use of support material

Inverse drafts (overhangs) could range from 0 ° to 45 ° without the need for support material. The examples shown in Table 19 assume that the orientation of the features could not be changed, therefore 45 ° overhangs were incorporated into the design solutions to eliminate the use of support material.

Table 19: Example of design solutions to avoid the use of support material

	
	Example 1
	Example 2
	Example 3
	Example 4

	Feature
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	Horizontal hole
	Horizontal slot
	Blind hole (inverted)
	Vertical counterbored

	Design solution
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	Pointed (45 °) hole
	Pointed (45 °) slot
	Coned (45 °) roof
	Through hole
	Chamfered (45 °) countersink


However, there were some instances where support material was necessary. The cradle design (Figure 57) was the most complex part yet subjected to the Stratasys Dimension machine. Its frame structure required an intricate support structure.
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Figure 57: Cradle design
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Figure 58: Physical cradle build including support structure


This complex component was built without any errors.

9.7.3 
Carriage
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Figure 59: Carriage design features

Table 20: Descriptions for the carriage design features

	Feature
	Notes

	Secondary bearing rest
	Designed as a simple rest – a second bearing hole would have caused jams when used with the primary bearing. The contact surface was curved to minimise the contact area between the bearing and the carriage. This minimised friction. 

	Cradle pivot bolt holes
	Lugs were initially designed as pivot shafts for the cradle, however this would have made assembly impossible. An M6 bolt eliminated this problem.

	Mod screw holes
	Holes designed for a self tapping gauge 6 thread to facilitate future components which might be added after this projects completion.

	Motor restraint
	Secondary stay to ensure the weight of the cradle on the cam did not lever the motor which would have reduced the accuracy and put undue strain on the motor bracket.

	Motor bracket
	Designed to house the cam motor. Collision detection was used in Solid Edge v14 to ensure that this did not interfere with the cradle action.

	Heating jacket cup
	A support for the heating jacket when in the down position to improve the repeatability of the injection needle position.

	Belt link cavity
	Female element of the belt linkage.

	Calibration mount
	Designed to receive the calibration head – this concept is detailed in Section 9.7.10.

	Primary bearing hole
	This feature (note exclusion of additional bushing) was initially experimental, however due to the success of the fit and the smooth running of the ABS on the ground steel bearing, this plain bearing design was kept.


9.7.4 Cradle
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Figure 60: Cradle design features

Table 21: Descriptions for the cradle design features

	Features
	Notes

	Pivot holes
	Holes around which the cradle would pivot. The pivot shafts were supported by the carriage.

	Heating jacket clamp
	Designed to tighten around the heating jacket as a radial constraint.

	Heating jacket housing
	The main assembly point for the heating jacket. Bolt holes were designed to allow two M3 bolts to take the main load of the injection assembly.

	Vertical triangulation rib
	Supports for the heating jacket housing.

	Horizontal triangulation rib
	Initially omitted, however, following the FEA analysis (see below) this rib was  incorporated to strengthen the structure.

	Mod holes
	Holes designed for a self tapping gauge 6 thread to facilitate future components which might be added after this projects completion.


An FEA program (NX 3.0) was used to assess the structure when supported by the pivot holes and the cam. The load of the injection assembly (including a safety factor of 3) was applied to the bolt holes.
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Figure 61: FEA using NX 3.0 for the cradle without the horizontal triangulation rib shown in Figure 60. This picture illustrates the displacement of the cradle structure when supported by the pivot holes and the cam. The load of the injection assembly (including a safety factor of 3) was applied to the bolt holes. 

Despite a negligible deflection (3.288 x 10-3 mm) a horizontal rib (shown in Figure 60) was added for mechanical completeness. Stress was also analysed. Concentrations were considered negligible.

9.7.5 
Linear bearings

The carriage was originally designed to run on two different linear bearings as shown in Table 22.

Table 22: Bearings for original axis design

	Bearing type
	Description

	Primary
	A ground steel shaft which would provide an accurate axial constraint. The loading on the carriage was designed to ensure that most of the weight was positioned over the primary bearing as this would be the bearing with the smallest friction coefficient.

	Secondary
	A flat runner which would simply support the carriage in the radial plane. Due to the design of the carriage this was not required to be at such high tolerances expected from the primary bearing. The carriage contact surface was designed as a simple rest – a second bearing hole would have caused jams when used with the primary bearing. The contact surface was curved to minimise the contact area between the bearing and the carriage. This minimised friction.


The positions for these bearings are shown in Figure 62.
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Figure 62. Bearing surface positions for the carriage. The centre of mass is also shown: the loading on the carriage was designed to ensure that most of the weight was positioned over the primary bearing as this would be the bearing with the smallest friction coefficient. The secondary bearing was a simple flat runner which would simply support the carriage in the radial plane.

Whilst the primary bearing was known to be a ø 8 mm ground steel shaft and suitable for the loading (the load of the carriage assembly was calculated to be 0.322 kg) the geometry of the simple secondary bearing (a flat runner) was unknown.
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Figure 63: Rear view of secondary bearing, supported by brackets and loaded by the carriage

A Macauley definition was calculated for the secondary bearing (see Appendix Section 15.20, page 239):
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This was used to generate a bending moment diagram which was in turn used to calculate the minimum depth of the bearing beam.
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Figure 64: Bending moment diagram for the length of the bearing calculated using Macauley notation (peak bending moment = 0.078 Nm at the midpoint of the beam).

Assumptions for the secondary bearing are given in Table 47. These were used to calculate the minimum bearing (beam) section depth before failure.

Table 23: Assumptions for secondary bearing (material property data from MatWeb, 2005)

	Variable
	Assumption

	Material
	ABS

	σUTS-ABS
	29.8 MPa

	EABS
	1.79 Gpa – Owing to the fact that the RP machine makes things weaker than bulk ABS by binding layers of ABS together, the lowest value in the ABS range was selected.

	Bearing section profile
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	Max bending moment (from Figure 150)
	0.078 Nm

	Safety factor
	3

	Initial bearing breadth
	8 mm


	It was shown (see Appendix Section 15.20, page 239) that
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i.e. the minimum depth for the bearing beam was 2.4 mm before structural failure.

The bending displacement was calculated for varying section depths at varying section widths (6 mm, 8 mm and 10 mm). Data was generated using the formula below.

	It was shown (see Appendix Section 15.20, page 239) that
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A reference chart was generated in order to design a practical geometry.
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Figure 65: Reference chart generated to design a practical profile for the beam

Consequently, a beam 6 mm wide and 22 mm deep was chosen to give a maximum bending displacement of 0.2 mm.

However, in the final stages of design this secondary bearing specification became obsolete. It was replaced by a ground steel bar identical to that used by the primary bearing. This approach, conceived by Bowyer, was far more efficient for two important reasons:

· First, the ø 8 steel bar was already a resource and the deflections would be greatly reduced due to higher E value.

· Second, and most important with respect to the overall assembly, this would introduce symmetry into the design. By having two bearings, two carriages could be mounted onto the same axis orientated 180 ° from each other. This would save a great deal of design effort to incorporate a second carriage which would immediately be utilised when the axis is integrated with RP technology. This concept is illustrated in Figure 66.
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Figure 66: Illustration of concept to harness the power of symmetrical design. Resources are used to their maximum to allow two carriages to move along the axis. Their 180 ° orientation to each other mean that calibration, feedback and transmission interferences are avoided.

9.7.6 Cradle lifting mechanism

The cradle was lifted using a cam on the end of a motor as illustrated in Figure 67.
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Figure 67: Section through front of carriage to show the profile of the cam and how it can be rotated to lift the cradle. See Figure 52 for section perspective.

The cam needed electrical terminals to let the control system know when it had reached its intended rotation limit. The cam was therefore designed for circuit inclusion and exposed terminals using design techniques documented in the RP Manual (Section 15.25, page 263): casting channels were incorporated to forge a circuit and breakaway fencing was incorporated to cast proud terminals (Figure 68).
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Figure 68: Cam was designed for circuit inclusion and exposed terminals using design techniques established in Section 5.

9.7.7 Position control

Position control over the carriage was necessary for the axis movement to be accurate and repeatable. Position control was possible through two different drive approaches (characterised in Table 24).

Table 24: Characteristics of different drive approaches with respect to position control

	Drive method
	Position control theory
	Characteristics

	
	
	Advantages
	Disadvantages

	Servo motor
	Measurement device required to determine the position of the carriage. A feedback loop controls the motor.
	Feedback loop guarantees the position of the carried to be that specified

Higher torque
	Measurement device required

Feedback loop increases design complexity

Motor relatively low cost

	Stepper motor
	No feedback loop. The motor rotates through a specified number of steps determined by a microcontroller.
	Extremely simple to implement.

Simple control system.
	The microcontroller is essentially flying blind. If the motor misses steps there is no guarantee that the carriage is at the position specified.


A stepper motor was selected purely due to the time constraints on the project. Despite its superior position control, a servo-motor would have required detailed design work to incorporate a measurement device and a feedback loop. However, it is worth documenting the research on measurement devices at this stage in case a servo-motor is selected in future axis models.

Table 25: Measurement device characteristics

	Measurement device
	Characteristics

	
	Accuracy
	Repeatability
	Simplicity to implement
	Compliance with idea of self-replication

	Digital callipers
	± 0.01 mm
	Excellent
	Average
	Poor

	Opto-switch (either linear or rotary)
	± 0.1 mm
	Excellent
	Average
	Excellent

	LVDT
	As accurate as the voltage supply
	Excellent
	Under development (visit http://www.reprap.org/ for Bowyer’s progress with this concept)
	Excellent

	Fields (ultrasound)
	± 0.01 mm (using a 16 Mhz processor)
	Poor: Wave speed changes with humidity and temperature
	Simple
	Good


9.7.8 
Transmission

A 1 mm pitch tooth belt was chosen for the transmission because of it was best suited to the axis’ original concept, as detailed in Section 9.4.2. It was noted that the positional accuracy was likely to deteriorate as it wears with time, however, its compact design and semi-eligibility for the idea of self-replication made it the ideal choice. Its slight compliance was considered an advantage when used with the stepper motor as it increased the inertia that the motor could drive. Figure 69 and Figure 70 illustrate the transmission design.

[image: image100.png]



Figure 69: Belt driven by toothed gear
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Figure 70: The sprung bogey, housing the idler pulley, kept the belt under high tension. The bogey was sprung with an adjustable tension spring which was anchored to the bracket. The bogey was mounted on the linear bearing to ensure a smooth compliance action for high accelerations. The radial stay constrained the pulley in the radial plane.

9.7.9 Home switch

The axis needed a datum from which movements could be referenced. Whilst it would have been more efficient to use an opto-switch, this was seen as a good opportunity to design a switch using only RP and circuit inclusion techniques. The resulting home switch was designed to operate in the following manner.

· Carriage reverses towards bracket until carriage terminal meets bracket terminal.

· On meeting of terminals, electronic circuit is closed and motor stops.

The bracket terminal was sprung to prevent motor stalling. The terminals were also designed at angles with each other to ensure that any insulating dirt or dust collected on the surfaces would be automatically scraped off.
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Figure 71: Home switch design. A home position was detected and referenced when the carriage terminal met the bracket terminal. The break-away fencing for the terminals is also shown here. Whilst this was used for proud casting (see RP Manual, Section 15.25).

9.7.10 
Calibration capability

To calibrate the axis, a digital calliper was anchored to one of the brackets and pinned to the carriage (Figure 72). The motor then moved the carriage up and down the axis and distances were recorded using the calliper read-out. The calliper had to be under-constrained using only two pins to ensure that jams (or significant resistances) did not occur during the calibration process. A jam would have been disastrous for the procedure because it may have caused the stepper motor to skip steps, thus creating a false calibration.
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Figure 72: Axis assembly with calliper fitted for calibration.

The pin constraint installation did carry an inherent error caused by any carriage/calliper axis offset (illustrated in Figure 73).
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Figure 73: An illustration to show that an offset between the calliper axis origin and the carriage axis origin resulted in a measurement error. The size of this error was mapped and is shown in Figure 74. Error was an unavoidable consequence of calliper under-constraint which was necessary to prevent jamming.

Using Pythagoras:
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 It was possible to map the error, shown in Figure 74. This shows the magnitude of geometric error in the calliper measurement system for three erroneous calliper axis origins, defined by (x,y) [x refers to the length of the axis, y refers to the width and z the height].
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Figure 74: Error chart for two different calliper axis origin offsets (x,y) as illustrated in Figure 73.

Figure 74 identifies the importance for carriage/calliper axis alignment. Particular attention was paid to the calliper bracket shelf and the carriage mount to ensure that geometric errors would only lie within the tolerance of the rapid prototyping process (i.e. maximum error of approximately ± 0.1 mm).

As a precautionary measure, based on the results shown in Figure 74, calibration measurements were taken 100 mm beyond the axis origins.

Testing results are covered in Section 9.10.
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Figure 75: Photograph of mechanical elements of the axis assembly

9.7.11 Analysis

The Stratasys Dimension RP machine took approximately 48 hours to build all of the components. Figure 75 shows a successful assembly of the manufactured components. These components were analysed in an attempt to further our knowledge of RP performance.

With 59 holes, this build was an important empirical test of the fit data generated in Section 4. A matrix containing the results of the build was designed in Microsoft Excel (Figure 76). These results is discussed in Section 9.11.

A system performance test is documented in Section 9.10.
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Figure 76: Hole fit empirical validation matrix. This has been included into the RP manual in the hope that future component data can be captured and used to advance the RP performance knowledge.

9.8 Electronic development

9.8.1 Electronic requirements

Table 26 identifies the electronic requirements for the axis

Table 26: Electronic requirements for the axis

	E1
	Integrated with the syringe motor and the temperature control

	E2
	Powered from mains supply


9.8.2 Electronic design

An electrical circuit was designed so that a single microprocessor (PIC 16F73) could receive input signals from all of the switches and control all of the electric motors accordingly. The TX/RX pins on the microprocessor were linked to a computer so that commands could be issued to the microprocessor through a PC environment.

A schematic of this design is shown in Figure 77.
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Figure 77: Schematic of the electronic circuit design for the axis

Pin number designations were identified using component data sheets. 

Note: the syringe and cam motors were both driven using Pulse Width Modulation (PWM). PIC pins 12 & 13 (which both had PWM capability on the PIC16F73) are therefore reserved for the syringe and cam motor drivers.

9.8.3 Manufacture

The circuit was soldered together onto a standard PCB (Figure 78).
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Figure 78: Photograph of the axis electronic circuit

9.9 
Software development

9.9.1 Software requirements

The only software requirement at this stage of the research was that the axis should be controlled through a PC.

The design of the circuit meant that two programs were necessary:

· A program for the PIC

· A program for the computer to interface with the PIC.

9.9.2 Schematic design

Flow charts were generated for complex elements of the software. An example of flowchart design is shown in Figure 79.
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Figure 79: Flowcharts were drawn to design the program code. This example is for the part of the PIC program which drove the syringe motor.

9.9.3 Code

The beginnings of the PIC program was initially written in PIC-Basic. An example of this code for the above flowchart is included in the Appendix Section 15.21 (page 247).

Sadly, due to lack of experience with the PIC-Basic software it was not possible to create a interface between the PIC and the computer. The coding was handed over to Bowyer who managed to complete an initial version of the PIC program (in the original PIC language using MPLAB) and the C++ interface program required for the user to control the PIC. This enabled system testing to begin (Section 9.10).

Copies of the initial PIC program and the initial C++ program, both written by Bowyer, are included in the Appendix Section 15.22 (page 249) and Section 15.23 (page 256).

Modifications made to this code during testing are documented in Section 9.10.

9.10 
Axis testing

The PIC was given the program and the circuit was connected to the computer. Thanks to Bowyer’s programming skills the softwares worked first time. The carriage slid up and down the axis with a good clean action, in synchronisation with the syringe plunger action, without the need for any mechanical modifications or even grease – a very satisfactory result.

The next step was to determine the repeatability and accuracy of the carriage movement using the calliper arrangement previously described in Section 9.7.10, before testing all systems together to cast the first circuit.

9.10.1 Basic calibration

A basic calibration test was conducted to estimate how many pulses to the stepper motor were required to move the carriage 1 mm. The stepper was given 1000 pulses at a delay of 800 ccbp (“delay” refers to the clock cycle delay in the PIC between each pulse to the stepper motor i.e. the higher the delay the slower the motor speed; ccbp is used in this report to refer to Clock Cycles Before Pulse). 

This test was also conducted at different motor speeds to obtain an average number of pulses per mm. The opportunity was taken to gauge the repeatability along the stroke length by measuring the discrepancy between the outward and the return strokes.

Figure 80 shows the results for this test.

The total average pulses/distance conversion factor (F) was calculated for each test using:
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F was then used to predict all of the positions which the carriage should have been at throughout the length of its travel. The difference between the actual and the predicted travel was recorded and results are displayed in Figure 81. This difference is referred to as ‘wander’.

Results are discussed in Section 10.
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Figure 80: Distance travelled by the axis when the stepper motor is supplied with 1000 pulses. The test was conducted for different speeds (“delay” refers to the clock delay in the PIC between each pulse) and the discrepancy is a measure of error between the outward and return strokes.
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Figure 81: A graph of the carriage wander across the length of its stroke (for both outward and return journeys). Wandering was calculated by measuring the difference between its actual travel and its predicted travel (calculated using F).
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Figure 82: Closer inspection of the wander for the stroke speed (delay 400) which generated the profile most in-line with the total average.

9.10.2 Repeatability test

An experiment was needed to determine the repeatability of the carriage movement. The carriage was moved back and forwards 10 times by 1000 pulses, at a delay of 800. 

The PIC was then reset and the experiment was then repeated using a delay of 200.

The results are shown in Figure 83 and are discussed in Section 10.
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Figure 83: A graph of the positions for the carriage for a repeatability test. The PIC was reset at the beginning of each speed test.

9.10.3 
Full system test

All of the elements of the project were finally put together for a complete assembly test (Figure 84).
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Figure 84: All systems were checked before being assembled to complete the axis assembly.

All elements were switched on and the temperature controlled elements were allowed to stabilise. The syringe was loaded with by offering up a well of molten alloy to the needle. The injection head was driven in reverse and proceeded to suck the alloy up into the syringe.

A test plate consisting of straight test channels was placed underneath the injection head. Two pre-heated steel plates were placed underneath the test piece to ensure that it stayed warm (this replaced the dry-block heater previously used in circuit inclusion research).

The needle was lowered into a test casting channel. The carriage was moved along the axis to move the needle along the casting channel. The injection head was simultaneously activated to deposit molten alloy into the channel.

Figure 85 shows the assembly immediately after a deposition run.

[image: image118.jpg]



Figure 85: The cradle has been lifted up here to demonstrate the assembly immediately after deposition.

Figure 86 shows the results of the depositions.
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Figure 86: The finished result. The final test (top casting channel) resulted in a deposition which was viable for circuit inclusion.

The final test (shown on the top casting channel) demonstrated a section of deposition which was complete over a significant distance (approximately 20 mm) and robust on solidification. This was achieved using an axis motor speed of 2000 ccbp and supply voltage of 10 Volts to the injection head.

Time constraints did not permit further testing.

9.11 
Axis development discussion

This section discusses the development of the automated axis. Discussion about the position of this development with respect to the idea of self-replication can be found in Section 10.

The development of the axis successfully pulled together all of the previous developments required to automatically deposit a small circuit into a casting channel. The design of the axis was such that the majority of the structural components were manufactured using RP technology. The inclusion of the few extra components which did not comply are discussed further in Section 10.

Research into axis design proved useful and an investigation into a Hewlett Packard (HP) desktop printer, a highly refined design, saved a great deal of time. It highlighted necessary features which were previously unconsidered (e.g. compliance in the transmission). The printer design also demonstrated developments of ideas already approached in this project (e.g. the use of a high resolution opto-switches and finely printed fringe bars on acetate plates to maximise feedback resolution). This lead to more effective design – there was no need to re-invent the wheel. Efforts could be concentrated on adopting principles under the self-replication idea rather than researching which principles worked and which didn’t.

Three different concepts for the axis design were generated, each with their own unique characteristics. The feasibility study gave a great deal of confidence in choosing the most appropriate concept and also highlighted a fundamental collision risk. This was then successfully eliminated using a simulation to calculate the critical geometries. The elimination of risk further increased the confidence in the concept as a sound platform for further development.

One of the most useful features of the design was the use of symmetry in the bearings. It was a powerful time saving tool because it meant that basic elements only needed to be designed once i.e. without symmetrical bearings two brackets would have had to be designed, one for the left side and one for the right; with symmetrical bearings only one universal bracket was needed. This tool should be adopted for future developments.

There were some components which were poorly designed, and should be re-assessed in future developments. The cam design did not include a physical anchor for the connection wires which was needed to prevent to wires from disconnecting during cam rotation. The terminal design also meant that the cradle had to be sitting on the cam in the down position. A much more stable arrangement would have allowed the heating jacket to rest on the carriage cup. The pulley bogey suffered form an unfortunate tension spring placement. The spring should be aligned with the belt axis to prevent bogey yaw which, as in the existing design, reduces its bearing performance.

The design of the home switch was seen as a good opportunity to demonstrate how contact switches can be made using RP and circuit inclusion technology. Chip-away fencing was included to cast proud terminals which were able to make good electrical contract with each other.

The RP Manual proved invaluable during this design phase. The ‘design for RP manufacture’ principles and specifications for fits ensured a quality build. None of the components had to be re-manufactured. The ability of the Stratasys Dimension machine to make the cradle, a extremely complex component, further added to the confidence in RP technology.

The build was an important validation for the hole fits defined in the RP Manual. A hole performance matrix was generated to analyse the 59 holes featured in the build. 8 holes were discovered to be either too tight or too loose. This meant that 86 % of the fits had been manufactured to the correct fit specification. This was considered a big improvement on the previous success rate which involved guess work and was estimated to be correct only a third of the time.

Determination as to why 14% of the holes were incorrect cannot be done with such a small sample and such a variety of parameters. The ‘Hole fit empirical validation matrix’ has been included into the RP manual in the hope that future component data can be captured and used to advance our knowledge of RP performance. Once sufficient data has been added to the matrix a data mining exercise can be carried out to determine the reliabilities of fits for different parameters.

It was not possible to fully assemble the electronic circuit using circuit inclusion techniques demonstrated earlier. Developments had proved that this would have been possible (Figure 53 and Figure 54 show a chip holder developed for the PIC using circuit inclusion technology), however time constraints on the project meant that a PCB had to be used instead.
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Figure 87: Chip pit (transparent black) complete with two strips of chip-away fencing (silver) which shaped 28 terminals. Note the void deliberately created under the fencing strips to induce support material as a base for the fencing.
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Figure 88: Chip pit module complete with microcontroller. Terminals (silver colour) were use to connect the chip to the rest of the circuit.


The simplicity of the circuit was encouraging for the idea of self-replication. The only complication noted was the high number of electrical wires. This is discussed further in Section 10.

Flowcharts proved to extremely useful when designing elements of the software and will be used in further programming exercises. Credit must be given to Bowyer for designing and writing sound basic structures which meant that the axis could be briefly tested before the close of the project. The structure code was easy to modify during the testing phase and should be developed further to create an intuitive user interface.

Earlier proof of inherent potential calibration error gave a good understanding of the measurement error magnitudes involved. The potential carriage/calliper offset could be anticipated in the next axis development by building an adjustable shelf into the bracket to ensure alignment. Alternatively, a much neater and possibly more reliable solution would electronically link the calliper to the PIC and determine the offset by mapping the travel. This offset could then be compensated for during the calibration stroke.

Brief testing was encouraging. The resolution of the carriage movement was estimated to be 0.16 mm (too large for a carriage/calliper offset to be identified), defined by the angular resolution of the stepper motor. It was noted that could have been simply improved by introducing a reduction gear box.

The accuracy of the movement varied with different speeds. (Data from the 800 ccbp speed will be ignored for the purposes of this discussion – this was the first run for all of the tests and was likely to have suffered from a running-in resistance). At an optimum speed of approximately 400 ccbp the carriage wandered from the predicted path by up to 0.065 ± 0.06 mm (Figure 82). This was not considered a problem because as long as the action was repeatable, movements could be mapped and compensated to improve the accuracy.

A brief repeatability analysis (Figure 83) showed that, after start-up strokes, 100 % of 38 attempts achieved a destination distance within the resolution of a motor step i.e. no steps were missed. The only slight variations were a consequence of restarting the PIC. On restarting, the PIC will start driving the motor from step one (of four) irrespective of where the motor is. The motor will only synchronise with the PIC when the PIC matches the motor’s step position, therefore the first stroke after start-up has a 75% chance missing a step. Strokes after the first will not suffer from this because the motor and PIC will be synchronised. The problem of determining the carriage’s position immediately after start-up can be solved by driving the carriage to a reference switch.

The decision to use a stepper motor, rather than a servo with feedback, at this stage of research was well made. The simplicity of installation meant that the axis could quickly be installed and tested. The disadvantage of using a stepper (i.e. it was blind) still remained, however, repeatability tests indicated that this was not a problem. If it worked, surely there would be no need to use a more complicated servo with feedback drive. 

This leads us to some interesting speculation as to why Hewlett Packard used a servo in their printer design. The complication of incorporating the feedback system seems frivolous for a mass produced product. However, it may have been a cost analysis which made the decision: was it cheaper to assemble the feedback system and use a low-cost servo rather than use a more expensive stepper motor? This should not be a reason for this project to move away from stepper motors, at least not in the research phase, but every precaution should be made to ensure that steps are not missed: adequate motor sizing and regular referencing are two techniques which should be employed as standard practice.

A final, and brief, system test proved that the assembly could automatically deposit molten alloy into a casting channel. The robust result was encouraging. Obviously further testing is required to optimise the various parameters.

Future development for the axis should extend the range of movement into the second dimension to create a horizontal plane for the carriage to move in. The final stage of axis development will move into the third dimension and enable three-dimensional capability. The results from this stage of the development have been sufficient to persuade the author that these ideas are feasible.

9.12 
Axis Conclusion

The development of the axis has successfully pulled together all of the previous developments required for a fully-functional, automatic circuit inclusion device. The design of the axis has been such that the majority of the structural components were manufactured using RP technology.

Research into existing axis designs (particularly an HP printer) inspired different concepts. A feasibility study has demonstrated that the chosen concept is a sound platform for further development. This development should incorporate the use of symmetry wherever possible ensure efficient design.

The RP Manual proved invaluable during the design phase and ensured a quality build. The build was an important validation for the hole fits defined in the RP Manual. 86 % of the fits were manufactured to the correct fit specification – this was considered a big improvement on the previous success rate (roughly 33 %). 

A reference switch for the axis was designed using the circuit inclusion technique to demonstrate its capability.

Integration of software and circuits allowed the axis to be tested briefly. The resolution of the carriage movement was estimated to be 0.16 mm though this could be simply improved by introducing a reduction gear box.

At optimum speed the carriage wandered from the predicted travel path by up to 0.065 ± 0.06 mm. This was not considered a problem because as long as the action was repeatable, movements could be mapped and compensated to improve the accuracy.

A brief repeatability analysis showed that, after start-up strokes, 100 % of 38 attempts achieved a destination distance within the resolution of a motor step i.e. no steps were missed. The problem of determining the carriage’s position immediately after start-up can be solved by driving the carriage to a reference switch. The performance confirmed that a stepper motor would suffice for the axis needs.

Future work should include redesign of the lifting cam to anchor trailing connections and allow heating jacket support from the carriage when in the down position, and a redesign of the bogey to allow the tension spring to provide a force in-line with the pulley wheel. Circuit inclusion technology should be used to manufacture the electronic circuit for the axis and software should be developed to make the interface intuitive for the user. More testing is required to build a complete profile of the axis performance. A development path for the axis should encompass extension into the second and third dimensions.

10 
Project Discussion

The reader should be aware that discussions about the various areas of work have already been written locally. After a brief introduction this section links short summaries to describe the work undertaken and provides references to lead the reader to further discussion. The section concludes with a note about how well the project has conformed with the idea of a self-replicating machine in general and the near-future prospects for the project.

10.1 Introduction

Von Neumann first developed the theory of self-reproducing automata in the 1940’s (Von Neumann, 1966). Since then there has been much attention towards theoretical detail but little effort towards actually building a small scale self-reproducing machine.

A fully autonomous self-reproducing machine would need three elements: a resource of basic materials, a ‘self-replicator’ (which replicates the components required from the resource materials) and a ‘self-assembler’ (which assembles the replicated components into the final self-reproducing machine). Indeed these two elements can be considered separate sub-machines within the autonomous self-reproducing unit.

The key to designing the self-replicating element is to invent a process which can automatically manufacture electro-mechanical components: mechanical parts which contain the electronics required within its structure (Bowyer, 2004). Rapid Prototyping technology is already capable of making the mechanical element and initial experiments (Bowyer, 2003) show that it is possible to incorporate a metal alloy (Wood's metal or Bend Alloy) into channels left for the purpose in a rapid-prototyped component simply by pouring it in.  This was because the alloy's melting point (about 70 °C) is much lower than that of the RP polymer.

In theory, this circuit inclusion technology combined with existing RP technology (plus a few standard components) is all that is needed for a self-replicator. This project has developed the circuit inclusion technology and demonstrated an automated circuit inclusion device specifically designed for self-replication.

10.2 Work undertaken

Experiments were conducted on the Stratasys Dimension rapid-prototyping machine to establish its limitations with respect to the manufacturing components suitable for circuit inclusion technology (i.e. components designs which could incorporate casting channels). Experiments were also conducted to further the knowledge of the Stratasys Dimension’s performance manufacture the automated circuit inclusion device efficiently.

Results proved that it was possible to create the casting channels required for the proposed circuit inclusion technology. Experiments also successfully defined the machine’s ability to manufacture crucial engineering features.

The methods and results from this work are discussed in Section 4.13 (page 32). Further research should include:

· determination of Young’s moduli for RP components.

The circuit inclusion technique was refined by testing different methods of distributing Wood’s metal into the casting channels of rapid prototyped components.

The most successful alloy distribution method used continuously heated equipment to inject molten Wood’s metal into the casting channels through a disposable needle and syringe. The resultant circuit quality was robust and the process was considered acceptable for circuit inclusion technology.

The methods and results from this work are discussed in Section 5.7 (page 40). 

The circuit inclusion technology needed a heating process to melt the alloy. This heating process used an in-line (pneumatic) heater to blow hot air over the syringe containing the alloy. Due to the low air flow required during the deposition process the voltage had to be frequently adjusted to ensure that the in-line heater did not over heat.

A controller and a thermocouple were added to the heating circuit to create a closed loop circuit to simplify the circuit inclusion procedure and reduce the risk of damaging the heater. Control parameters were tested to optimise the heating performance.

The methods and results from this work are discussed in Section 7 (page 51). Future work should:

· incorporate a temperature controlled cut-off switch at the heater base, and

· investigate the control program to optimise the heating performance further.

After demonstrating that the injection technique worked for circuit inclusion, the next step was to automate the injection mechanism. A concept for a motorised syringe was developed.

The finished injection mechanism featured direction control, speed control, position feedback and the necessary heating jacket required for circuit inclusion. The deposition resolution was 0.87 mm3.

The methods and results from this work are discussed in Section 8 (page 74). Future work should:

· research into the use of opto-switch measurement using gear teeth, and

· improve of deposition resolution by measuring the driver gear rotation and reducing the stud threading pitch.

The final phase of the project was to design and manufacture an automated axis to bring all of the previous developments together and achieve the project’s aim: an entirely automated circuit inclusion device specifically designed for self-replication.

After a design process which involved research, analysis, feasibility and mechanical, electronic and software development, an axis (similar to that of a desktop printer) was manufactured and tested. The axis action was repeatable for 100 % of 38 tests. The conformance of the design with the self-replication idea is assessed in the next section.

The methods and results from this axis development are discussed in Section 9.11 (page 135). Future work should:

· redesign of the lifting cam to anchor trailing connections and allow heating jacket support from the carriage when in the down position,

· redesign of the bogey to allow the tension spring to provide a force in-line with the pulley wheel,

· use circuit inclusion technology to manufacture the electronic circuit for the axis,

· develop the software to make the interface intuitive for the user,

· test the axis further to build a complete profile of the axis performance, 

· define optimum parameters for alloy deposition, and

· extend the axis into the second and third dimensions.

It was realised that some of the research results would be useful to those who used RP technology. A manual was written to ensure knowledge transfer, detailing procedures and educating the reader on design for RP components. The ‘RP Manual’ was also designed as a central collection point for RP technology within the engineering department. This manual has been included in the Appendix, Section 15.25 (page 263).

10.3 Project performance with respect to the project brief

The original project brief was: “to design and manufacture an entirely automated circuit inclusion device, specifically designed for self-replication. This circuit inclusion device would automatically deposit a stream of molten bend alloy into a casting channel in a RP test piece.”

The idea of self-replication proposed by Bowyer (2004) relies on exclusive use of the following parts:

· Any components which can be made using FDM RP technology

· Self tapping screws

· Brass bushes

· Lubricating grease

· Standard electronic chips such as microcontrollers

· A standard plug-in low voltage power supply

· Stepper motors

Components outside this list were to be avoided wherever possible to minimise the size of this list.

This project has designed and manufactured an automated circuit inclusion device. It is capable of automatically depositing a stream of molten bend alloy into a casting channel on a RP test piece.

While every effort has been made to use acceptable parts where possible the final design has not fully complied with the idea of self replication - it has been extremely difficult not to use some extra standard parts to complete the project within the timescale permitted. These extra parts are listed below:

· Linear steel bearings

· Transmission belt

· Pulley shaft

· Pulley spring

· Bolts

· Wires

· Opto-switches

· Standard electronic components to complete the necessary circuitry

This author argues that the use of extra parts outside the acceptable list may well be beneficial to the project as a whole. When embarking on a project with a scope as narrow as this the designer has two options:

· design a prototype device loosely based on the idea, which can later be refined to comply in the later versions, or

· design a device which is developed with strict compliance to the idea and achieves all of the objectives on the first production.

This author believes that the former is the quickest route to success for two reasons:

· It is frequently the case that large amounts of effort are put into designing around specific problems only to find out further down the line that the solutions become obsolete. The manufacture of an early prototype loosely based on the idea quickly puts the problems into perspective before they are tackled so that efforts can be concentrated more effectively.

· The ability to step out of the idea’s constraints enables the engineer to conduct more effective research and challenge the principles of the idea. This in turn makes the idea more robust i.e. we can only be sure that the list of acceptable components is efficient when all the other possibilities have been tested.

At times throughout the report it may seem as if the concepts stray from the idea of self‑replication but the reader should remember that at this early stage of the RepRap project the solutions were the closest approximations which could be made in the time available. Quick fixes will undoubtedly be revisited after prototype completion with better perspective and direction.

10.4 Future developments

The author believes that it is the size of the acceptable parts list which is one of the biggest threats to the success of the self-replication project. If the parts list is large, then what use is a self-replicator?

The role for each extra part will go one of two ways. It will either qualify as an acceptable part or it will diminish and be replaced by an existing acceptable part. Any acceptable part must fulfil all of the following criteria:

· Low cost

· Wide availability

· Multi-functionality

This author believes that it is the latter of these criteria which is most important and will determine its success over an extended period of time. It is the high functionality of components which reduces the part count.

Table 27 predicts the near-future for the extra parts used in this project.

Table 27: Predicted future the extra parts used in the project.

	
	Predicted near-future
	Justification

	
	Will diminish
	Will qualify for acceptable parts
	

	Linear steel bearings
	
	(
	It is necessary to have a reference surface to manufacture accurate components. It is theoretically possible that a measurement feedback system from a fixed datum would at some point make it viable for the RP machine to make its own bearing surfaces, however this is only likely to be realised in the far future.

	Transmission belt
	Either
	Either
	This is a difficult component for the RP machine to manufacture simply because of the tight tolerances required. It is simple for the RP to make chained links, however chain transmissions have inherent backlash problems. A repeatable transmission might be possible under very high tension and advances in RP technology.

	Pulley shaft
	(
	
	Development design is required to replace the steel pulley shaft with an RP shaft. This should not be difficult.

	Pulley spring
	(
	
	This project has already demonstrated the use of sprung components.

	Bolts
	(
	
	Bolts were used instead of self tapping screws. This was purely because the series of tests required at this research stage meant that the assemblies would be repeatedly assembled and disassembled. As the research areas diminish their bolts will be replaced by self-tapping screws and eventually by snap-fits.

	Wires
	(
	
	As the electronic circuit is refined, the microprocessors are likely to be linked in a network rather than through a central hub which will streamline the connection requirements. It is conceivable that wireless technology will be used to go one step further and replace all of the wires (excluding standard power leads).

	Opto-switches
	
	(
	This is an extremely common, accurate, reliable and relatively cheap switch to use. Its multi-functional characteristic it likely to make it a key component in future RepRap developments.

	Standard electronic components to complete the necessary circuitry
	
	(
	Unavoidable to some extent. Sargrove managed to make capacitors using his circuit inclusion techniques which means that circuit inclusion development may well eliminate some of the parts. However, it is likely that modular circuit boards with standard, but complex, electronic components will be an additional requirement.


It is encouraging to note that after some development the expected addition to the acceptable parts list will comprise of three, possibly four, extra components. This does not make the acceptable parts list unfeasibly large.

It is also encouraging to note that the part count for any developing system is likely to rise before it falls below the part count it started with. This is well documented in TRIZ theory. Figure 89 shows how the part count reduces when the trimming process begins i.e. when the technology matures.
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Figure 89: Part count curve for a system over time. Trimming occurs as the technology matures (Mann, 2000).
Another threat to the current self-replicating concept is the use of heat in the process i.e. how do you make something which can make itself using heat without, at some stage, accidentally melting itself down? This is a problem, applicable to both RP technology and circuit inclusion technology, which future research might solve by either adding an insulated heating module to the standard parts list or using materials which do not need heat e.g. conductive epoxy.
Legal aspects also pose as barriers. Health and safety laws pose interesting questions for a machine that can so easily evolve and reproduce.

Should the machines be used for personal use and received without payment (as expected for the early generations of the RepRap project), it is likely that the Health and Safety regulations would not apply. Thus the machines would be free to replicate unchecked. This would be very important in the early stages of growth – the design of the machines must be given a freedom to develop and mature.

After maturity, it is conceivable that the RepRap machines might be used in industry. It is at this point (i.e. when machines are sold, or employees are needed to use them) that the Health and Safety regulations certainly would apply. The Health and Safety system has been well integrated into European culture and it is likely that industry would implement the necessary CE re-marking for a particular breed of RepRap machine. As domestic use would likely follow industrial trends, it is likely that corporations would end up financing most of the Health and Safety aspects.

Due to the exhaustive and comprehensive style of the EU standards which need to be fulfilled in order to comply with the directives, requirements are already simply laid out. It is conceivable that a RepRap machine could have a Health and Safety data module which it could use to check the potential safety of its children.

A complete discussion on the possible directions which the RepRap project might take with respect to Health and Safety laws is included in the Appendix, Section 15.24 (page 259).
It is inevitable that these barriers, and others, will be overcome, but putting a timescale to these achievements is difficult. The speed of the project’s development is also linked to the advances in RP technology. One thing is certain: when the first replicating device is assembled into a package which can be simply adopted by others and is given away freely under the GNU General Public Licence, no matter how crude the initial package, the speed of evolution will dramatically increase.

This project has successfully demonstrated a fundamental element for a self replicator: automatic circuit inclusion using a device which, to a large extent, conforms to the idea of self-replication. Circuit inclusion research should continue to refine the technology, starting by extending the axis into the second and third dimensions. Having already designed the first dimension, much of the work to realise these other dimensions has already been done. In theory, this circuit inclusion technology combined with existing RP technology (plus a few standard components) would form the structure for a basic symbiotic self-replicator.

11 
Project Conclusions

11.1 Project conclusions

This project has developed a circuit inclusion technology and demonstrated an automated circuit inclusion device. This was specifically designed with a view to being combined with rapid prototyping technology to conform to the idea of self-replication (the ability to replicate electro-mechanical parts using simple resources and a few accepted standard parts which can then be assembled to make itself).

Experiments were conducted on the Stratasys Dimension rapid-prototyping machine to establish its performance limitations: results proved that it was possible to create the casting channels required for the proposed circuit inclusion technology. Experiments also successfully defined the ability of the machine to manufacture crucial engineering features.

The circuit inclusion technique was refined by testing different methods of distributing Wood’s metal into the casting channels of rapid prototyped components. The most successful alloy distribution method used continuously heated equipment to inject molten Wood’s metal into the casting channels through a disposable needle and syringe. 

The circuit inclusion technology needed a heating process to melt the alloy. This heating process used an in-line (pneumatic) heater to blow hot air over the syringe containing the alloy. A controller and a thermocouple were added to the heating circuit to create a closed loop circuit to simplify the circuit inclusion procedure and reduce the risk of damaging the heater. 

A concept for a motorised syringe was developed. The finished injection mechanism featured direction control, speed control, position feedback and the necessary heating jacket required for circuit inclusion. The deposition resolution was 0.87 mm3.

The final phase of the project was to design and manufacture an axis, specifically designed for self-replication, to automate circuit inclusion.

After a design process which involved research, analysis, feasibility and mechanical, electronic and software development, the axis was manufactured and tested. The axis action was repeatable for 100 % of 38 tests. The majority of the design conformed with the idea of self-replication. Eight extra components outside the accepted list were used, however less than half of these were considered necessary for future developments.

A manual was written to ensure knowledge transfer, detailing procedures and educating the reader on design for RP components. 

Extra part count, heating considerations and health and safety issues were discussed. Despite being viewed as potential resistances to the continued success of the project, there were not considered fundamental barriers.

11.2 Recommendations for further work

Recommendations for further work are detailed in the project discussion (Section 10).

12 
Extra submissions

Following the research outlined in Section 5 a paper has been written to communicate circuit inclusion technology. This has been submitted to the Rapid Prototyping Journal and is in the process of being reviewed.
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15 
Appendices

15.1 Rapid prototype machine manufacturers

Stratasys Inc

14950 Martin Drive

Eden Prairie

MN 55344USA

T: 952 937 3000

F: 952 937 0070

E: support@stratasys.com

W: www.stratasys.com  

15.2 Wood’s metal supplier

Lowden Metals Ltd

Unit 7

Harvey Works Industrial Estate

Shelah Rd

Halesowen

West Midlands

B633P6

T: 01215013596

F: 01215855162

E: www.lowden-metals.co.uk

15.3 Syringe manufacturer

Becton Dickinson UK Ltd

Between Towns Road

Cowley

Oxford

OX4 3LY

UK

15.4 Needle manufacturer

Tyco Healthcare UK Ltd

Northern Ireland

BT52 7AP

01329 224226

(Contact: Tracey Sandleberry)

15.5 Project development specifications

Table 28: Project development specifications

	Area
	Category
	Area
	#
	Specification

	RP performance
	Brief
	1
	1
	Investigation of the Stratasys Dimension Rapid Prototyping machine to define its performance characteristics with a view to building an axis assembly

	
	Documentation
	1
	2
	A manual must be written to ensure knowledge transfer

	
	Performance definitions
	1
	3
	Casting channel parameters

	
	
	1
	4
	Support material requirements

	
	
	1
	5
	Minimum wall thickness

	
	
	1
	6
	Shaft and hole fits

	
	
	1
	7
	Calibration zone locations

	
	
	1
	8
	Springs

	
	
	1
	9
	Support material requirements

	Circuit inclusion
	Brief
	2
	1
	Define a assemble a simple process for manual circuit inclusion into a rapid prototyped component

	
	Quantity
	2
	2
	1 set of apparatus

	
	Lifespan
	2
	3
	Components must be able to survive 1 year

	
	Materials
	2
	4
	Any conductive material for circuit integration

	
	
	2
	5
	Materials in the idea of self-replication

	
	Ergonomics
	2
	6
	Apparatus must be simple and comfortable to use 

	
	Standardization
	2
	7
	Assembly must be designed to be compatible with parts listed in the idea of self-replication

	
	Aesthetics/finish
	2
	8
	Clean

	
	Service life
	2
	9
	Apparatus must survive its lifespan without service

	
	Performance
	2
	10
	Apparatus must yield a working electronic circuit no wider than 2 mm

	
	Product cost
	2
	11
	£50

	
	Production timescale
	2
	12
	As per Gantt chart. The deadline for the completed system is 20-5-5

	
	Manufacture process
	2
	13
	Rapid prototyping technology

	
	
	2
	14
	Must comply with idea of self-replication

	
	Size
	2
	15
	Manual circuit inclusion device must be hand-held. Surplus equipment must fit on a standard laboratory bench.

	
	Weight
	2
	16
	The hand held device must be no heavier than 1 kg. Surplus equipment must be light enough to comply with BS EN 1005-2:2003: Safety of machinery - Human physical performance

	
	Maintenance
	2
	17
	Surplus equipment must require zero maintenance

	
	
	2
	18
	Primary circuit inclusion apparatus must require no more than 5 minutes maintenance before a circuit inclusion procedure is conducted

	
	Reliability
	2
	19
	Circuits manufactured by the apparatus must be 100% reliable and visible at all points

	
	Safety
	2
	20
	The apparatus should follow the Machinery Directive 98/37/EC as a guide for machine design, however, it will not have to be CE marked

	
	
	2
	21
	The machine must comply with the Health and Safety at Work Act (1993)

	
	
	2
	22
	The machine must comply with the Control of Substances Hazardous to Health from EC Directive 98/28/EC

	
	
	2
	23
	The machine must comply with the Provision and Use of Work Equipment Regulations from EC Directive 98/28/EC

	
	Test requirements
	2
	24
	The circuits will need to achieve circuit quality assessed using standard circuit inspection equipment

	
	Assembly
	2
	25
	Apparatus must be simply assembled by instruction only. Extra training should not be necessary.

	
	Noise levels
	2
	26
	Below 85 dB(A)

	
	Storage
	2
	27
	The apparatus must survive 6 months storage without the need for inspection

	
	Documentation
	2
	28
	A report must be written to ensure knowledge transfer

	Alloy temperature control
	Brief
	3
	1
	Develop the manual circuit inclusion technique into an automated technique

	
	Quantity
	3
	2
	1 set of apparatus

	
	Lifespan
	3
	3
	Components must be able to survive 1 year

	
	Materials
	3
	4
	Any conductive material for circuit integration

	
	
	3
	5
	Materials in the idea of self-replication

	
	Ergonomics
	3
	6
	Apparatus must be simple and comfortable to use 

	
	Standardization
	3
	7
	Assembly must be designed to be compatible with parts listed in the idea of self-replication

	
	Aesthetics/finish
	3
	8
	Clean

	
	Service life
	3
	9
	Apparatus must survive its lifespan without service

	
	Performance
	3
	10
	Apparatus must achieve a consistent air temperature at the hot-jacket nozzle of 80 °C (± 10 °C) within 5 minutes.

	
	
	3
	11
	The required temperature (range 60 °C – 100 °C) must be simple to input by the user

	
	
	3
	12
	Modifications must apply to existing process equipment

	
	
	3
	13
	The necessary cabling must not limit the movement of the injection assembly

	
	
	3
	14
	Powered from mains supply

	
	Product cost
	3
	15
	£50

	
	Production timescale
	3
	16
	As per Gantt chart. The deadline for the completed system is 20-5-5

	
	Manufacture process
	3
	17
	Rapid prototyping technology

	
	
	3
	18
	Must comply with idea of self-replication

	
	Size
	3
	19
	Equipment must fit on a standard laboratory bench.

	
	Weight
	3
	20
	Equipment must be light enough to comply with BS EN 1005-2:2003: Safety of machinery - Human physical performance

	
	Maintenance
	3
	21
	Surplus equipment must require zero maintenance

	
	Reliability
	3
	22
	Temperature specified must be reliable to within ± 1 °C

	
	
	3
	23
	A temperature readout is required

	
	Safety
	3
	24
	Hot equipment must be safeguarded

	
	
	3
	25
	The apparatus should follow the Machinery Directive 98/37/EC as a guide for machine design, however, it will not have to be CE marked

	
	
	3
	26
	The machine must comply with the Health and Safety at Work Act (1993)

	
	
	3
	27
	The machine must comply with the Control of Substances Hazardous to Health from EC Directive 98/28/EC

	
	
	3
	28
	The machine must comply with the Provision and Use of Work Equipment Regulations from EC Directive 98/28/EC

	
	Test requirements
	3
	29
	The circuits will need to achieve circuit quality assessed using standard circuit inspection equipment

	
	Assembly
	3
	30
	Apparatus must be simply assembled by instruction only. Extra training should not be necessary.

	
	Noise levels
	3
	31
	Below 85 dB(A)

	
	Storage
	3
	32
	The apparatus must survive 6 months storage without the need for inspection

	
	Documentation
	3
	33
	A report must be written to ensure knowledge transfer

	Motorised syringe
	Brief
	4
	1
	A syringe mechanism capable of automated molten alloy deposition is required

	
	Quantity
	4
	2
	1 set of apparatus to enable automated circuit inclusion

	
	Lifespan
	4
	3
	Components must be able to survive 1 year or withstand 100 loading cycles

	
	Materials
	4
	4
	Any conductive material for circuit integration

	
	
	4
	5
	Materials in the idea of self-replication

	
	Ergonomics
	4
	6
	Apparatus must be simple and comfortable to use 

	
	Standardization
	4
	7
	Assembly must be designed to be compatible with parts listed in the idea of self-replication

	
	Aesthetics/finish
	4
	8
	Clean

	
	Service life
	4
	9
	Apparatus must survive its lifespan without service

	
	Performance
	4
	10
	Apparatus must yield a working electronic circuit no wider than 2 mm

	
	
	4
	11
	Plunger must be moved by the motor in both directions

	
	
	4
	12
	Plunger must move at two different speeds

	
	
	4
	13
	Deposition and suction speed: Inwards & outwards (1 mm3/sec - 2 mm3/sec)

	
	
	4
	14
	Loading speed: Inwards & outwards (20 mm3/sec - 30 mm3/sec)

	
	
	4
	15
	Motor speed and direction setting must be easily controlled by the user

	
	
	4
	16
	Simple to replace the disposable syringe and plunger

	
	
	4
	17
	Compatible with disposable syringes

	
	
	4
	18
	Powered from remote source

	
	
	4
	19
	Backlash is acceptable at this stage of the project but must not compromise the basic functionality of the design

	
	
	4
	20
	Must be compatible with heat jacket

	
	
	4
	21
	Must be compact and ergonomically sound (due to manual handling use)

	
	
	4
	22
	Must withstand temperatures of 100 °C

	
	
	4
	23
	Must be made using RPEC technology

	
	Product cost
	4
	24
	£50

	
	Production timescale
	4
	25
	As per Gantt chart. The deadline for the completed system is 20-5-5

	
	Manufacture process
	4
	26
	Rapid prototyping technology

	
	
	4
	27
	Must comply with idea of self-replication

	
	Size
	4
	28
	Working assembly must not exceed a volume of 200 mm x 200 mm x 300 mm (width x length x height)

	
	Weight
	4
	29
	The device must be no heavier than 1 kg. Surplus equipment must be light enough to comply with BS EN 1005-2:2003: Safety of machinery - Human physical performance

	
	Maintenance
	4
	30
	Surplus equipment must require zero maintenance

	
	
	4
	31
	Primary circuit inclusion apparatus must require no more than 5 minutes maintenance before a circuit inclusion procedure is conducted

	
	Reliability
	4
	32
	Circuits manufactured by the apparatus must be 100% reliable and visible at all points

	
	Safety
	4
	33
	The apparatus should follow the Machinery Directive 98/37/EC as a guide for machine design, however, it will not have to be CE marked

	
	
	4
	34
	The machine must comply with the Health and Safety at Work Act (1993)

	
	
	4
	35
	The machine must comply with the Control of Substances Hazardous to Health from EC Directive 98/28/EC

	
	
	4
	36
	The machine must comply with the Provision and Use of Work Equipment Regulations from EC Directive 98/28/EC

	
	Test requirements
	4
	37
	The circuits will need to achieve circuit quality assessed using standard circuit inspection equipment

	
	Assembly
	4
	38
	Apparatus must be simply assembled by instruction only. Extra training should not be necessary.

	
	Noise levels
	4
	39
	Below 85 dB(A)

	
	Storage
	4
	40
	The apparatus must survive 6 months storage without the need for inspection

	
	Documentation
	4
	41
	A report must be written to ensure knowledge transfer

	1D cross slide
	Brief
	5
	1
	Design and manufacture an entirely automated circuit inclusion device specifically designed for self-replication using previous developments

	
	Quantity
	5
	2
	1 device

	
	Lifespan
	5
	3
	Components must be able to survive 1 year or withstand 100 loading cycles

	
	Materials
	5
	4
	Any conductive material for circuit integration

	
	
	5
	5
	Materials in the idea of self-replication

	
	Ergonomics
	5
	6
	Apparatus must be simple and comfortable to use 

	
	Standardization
	5
	7
	Assembly must be designed to be compatible with parts listed in the idea of self-replication

	
	Aesthetics/finish
	5
	8
	Clean

	
	Service life
	5
	9
	Apparatus must survive its lifespan without service

	
	Performance
	5
	10
	Strong enough to support the injection assembly

	
	
	5
	11
	Accurate and repeatable to within ± 0.05 mm

	
	
	5
	12
	Range of movement must be 300 mm (nominal bed width for RP technology)

	
	
	5
	13
	Controlled though a computer interface

	
	
	5
	14
	Integrated with the syringe motor and the temperature control

	
	
	5
	15
	Powered from mains supply

	
	
	5
	16
	A feedback mechanism is required to ensure adequate movement control

	
	
	5
	17
	Ability to be calibrated

	
	Product cost
	5
	18
	£200

	
	Production timescale
	5
	19
	As per Gantt chart. The deadline for the completed system is 20-5-5

	
	Manufacture process
	5
	20
	Rapid prototyping technology

	
	
	5
	21
	Must comply with idea of self-replication

	
	Size
	5
	22
	Working assembly must not exceed a volume of 1000 mm x 1000 mm x 1000 mm (width x length x height)

	
	Weight
	5
	23
	The device must be no heavier than 5 kg. Surplus equipment must be light enough to comply with BS EN 1005-2:2003: Safety of machinery - Human physical performance

	
	Maintenance
	5
	24
	Surplus equipment must require zero maintenance

	
	
	5
	25
	Primary circuit inclusion apparatus must require no more than 5 minutes maintenance before a circuit inclusion procedure is conducted

	
	Reliability
	5
	26
	Circuits manufactured by the apparatus must be 100% reliable and visible at all points

	
	Safety
	5
	27
	The apparatus should follow the Machinery Directive 98/37/EC as a guide for machine design, however, it will not have to be CE marked

	
	
	5
	28
	The machine must comply with the Health and Safety at Work Act (1993)

	
	
	5
	29
	The machine must comply with the Control of Substances Hazardous to Health from EC Directive 98/28/EC

	
	
	5
	30
	The machine must comply with the Provision and Use of Work Equipment Regulations from EC Directive 98/28/EC

	
	Test requirements
	5
	31
	The circuits will need to achieve circuit quality assessed using standard circuit inspection equipment

	
	Assembly
	5
	32
	Apparatus must be simply assembled by instruction only. Training may be required

	
	Noise levels
	5
	33
	Below 85 dB(A)

	
	Storage
	5
	34
	The apparatus must survive 6 months storage without the need for inspection

	
	Documentation
	5
	35
	A report must be written to ensure knowledge transfer


15.6 Laboratory report: Initial test of the RP machine’s performance

15.6.1 Summary

This experiment was devised to gain familiarity with the rapid prototyping process and approximate an initial minimum casting channel width in a component design.

The experiment proved that casting channels incorporated into rapid prototype design were feasible and should be at least 0.9 mm wide to guarantee structural integrity. Further approximations suggested that support walls should be at least 0.3 mm thick, channel entrances from casting wells should be filleted and that the RP machine should be calibrated fully before manufacturing quality components.

15.6.2 Apparatus

· RP machine and accompanying Catalyst software

· Solid Edge r14 modelling software

15.6.3 Method

A test piece was designed using Solid Edge r14 (Figure 90 and Figure 91) consisting of seven channels (1.5mm deep) with widths ranging from 0.3 mm to 1.5 mm.
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Figure 90: Isometric view of initial test piece
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Figure 91: Plan view of channel widths ranging from 0.3mm to 1.5mm

The chip pit on Figure 4 was a part of the design intended to incorporate a standard DIL integrated circuit upside-down.  Its pins would make contact with the solidified Wood’s metal in the channels which would both hold the chip in and give it electrical connections.

Solid Edge was then used to save the 3D part file of the test piece as an STL file. The STL file was then loaded into Catalyst.

Table 29 shows the options set for the tool-path conversion within Catalyst.

Table 29: Data conversion parameters within Catalyst software

	Field
	Value

	Modeller
	Dimension

	Build style
	Standard

	Part surface
	Best vertical quality

	Part interior style
	Solid – fine

	Support style
	Sparse


Figure 92 shows the conversion of the STL file into lays for the RP machine. 
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Figure 92: Analysis of test piece by Catalyst into tool-paths before sending to the RP machine.

The file was sent to the RP machine and manufactured. When completed, the piece was collected and analysed.

15.6.4 Results

Figure 93 is a photo of the finished component.
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Figure 93: Manufactured test piece for initial RP performance test

Vertical quality (i.e. channel wall faces) was observed to be good: surface finish was smooth and the geometry was true.

Lack of infill (the RP process of filling the volume between critical surfaces of components with structural material) was found in every case behind faces which, during manufacture in the RP machine, had been orientated towards the back of the machine.

Terminal quality (i.e. ability for channel walls to end separately over a face) was poor, as demonstrated in Figure 94.
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Figure 94: Demonstration of poor terminal quality. The channel walls were not flush with chip pit face. This was important as it allowed the potential for molten metal to escape the channel during the casting process, thus creating a short circuit.

Individual channel quality was recorded in Table 30.

Table 30: Observation of channel quality

	Channel width (mm)
	Result

	1.5
	Channel clear. Separating wall unfilled but previously identified on ‘Catalyst’.

	1.3
	Channel clear

	1.1
	Channel clear

	0.9
	Channel clear

	0.7
	Channel clear. Entrance corner thrombosis.

	0.5
	Channel clear

	0.3
	Channel suffered from thrombosis at entrance corner and occasionally down length of channel


15.6.5 Discussion

This test demonstrated that it was possible to incorporate casting channels into the design of a rapid prototyped component. This test estimated that the minimum width for such a channel should be 0.9 mm. It was considered likely that channels thinner than 0.9 mm would suffer from thrombosis due to the resolution of the RP machine.

It was also estimated that a minimum support wall thickness of 0.3 mm was required for a structurally sound wall.

Thrombosis was a problem at the thinner channel entrances. This was likely to be a design issue: entrances had sharp corners. One possible solution would be to fillet the entrance corners.

Lack of infill was found in every case behind faces orientated towards the back of the machine. There were a number of possible causes for this, the two most likely being:

· Number rounding error within the RP machine

· Calibration fault

Although it was difficult to avoid a number rounding error within the machine, it was realised that every effort should be taken to ensure that the calibration of the machine should be exact.

This problem was likely to be the linked to the shortfall of the channel walls at the chip terminals. It was noted that the following test should investigate a different orientation of the chip pit to verify this hypothesis.

15.6.6 Conclusion


It was noted from this test that casting channels incorporated into rapid prototype design on the RP machine should be at least 0.9 mm wide. Support walls should be at least 0.3 mm thick (assuming perfect infill). Channel entrances should be filleted. The RP machine should be calibrated fully before manufacturing quality components to ensure even infill.

15.7 
Laboratory report: Casting channel parameter test

15.7.1 Summary

A component with different channel geometries was designed and made on the RP machine. The channels were then observed, analysed and conclusions were drawn.

This experiment identified that poor in-fill quality only applied to faces orientated towards the back of the RP machine during manufacture. Thus the operator should avoid orientating critical faces towards the back of the machine (e.g. chip terminals) until RP machine correction/calibration.

Other results concluded that channel length and corner radii did not influence the integrity of the component or the channels. Channels were structurally sound at a minimum width of 1.1 mm (a refined result from Section 15.6). Channels were structurally sound up to and including sharp corners of 150°. Channels depths were as shallow as 0.25 mm without influencing channel integrity. Inverse drafts were used up to and including 10° without influencing integrity or requiring support material.

It was noted that a further test should be conducted to investigate the possibility of printing horizontal, triangular roofed holes to increase the possible geometries available for making circuits that are fully three-dimensional..

15.7.2 Introduction

This test was designed to confirm previous results from Section 15.6, regarding channel width and to explore more casting channel parameters: 

· Channel filleting

· Chip pit orientation

· Channel depth

· Channel profile

· Channel length

· Channel path corner angle

15.7.3 Apparatus

· RP machine with accompanying Catalyst software

· Solid Edge r14 modelling software

15.7.4 Method

A test piece was designed using Solid Edge r14 (Figure 95 and Figure 96). The piece was then manufactured using an identical method to that described in Section 15.6.3 with the exception that the chip pit was aligned with the length facing the side of the machine during manufacture (a 90 ° rotation clockwise rotation compared to the alignment of the test piece manufactured in Section 15.6).
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Figure 95: Isometric view of test plate including channels under test, chip pit and casting wells
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Figure 96: Identification of different channel tests within test piece

15.7.5 Results

This section assesses the quality of the test piece (Figure 97).
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Figure 97: Finished test piece for casting channel parameter analysis

Vertical quality (i.e. channel wall faces) was observed to be good: surface finish was smooth and geometry was true.

Areas of in-fill were poor in areas on all faces pointing towards the back of the machine. 

Terminal quality was excellent i.e. groove wall was sufficiently flush with the chip pit wall (Figure 98).
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Figure 98: Demonstration of good terminal quality. The channel walls in all cases were flush with chip pit face preventing the possibility of molten metal escaping the channel before making contact with the chip terminal during casting.

Individual channel quality was recorded in Table 31.

Table 31: Observation of channel quality

	Test
	Variation
	Result

	Length
	-
	Channel clear along 250 mm length including spiral test at the path end. 

	Width
	1.5 mm (left)
	Channel clear

	
	1.5 mm (right)
	Channel clear

	
	1.3 mm (left)
	Channel clear

	
	1.3 mm (right)
	Channel clear

	
	1.1 mm (left)
	Channel clear

	
	1.1 mm (right)
	Channel clear

	
	0.9 mm (left)
	Slight thrombosis

	
	0.9 mm (right)
	Channel clear

	
	0.7 mm (left)
	Slight entrance thrombosis

	
	0.7 mm (right)
	Channel clear. No entrance thrombosis.

	
	0.5 mm (left)
	Slight entrance thrombosis

	
	0.5 mm (right)
	Lead tunnel overly thin. Channel thrombosis.

	
	0.3 mm (left)
	Zero entrance thrombosis. Heavy channel thrombosis.

	
	0.3 mm (right)
	Zero entrance thrombosis. Heavy channel thrombosis.

	Inflection
	-
	All inflections up to and including 150° sufficient

	Depth
	0.25 deep
	Channel maintains integrity

	
	0.50 deep
	Channel maintains integrity

	
	0.75 deep
	Channel maintains integrity

	
	1.00 deep
	Channel maintains integrity

	Inverse Draft
	2.5°
	Channel maintains integrity. Zero support material required.

	
	5.0°
	Channel maintains integrity. Zero support material required.

	
	7.5°
	Channel maintains integrity. Zero support material required.

	
	10.0°
	Channel maintains integrity. Zero support material required.


15.7.6 Discussion

The consistent orientation of the poor in-fill areas indicated that the RP machine was generally poor at in-fill to all faces pointing towards the back of the machine. Until the machine could be correctly re-calibrated, this was noted as a problem to be avoided by avoiding orientation of critical faces towards the back of the machine.

Further observations indicated that channels of 1.2 mm width could be successfully made to distances of 250 mm at all radii.

Results generally indicated that filleting entrance corners reduced the risk of thrombi.

Repeating the width test (similar to that of Section 15.6) indicated a lack of confidence in the 0.9 mm width channels after an identification of a slight thrombosis in one of the two 0.9 mm width channels. Results indicated a channel width of 1.1 mm was the minimum to guarantee structural integrity.

Channel inflection (path cornering) was tested up to 150° without failure.

Depth tests were encouraging, channel integrity was maintained at a depth of 0.25 mm.

Inverse draft channels maintained integrity up to and including 10° and required no support material. This was an excellent and unexpected result which demanded a further test into the possibility of printing horizontal, triangular roofed holes.

15.7.7 Conclusion


From this test it was noted that the operator should avoid orientating critical faces (e.g. chip terminals) towards the back of the machine until the RP machine could be calibrated fully.

Channel length and corner radii did not influence integrity. Channels were structurally sound at a minimum width of 1.1 mm (a refined result from Section 15.6). Channels were structurally sound up to and including sharp corners of 150°. Channels depths were as shallow as 0.25 mm without influencing channel integrity. Inverse drafts were used up to and including 10° without influencing integrity or requiring support material. Channel entrances required fillets to avoid thrombi.

A further test should be conducted to investigate the possibility of printing horizontal, triangular roofed holes.

15.8 
Laboratory report: Support material requirements
15.8.1 Summary

A test piece with varying triangular hole geometries was designed. This was then tested on Catalyst and the support material requirement conditions were analysed.

It was noted that the RP machine could cater for overhangs in the model design of up to and including 45 ° away from the vertical axis. Support material was required for overhangs greater than or equal to 46 ° away from the vertical axis.

This result was crucial to the casting channel specification as it accurately defined the geometrical specification of horizontal holes which could be made without using support material.

15.8.2 Introduction

Section 15.7 identified the discovery that the use of slight inverse draft angles did not induce the use of support material. This indicated the possibility of a triangular roofed horizontal hole which would not require support material.

This test was designed to investigate the parameters of horizontal triangular roofed holes in rapid prototyped components.

15.8.3 Apparatus

· Catalyst software

· Solid Edge r14 modelling software

15.8.4 Method

A test piece was designed using Solid Edge r14 (Figure 99 and Figure 100).
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Figure 99: Isometric view of the horizontal hole test plate including holes (shaded red) under test
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Figure 100: End view dimensions of the hole profiles under test

The piece was then loaded into the Catalyst software and support material needs were identified.

15.8.5 
Results

Figure 101 shows the lay up defined by Catalyst to manufacture the test piece.
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Figure 101: Lay ups required to manufacture the test piece

Individual hole status was recorded in Table 32.

Table 32: Observation of support material requirements for the test piece

	Hole
	Overhang angle (°)
	Support material required?

	1
	49
	Yes

	2
	48
	Yes

	3
	47
	Yes

	4
	46
	Yes

	5
	45
	No

	6
	44
	No

	7
	43
	No

	8
	42
	No

	9
	41
	No

	10
	40
	No


15.8.6 
Discussion

Catalyst was efficient at defining the limitations of the RP machine. It was clear that the machine could not build elements of a model with overhangs over and including 46° away from the vertical build axis without using support material.

This result was crucial to the casting channel specification as it accurately defined the geometries of horizontal holes (which must be made without using support material).

15.8.7 Conclusion


The RP machine built overhangs up to and including 45° away from the vertical axis without using support material. This enabled the production of a horizontal hole of triangular profile.
15.9 
Laboratory report: Minimum wall thickness

15.9.1 Summary

This test was designed to establish the minimum wall thickness for any orientation.

Under test conditions it was possible to manufacture thin walls at angles between the major axes of the Stratasys Dimension RP machine at a minimum wall thickness of 0.4 mm. However, it has been noted that this capability was not reliable at minimum thickness for complex components. This author suggests an introduction of a manufacturing safety factor when manufacturing thin walls for complex components, where possible e.g. increase the width by 25 %.

15.9.2 Introduction

The minimum wall thickness was previously established in a minimum wall thickness experiment however this did not test for orientations of walls other than (factors of) 90 ° to the major machine axes. Therefore a test was required to establish the minimum wall thickness for any orientation.

15.9.3 Apparatus

· RP machine with accompanying Catalyst software

· Solid Edge r14 modelling software

15.9.4 Method

A test piece with varying wall thickness at varying orientations was designed using Solid Edge r14 (Figure 102 and Figure 103).
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Figure 102: Isometric view of test plate including thin walls under test
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Figure 103: Orientations for each thickness where t = 0.4 mm, 0.5 mm, 0.6 mm and 0.7 mm 

The piece was then manufactured using an identical method to that described in Section 15.6.

Once manufactured each walls were analysed. Results were recorded in a table.

15.9.5 Results

Figure 104 shows the manufactured test piece.
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Figure 104: Photograph of the completed thin wall test piece

Table 33 summarises the analysis of the test piece with respect to the presence of the walls.

Table 33: Account of thin walls presence on the test plate

	
	Wall orientation (° from major machine axis)

	Wall thickness (mm)
	0
	35
	45
	60
	90

	0.4
	Present
	Present
	Present
	Present
	Present

	0.5
	Present
	Present
	Present
	Present
	Present

	0.6
	Present
	Present
	Present
	Present
	Present

	0.7
	Present
	Present
	Present
	Present
	Present


15.9.6 Discussion

Results suggest that the Stratasys Dimension RP machine can manufacture thin walls at a minimum thickness of 0.4 mm at angles between the major axes of the machine. The outcome of this test contradicts previous problems with manufacturing thin walls at angles to the major machining axis, however this is likely to be due to a variety of complications:

· The previous thin walls which had failed were part of the robot base. In total, this was a very large component, introducing the possibility of stack-up errors within the machining process.

· The previous thin walls were part of other wider features. These may have contributed to the failure during the machining process.

· The robot base was only made once, therefore there is no indication as to whether the result was an outlier or not.

These complications are likely to have contributed to the failure of the thin wall manufacture for the robot base. Therefore, it might be wise to introduce the concept of a manufacturing safety factor when manufacturing thin walls for complex components, where possible e.g. increase the width by 25 %.

15.9.7 Conclusion


Under test conditions it was possible to manufacture thin walls at angles between the major axes of the Stratasys Dimension RP machine at a minimum wall thickness of 0.4 mm. However, it has been noted that this capability was not reliable at minimum thickness for complex components. This author suggests an introduction of a manufacturing safety factor when manufacturing thin walls for complex components, where possible e.g. increase the width by 25 %.

15.10 
Laboratory report: Calibration zone locations

15.10.1 Summary

The RP machine builds components on disposable foam plates. This investigation was conducted to maximise the efficiency of the foam plate usage. After rough approximation techniques a calibration zone map was generated. This map was used to ensure that jobs were not initialised over the calibration zones, thus increasing the life of the foam plates.

15.10.2 Introduction

In order for the Stratasys Dimension rapid prototyping machine to function precisely it calibrates the print head in relation to the foam plate surface at the start of every job.

After loading the machine with the foam plate and instigating the job the plate is raised to printing level and the printing unit is sent along a path over the plate. The plate is raised into the unit at four different locations along the path, depressing a switch on the print unit which is used to calculate the surface geometry of the plate.

Removing a part from the foam often forms cavities in the surface local to the origination of the part. Due to the nature of machine’s use, jobs are often done on used plates which introduces the possibility of false calibration i.e. depression of the switch on a cavity surface abnormal to the geometry of the surface majority, created from job removal.

This investigation was designed to map the calibration zones and was useful to ensure that the placement of jobs was kept outside these zones.

15.10.3 Method

The RP machine calibration process was observed.

Foam and print unit geometries were measured using a ruler.

Print head limits were found by measuring the co-ordinates of a job footprint. This job was sent from Catalyst intended to be laid in the extreme front left corner of the foam plate. It was assumed that the print head extremes were to be symmetrical.

15.10.4 Results

Calibration paths were consistent throughout all jobs.

The footprint of a job placed in the extreme front left corner was found to be 15 mm from the front edge and 10 mm from the left edge.

Geometries, assumptions and resulting estimations of the print unit path are displayed in Figure 105.
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Figure 105: Geometry assumptions used to calculate the calibration zones on the plate

Figure 106 summarises the estimated locations of the calibration zones (given an approximate ± 12.5 mm tolerance for measuring error, resulting in ø 25 mm area per zone).
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Figure 106: Estimates of calibration zones on plate

15.10.5 
Discussion

Observations yielded consistent calibration zones (defined in Figure 106).

These were regarded as estimates and it was noted that further research was required to narrow the tolerance of the calibration zones. However, the calibration map was considered a useful tool to conserve the life of the foam plates.

It was also noted that an overlay method would be useful at the job placement stage (within Catalyst) to ensure that printing would avoid the calibration zone.

15.10.6 Conclusion

The generation of the calibration zone map proved to be a useful tool to conserve the life of the foam plates.

15.11 
Laboratory report: RP hole fits for true shaft diameters

15.11.1 Summary

It was noticed that round holes made in any model on the Stratasys Dimension RP machine were slightly inaccurate. In order to establish compensations for this inaccuracy a test plate was made and fits to shafts of true diameters were established (interference, tolerance, clearance and screw fits).

It was discovered that holes designed for products to be made on the Stratasys Dimension RP machine should be made slightly larger depending on the fit intended: holes for interference fits should be designed with a diameter 0.1 mm larger than the shaft, holes for tolerance fits should be designed with a diameter 0.3 mm larger than the shaft, and holes for clearance fits should be designed with a diameter 0.4 mm larger than the shaft.

Holes for self tapping screws were also mapped: holes for screw gauge 10 should be designed to ø 4.4 mm, holes for screw gauge 8 should be designed to ø 3.8-3.9 mm and holes for screw gauge 6 should be designed to ø 3.3-3.4 mm.

15.11.2 Introduction

It was noticed that round holes made within any model on the Stratasys Dimension RP machine were slightly inaccurate. Although performing within the tolerance of the machine’s capabilities, this caused problems due to the frequent necessity to use round hole fits (e.g. for bolts, screws and clip-lugs).

This test was designed to determine the suitability of fits for different hole diameters to ensure reliability of fits (for true shafts) during the design phase.

15.11.3 Apparatus

· RP machine with accompanying Catalyst software

· Solid Edge r14 modelling software

· Stratasys Dimension RP machine

15.11.4 Method

A test piece with varying hole sizes was designed using Solid Edge r14 (Figure 107 and Figure 108).
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Figure 107: Isometric view of test plate including holes under test
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Figure 108: Designation of diameters on the test piece


The piece was then manufactured using an identical method to that described in Section 15.6.

Each hole was then tested using an appropriate shaft of true diameter (i.e. for the row of holes with a nominal ø 8 mm, shafts of M8 classification were used to test the fit) and categorised in terms of fit using the definitions described below:

· Tolerance fit (P1): A push fit was possible by hand. The shaft remained fitted in hole, however, the part was removable by hand.

· Interference fit (P2): A push fit was only possible through mechanised pressing. The fit was permanent.

· Clearance fit: The hole was the ideal size for a bolt shaft fit.

· Screw fit: The hole was the ideal size for a stainless steel self tapping screw.

Results were recorded in a table.

A graph was generated in order to establish correlations between the fits and the required hole diameters. 

15.11.5 Results

Figure 109 is a photograph of the finished test piece.
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Figure 109: Finished hole fit test piece
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Figure 110: Mapping for designed hole ø (mm) to achieve a specific fit from a true shaft ø (mm) on the Stratasys Dimensoin RP machine

15.11.6 Discussion

This test mapped the design of holes using the RP machine to fit true shaft components. On the whole, it was noticed that designs should compensate for the method of manufacture by making the holes slightly larger than would normally be expected. Table 34 summarises the exact mappings from the raw data.

Table 34: Hole compensation for interference, tolerance and clearance fits

	
	Design hole to ø (mm)

	True shaft ø (mm)
	Interference fit

(press fit)
	Tolerance fit

(manual push fit)
	Clearance fit

(bolt fit)

	8
	8.1
	8.2-8.3
	8.3-8.4

	6
	6.1
	6.2-6.3
	6.4

	5
	5.1
	5.2-5.3
	5.3-5.4

	4
	4.1
	4.2-4.3
	4.2-4.4

	3
	3.1-3.2
	3.3-3.4
	3.3-3.4


Analysis of the mapping graph, illustrated in Figure 12, reveals a linear relationship for the compensations. There were occasional and slight instances of variance from the trend lines, however, this was likely due to the imperfections in the machining process during the test. It is predicted that repetition of this test would further refine the linear relationships, and reduce the variance. 

Figure 12 also demonstrates that the required diameter for each fit was at a consistent offset across the measured range of nominal shaft diameters. Based on this observation it was possible to establish simple metrics for the fits, summarised in Table 35.

Table 35: Simple metrics for designing RP hole diameters to achieve specific fits to true shaft diameters

	Fit type for hole and shaft
	Design compensation for hole ø (mm) (add to shaft ø)

	Interference fit
	+0.1

	Tolerance fit
	+0.3

	Clearance fit
	+0.4


Mapping was also achieved for self-tapping screw fits (Table 36).

Table 36: Hole compensation reference table for screw fits

	Screw gauge
	Tapping hole ø (mm) design
	Clearance hole ø (mm) design

	10
	4.4
	5.2

	8
	3.8-3.9
	4.8

	6
	3.3-3.4
	4.0

	4
	2.6 (estimate)
	3.2


It should be noted that this test should be repeated several times to refine the mappings and consequently the metrics. However, this data provides a suitable start point.

Using data from Table 35 (assuming that the factor required to achieve a tolerance fit was the best approximation of a true physical diameter) and fit data from Zeus Precision (1980), hole diameters were calculated for metric taps. The results are shown in Table 37.

Table 37: RP hole diameters for metric taps

	I.S.O Metric coarse thread
	Tapping hole ø (mm) on the RP machine
	Clearance hole ø (mm)

	M3
	2.8
	3.4

	M4
	3.6
	4.4

	M5
	4.5
	5.4

	M6
	5.3
	6.4

	M8
	7.1
	8.5

	M10
	8.8
	10.5


15.11.7 Conclusion


Holes designed for products to be made on the Stratasys Dimension RP machine should be made slightly larger depending on the fit intended: holes for interference fits should be designed with a diameter 0.1 mm larger than the shaft, holes for tolerance fits should be designed with a diameter 0.3 mm larger than the shaft, and holes for clearance fits should be designed with a diameter 0.4 mm larger than the shaft.

Holes for self tapping screws were also mapped: holes for screw gauge 10 should be designed to ø 4.4 mm, holes for screw gauge 8 should be designed to ø 3.8-3.9 mm and holes for screw gauge 6 should be designed to ø 3.3-3.4 mm.

15.11.8 References

Zeus Precision. (1980). South Wirral: Leemancolour Ltd.

15.11.9 Raw data

Table 38, Table 39 and Table 40 display the raw data for the fit tests.

Table 38: Hole testing for push fits: tolerance fit (P1 – manual fit) and interference fit (P2 – press fit)

	
	Specified hole ø (mm)

	Nominal shaft ø (mm)
	-0.2
	-0.1
	± 0
	+0.1
	+0.2
	+0.3
	+0.4

	8
	Too tight
	Too tight
	Too tight
	P2
	P1
	P1
	Too loose

	6
	Too tight
	Too tight
	Too tight
	P2
	P1
	P1
	Too loose

	5
	Too tight
	Too tight
	Too tight
	P2
	P1
	P1
	Too loose

	4
	Too tight
	Too tight
	Too tight
	P2
	P1
	P1
	Too loose

	3
	Too tight
	Too tight
	Too tight
	P2
	P2
	P1
	P1


Table 39: Hole testing for bolt fits (clearance fit)

	
	Specified hole ø (mm)

	Nominal shaft ø (mm)
	-0.2
	-0.1
	± 0
	+0.1
	+0.2
	+0.3
	+0.4

	8
	Too tight
	Too tight
	Too tight
	Too tight
	Too tight
	(
	(

	6
	Too tight
	Too tight
	Too tight
	Too tight
	Too tight
	Too tight
	(

	5
	Too tight
	Too tight
	Too tight
	Too tight
	Too tight
	(
	(

	4
	Too tight
	Too tight
	Too tight
	Too tight
	(
	(
	(

	3
	Too tight
	Too tight
	Too tight
	Too tight
	Too tight
	(
	(


Table 40: Hole testing for screw fits and clearance fits

	
	Specified hole ø (mm)

	Nominal ø shaft (mm)
	-0.2
	-0.1
	± 0
	+0.1
	+0.2
	+0.3
	+0.4

	8
	
	
	
	
	
	
	

	6
	
	
	
	
	
	
	

	5
	Gauge 8 clear
	
	
	
	Gauge 10 clear
	
	

	4
	Gauge 8 screw
	Gauge 8 screw
	Gauge 6 clear
	
	
	
	Gauge 10 screw

	3
	Approx 0.2 too big for Gauge 4 screw
	
	
	
	Gauge 4 clear
	Gauge 6 screw
	Gauge 6 screw


15.12 
Laboratory report: RP hole fits for RP shaft diameters

15.12.1 Summary

This experiment was designed to enable clearance, tolerance and interference fits for all shafts and holes made in the RP machine between ø 3 mm and ø 8 mm. Knowledge of the compensation factors would enable right-first-time manufacture of RP components designed to fit to each other.

The test generated consistent trends for fits for hole and shaft diameters made in the Stratasys Dimension RP machine. Fits using elements less than ø 4 mm were deemed unreliable due to spurious results. Nominal diameters of ø 4 mm – ø 8 mm had a shaft/hole diameter difference which decreased with increasing nominal diameter at a decreasing rate for all types of fits. A reference  table was generated to make the compensation process easier for fits of all parts made within the Stratasys Dimension RP machine between ø 4 mm and ø 8 mm. 

Whilst no tests were conducted for square fitting components, it was considered worth using reference table as start point for fit compensation for such components.

15.12.2 Introduction

Due to the necessity of the RepRap machine to make itself, it seemed inevitable that some structural elements would have to be larger than the bed it could build on. One way around this problem would be to have smaller elements which would clip together, however this would require detailed knowledge of the actual dimensions of the clipping features. As with the female (hole) fit inaccuracies previously encountered, it was anticipated that the specified dimensions for the male (shaft) clip features would be slightly different to the dimensions as built.

This experiment set out to establish the magnitude of the inaccuracies in an attempt to map them so that they might be compensated for during the design phase.

15.12.3 Apparatus

· RP machine with accompanying Catalyst software

· Solid Edge r14 modelling software

· Stratasys Dimension RP machine

· Hole test block 

15.12.4 Method

A test piece with varying hole sizes was designed using Solid Edge r14 (Figure 111 and Figure 112).
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Figure 111: Isometric view of shafts designed for the test
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Figure 112: Designation of diameters for the shafts under test

The piece was then manufactured using an identical method to that described in Section 15.6.

Each shaft was then inserted into the hole test plate, using a row relative to its nominal shaft diameter. The fit of the shaft into the hole was categorised using one of three definitions:

· Interference fit (I)

· Tolerance fit (T)

· Clearance fit (C)

Results were recorded in a table.

A graph was generated in order to establish correlations between the fits and the shaft and hole diameters.

15.12.5 Results
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Figure 113: Difference between shaft and hole diameter for an interference fit, across a range of nominal shaft diameters
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Figure 114: Difference between shaft and hole diameter for a tolerance fit, across a range of nominal shaft diameters
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Figure 115: Difference between shaft and hole diameter for a clearance fit, across a range of nominal shaft diameters
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Figure 116: Trends for shaft and hole differences across a range of nominal shaft diameters (excluding ø 3 mm – deemed spurious) for interference, tolerance and clearance fits

15.12.6 Discussion

Figure 113, Figure 114 and Figure 115 illustrate that the average variance between shaft/diameter differences for nominal diameters greater than or equal to 4 mm for all fits (clearance, tolerance and interference) was as low as ± 0.03 mm. However, tests for a nominal diameter of ø 3mm had an average variance across all fits of ± 0.13 mm. The standard deviation was 7.7 times bigger for the ø 3 mm set (SD = 1.1) than the accumulated average for the rest of the sets (SD = 0.03). This indicated that data from the ø 3 mm set was unreliable, and was therefore deemed spurious. It is likely that the primary reason for this large variance was that the machine was at the limit of its performance tolerances. It would there be advisable to avoid fits using elements less than ø 4 mm.

Figure 116 summarises the required difference in diameter between the designed shaft and the designed hole to achieve the required fit for a range of nominal shaft diameters (ø 4 mm – ø 8 mm). Rather than maintaining a constant shaft/hole diameter difference across the nominal range, the difference decreased with increasing nominal diameter at a decreasing rate. The decreasing rate was modelled with a second degree polynomial (if the trend had been linear this would have implied that soon after ø 8 mm the shaft would need to be designed to be larger than the hole for a clearance fit. This was not plausible).

A look up table (Table 41) was generated from the nominal diameter set to make the compensation process easier and speed up the design process for fits of all parts made within the Stratasys Dimension RP machine from ø 4 to ø 8 mm. This data was generated from the averages of the nominal diameter sets, not the polynomial curves (further repetition of the test would be required to use these trends reliably, an average of the sets was a marginally safer approximation).

Table 41: Reference table enable fast determination of shaft and hole dimensions for a range of fits.

	 
	Required increase to hole ø to achieve desired fit (generated from nominal ø set averages)

	Shaft ø (mm)
	Interference
	Tolerance
	Clearance

	4
	0.28
	0.37
	0.45

	5
	0.20
	0.30
	0.40

	6
	0.18
	0.28
	0.37

	8
	0.08
	0.20
	0.30


Whilst no tests were conducted for square fitting components, it was considered worth using this table as start point for fit compensation for such components.

15.12.7 Conclusion

The test generated consistent trends for fits for hole and shaft diameters made in the Stratasys Dimension RP machine. Fits using elements less than ø 4 mm were deemed unreliable due to spurious results. Nominal diameters of ø 4 mm – ø 8 mm had a shaft/hole diameter difference which decreased with increasing nominal diameter at a decreasing rate for all types of fits. A reference  table was generated to make the compensation process easier for fits of all parts made within the Stratasys Dimension RP machine between ø 4 mm and ø 8 mm. 

Whilst no tests were conducted for square fitting components, it was considered worth using reference table as start point for fit compensation for such components.

15.13 
Laboratory report: Simple molten alloy distribution

15.13.1 Summary

A simple test piece was used for casting. Wood’s metal (melting point 70 °C) was heated until molten, poured from a beaker into a casting well within the test piece and then distributed along the channels using a thin copper strip.

The results of the forged circuits were poor due to premature solidification of the metal. This made the process extremely difficult to perfect.

15.13.2 Introduction

The initial intended process incorporated casting channels into the design of the component as the first stage. The final stage assumed pouring molten metal into the channels thus casting an electronic circuit.

In order to cast successful circuits it was necessary to gain familiarity with the casting process. This experiment attempted the casting process using basic techniques.

15.13.3 Apparatus

· Leather gloves

· Thin copper strip (approximately 0.5mm wide)

· 1 cc Wood’s metal 

· Hacksaw

· Glass beaker

· Incubator

· Casting test piece (detailed in Figure 117 and Figure 118).
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Figure 117: Casting test piece
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Figure 118: Casting channel width details


15.13.4 Method

The incubator was pre-heated to 85 °C.

A clear work space was made and the casting test piece was laid out on the bench.

The Wood’s metal was cut from stock to the required volume using a hacksaw.

The volume of alloy was inserted into the beaker and then allowed to acclimatise in the incubator for 1.5 hours (i.e. until molten).

Gloves were worn at this point. Once the alloy was molten the beaker was extracted from the incubator using the leather gloves.

The beaker was then carried to the casting test piece and molten alloy was poured into the casting well.

The copper strip was used to drag the molten alloy down the casting channels.

Once distributed along the channels the molten alloy was allowed to cool and solidify.

15.13.5 Results

15.13.5.1 Procedural success

It was noted that the distribution of the liquid alloy from the casting well to the channels within the test piece was extremely difficult. A large amount of surface tension was noted within the molten alloy – this was detrimental to distribution.

The cooling rate was noted to be extremely fast under ambient conditions. This meant that the alloy was only molten for approximately 20 seconds.

15.13.5.2 Casting quality

This section assesses the quality of the forged circuits (Figure 119).
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Figure 119: Initial casting piece

Owing to the short time available for the casting of the circuits (only 20 seconds due to premature solidification) it was not possible to distribute the metal into channels other than those listed in Table 42.

Table 42: Observations of the casting channels used for forging the test circuits
	Channel width (mm)
	Result

	1.5
	50% complete along length, uneven, overspill into adjacent channel

	1.3
	50% complete along length, uneven, overspill into adjacent channel

	1.1
	50% complete along length, uneven, overspill into adjacent channel

	0.9
	10% complete along length, uneven, overspill into adjacent channel


15.13.6 Discussion

Owing to the premature solidification it was considered unfair to analyse and compare the performance of the Wood’s metal forged circuits between casting channel widths.

This test demonstrated that the casting process of molten Wood’s metal was difficult and required more thought and preparation. The primary problem encountered during this test was premature freezing of the Wood’s metal.

It was noted throughout the course of the experiment that there were many opportunities to stem the freezing rate. Potential improvements are listed below:

· Pre-heat the casting test piece with the molten alloy

· Pour the circuits on a hot plate set-up

· Using a soldering iron to aid distribution

· Use pre-heated syringes to distribute the molten alloy along the casting channels

A large amount of surface tension was noted within the molten alloy, making distribution problematic. It was considered that there would be a number of ways to solve this:

· Change the composition of the alloy to reduce the surface tension

· Apply a coating to the casting channels to allow them to be wet by the alloy and break the tension

· Apply the alloy to the channel in cold powder form and flash melt it

· Refine the existing technique to reduce the impact of surface tension

15.13.7 Conclusion


Simple distribution of molten alloy using a beaker was not suitable for the casting process. The method suffered from inaccurate distribution and premature freezing of the alloy.

It was noted that more consideration was required to prevent cooling of the alloy at all stages. Measures could also be taken to improve the surface tension characteristics of the alloy.

15.14 
Laboratory report: Pre-heated molten distribution equipment

15.14.1 Summary

This experiment attempted to cast Wood’s metal into casting channels of a rapid prototyped test piece. From the lessons learnt in the previous section test equipment was preheated where possible to prevent premature freezing. A needle and syringe was also used to improve the accuracy of the deposition.

The alloy was kept molten for approximately 60 seconds. Syringe deposition was observed to be more accurate but pre-heating did not delay the freezing for long enough, thus general distribution was poor or incomplete.

15.14.2 Introduction

This experiment was designed to refine the casting method by using suggested modifications in Section 15.13.6 to delay the solidification of the molten alloy:

· Pre-heating the casting test piece in parallel with the molten alloy

· Forging the circuits on a hot plate set-up

· Using a soldering iron to aid distribution

· Using a pre-heated syringe to distribute the molten alloy along the casting channels

15.14.3 Apparatus

· Two pairs of disposable latex gloves

· Hacksaw

· 1 ml Wood’s metal

· Glass petri dish

· Incubator

· Dri-block D8-3 hotplate

· 5 ml BD Plastipak syringe

· 500 µm x 16 mm Monoject needle to accommodate 5ml syringe

· Test piece (Figure 120 and Figure 121) 
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Figure 120: Casting test piece
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Figure 121: Casting channel details


15.14.4 Method

The incubator was pre-heated to 90 °C.

The hotplate was pre-heated to 90°C.

The required volume of alloy was cut from stock to using a hacksaw, and then placed on the Petri dish.

The following was loaded into the incubator for 1 hour (until everything had acclimatised to 90 °C): casting test piece, syringe, needle, Wood’s metal and petri dish. 

Gloves were worn at this point, and the soldering iron was switched on.

The incubator was opened, and whilst still in the incubator Wood’s metal was drawn into the syringe (without the needle) and laid to rest on the petri dish.

The casting test piece was quickly transferred to the hotplate.

The syringe was transferred to the hot plate and molten alloy was injected into the first casting well on the test piece. The soldering iron was used to drag the molten metal along the casting channels.

The syringe was then transferred back to the incubator, the nozzle cleaned and the needle installed. The syringe was transferred to the hot plate and molten alloy was injected into the second casting well of the test piece. 

Procedural observations were recorded.

The incubator and hotplate were switched off and the casting test piece was allowed to cool.

Observations of forging quality were recorded.

15.14.5 
Results

15.14.5.1 Procedural analysis

Molten alloy within the syringes remained molten for approximately 40 seconds.

When molten, the alloy flowed freely from the syringe when required. The drop size from the orifice varied between approximately 1 mm and 3 mm.

Excluding one attempt, molten metal could not be ejected through the needle due to premature freezing causing blockage within the needle. On the one brief success at this trial molten alloy was ejected in thin, accurately-directed and uniform stream.

Molten metal in contact with the casting test piece remained molten while the hotplate was on (at 90 °C).

Distribution of the molten alloy from the casting well to the channels within the test piece using the soldering iron was compromised because the tip exceeded the melting point of the test piece material, thus it destroyed the integrity of the casting channels.

15.14.5.2 Casting quality

This section assesses the quality of the forged circuits (Figure 122).
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Figure 122: Casting result after using pre-heated equipment

Channels were disfigured and forged circuits in nearly all areas were either spilling out of the channels or incomplete.

15.14.6 Discussion

Preheating the syringes was successful in the respect that it was possible to draw up the molten alloy and eject it where necessary. However, the nature of its use meant that despite being used above the hotplate the cold ambient temperature eventually disabled its use by freezing the alloy.

The use of the syringe and needle (when operational) certainly enabled more accurate deposition. It is therefore worth investigating a continuously heated syringe assembly to enable continuous molten deposition.

The use of the hotplate to maintain the temperature of the casting piece was a success. Deposited alloy remained molten until the hot plate was switched off which was extremely useful to manipulate the distribution.

The soldering iron was successful in the respect that it moved the molten alloy around within the circuits freely.  However, its excessive temperature melted the casting channel material and so needed to be moderated.

Overall the steps taken to maintain the alloy above its melting point meant an improvement of 60 seconds working time. However, this was not enough and it was noted that further temperature control was required of the deposition and distribution equipment.

15.14.7 Conclusion


Modifications to equipment using pre-heated treatment were not enough to yield enough distribution time. It was noted that the experiment should be repeated using continuously heated equipment to eliminate the possibility of alloy freezing at any stage of the process.

15.15 Laboratory report: Continuously heated equipment for molten distribution

15.15.1 Summary

This experiment attempted to inject molten Wood’s metal into casting channels of a rapid prototyped test piece. From the lessons of previous experiments, all test equipment was continuously heated. It was found that the use of a syringe hot jacket complemented the use of the hot plate to completely eliminate the problem of premature freezing. 

The thin needle also enabled accurate deposition which eliminated the need for casting wells and a distribution aid (e.g. soldering iron) and also reduced major spills. The best performance was found when the casting channel was slightly overfilled before using the syringe to apply suction to the alloy. This drew the alloy into the channel and gave excellent consistency to the circuit quality.

The results from this experiment yielded circuits of a high quality. This indicated that the continuously heated injection process was viable for casting electronic circuits using molten Wood’s metal.

15.15.2 Introduction

This experiment was designed to test the use of a continuously heated needle and syringe assembly specifically designed for the task of injecting molten Wood’s metal into the casting channels of a rapid prototyped component.

15.15.3 Apparatus

· Two pairs of disposable latex gloves

· Hacksaw

· 1 ml Wood’s metal

· Glass petri dish

· Techne Dri-Block D8-3 hot plate oven

· 5 ml BD Plastipak syringe

· 500 µm x 16 mm Monoject needle to accommodate 5ml syringe

· Test piece as described in Section 15.14.3.

· RS200-2531 pneumatic in-line air heater (750 Watts)

· Syringe hot-jacket (Figure 123 and Figure 124)

· Thermocouple
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Figure 123: Hot-jacket assembly designed to maintain needle and syringe in excess of 70 °C (front view)
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Figure 124: Hot-jacket assembly (rear view)
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Figure 125: Apparatus set-up for the injection process

15.15.4 Method

The hotplate was pre-heated to 90°C.

The required volume of Wood’s metal was cut from stock to using a hacksaw, and then placed on the Petri dish.

The following was loaded onto the hotplate for 15 minutes (until everything had acclimatised): casting test piece and Wood’s metal in petri dish. During this heating time the lid on the hot plate was closed to achieve 90 °C faster.

Gloves were worn at this point.

A needle and syringe were assembled and loaded into the hot-jacket. The assembly was preheated for five minutes using an air pressure of approximately 6 psi and a voltage over the in-line heater of approximately 120 Volts. A thermocouple was use to maintain an exit air-flow temperature (from the hot-jacket) of approximately 90 °C.

Once the apparatus on the hotplate had acclimatised to 90 °C, the hot jacket air pressure was reduced to approximately 0.5 psi (so the airflow would not blow away the alloy) and the voltage over the heater reduced to 80 Volts (reduced under low airflow conditions to achieve an air-over-needle temperature of 80 °C).

Molten alloy was sucked into the syringe from the petri dish and than injected into the test piece as demonstrated in Figure 125.

Procedural observations were recorded.

The hotplate was switched off and the casting test piece was allowed to cool.

Observations into forging quality were recorded.

15.15.5 Results

15.15.5.1 Procedural analysis

Handling of the hot jacket assembly was sufficiently ergonomic as demonstrated in Figure 126.
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Figure 126: Hot jacket handling

Drawing the molten metal required a large amount of suction from the syringe, however, premature freezing did not cause a blockage.

Ejection of the molten alloy into the casting channels through the 500 µm needle resulted in much less overspill than the previous experiment which  had used the 2 mm diameter syringe without the needle. Accurate deposition was also possible. However more control was needed to ensure an even distribution.

Surface tension made distribution within the channel awkward, however, it was discovered that the best technique was to overfill the channel slightly, followed by a small amount of suction from the syringe to draw the molten alloy down into the channel. This gave an excellent even consistency to the circuit (Figure 127).

It was not necessary to fill the casting wells to forge the circuit as the needle deposited the alloy accurately enough.

The circuit was able to be manipulated at any time during the experiment because it was molten for the duration that the hotplate was on.

15.15.5.2 Forging quality

Figure 127 demonstrates a clear improvement using the equipment in this experiment:

· Channels suffered much less overspill

· Channel integrity was maintained because none of the equipment exceeded the melting point of the casting test piece

· Casting wells were not required for distribution

· Circuit consistency was generally even
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Figure 127: Comparison between alloy distribution using 2000 µm syringe orifice (left) and the 500 µm needle orifice used in this experiment (right).
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Figure 128: Identification of over-spilled areas using the 500 µm needle
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Figure 129: Magnification of forged circuit around 90 ° bend (channel width 1.2 mm). Circuit is consistent and does not suffer from overspill.
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Figure 130: Magnification of forged circuit along straight channel (width 1.2 mm). Central light reflection indicates concave top surface.

15.15.6 Discussion

The hot jacket assembly yielded a process with the potential to cast reliable circuits.

The accuracy of the deposition eliminated the need for casting wells to be incorporated into the design.

The best results were achieved when the casting channel was slightly overfilled before applying suction to draw the alloy down into the channel. The resultant consistency of the circuits was generally good.

Slight overspills in areas were all due to inexperience with the technique. Due to the complete elimination of premature freezing this process showed a potential to be perfected and improved upon.

15.15.7 Conclusion

This experiment proved that the hot jacket assembly had the potential to be a viable process for casting electronic circuits using molten Wood’s metal.

15.16 Laboratory report: Maximum channel incline

15.16.1 Summary

This experiment was devised to identify the maximum channel incline allowable to maintain a stagnant fluid state of molten Wood’s metal post-injection.

Injection trials were conducted by using channel inclines of increasing severity on a test plate. The maximum channel incline which could maintain a stagnant fluid state was found to be 20°. This should be taken into account during circuit design.
15.16.2 Introduction

In order to continue a circuit between levels it was thought that there might be a necessity to incorporate inclined channels into the design. This test was designed to determine the maximum channel incline allowable to maintain a stagnant fluid state of molten Wood’s metal post-injection. 

It was noted in previous tests that the Wood’s metal had a high surface tension value. The ability to cast molten alloy into a stagnant state, whilst on an incline, takes advantage of this property.

It was also noted that there were several factors which would affect this value: channel cross sectional area, channel geometry, length, surface finish and alloy temperature. Whilst it was considered important to investigate these factors, this test was designed to establish basic preliminary data, with every effort isolating the incline angle as the only variable.

15.16.3 Method

A test piece with varying channel inclines was designed (Figure 131 and Figure 132).
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Figure 131: Isometric view of test plate showing increasing channel inclines of 20 mm length
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Figure 132: Identification of cross section channel geometry consistent between inclines

The piece was then manufactured on the RP machine. Alloy was injected into the channels as defined in Section 15.15.

Injection was started 2 mm from the top of each channel and worked downwards.

15.16.4 
Results

Casting quality was recorded in Table 43.

Table 43: Casting results for increasing channel inclines

	Channel
	Incline angle from the horizontal
	State on injection? (Stagnant/fluid)
	Response to suction forming with syringe
	Channel quality on solidification

	1
	10°
	Stagnant
	Good
	Good

	2
	20°
	Stagnant
	Good
	Top of casting was lited back towards the horizontal.

	3
	30°
	Fluid
	Fluid escaped
	Thin alloy film remained

	4
	40°
	Fluid
	Fluid escaped
	Thin alloy film remained

	5
	50°
	Test abandoned

	6
	60°
	

	7
	70°
	

	8
	80°
	

	9
	90°
	


15.16.5 Discussion

It was clear that casting under the conditions defined within this experiment should not have been attempted on channels with a greater incline of 20 °.

This eliminated the possibility of using inclined channels as a link between circuits of different altitudes.

However, the fact that casting was possible for inclines of 10 ° and to some extents 20 ° was encouraging for the sensitivity of the injection process.

15.16.6 Conclusion

This test concluded that channels should not be inclined above 20 ° from the horizontal during the casting process.

15.17 
Laboratory report: Optimum temperature control parameters for the closed loop alloy heating mechanism

15.17.1 Summary

The circuit inclusion process relied upon a heating mechanism to melt the alloy. A controller and a thermocouple (T-type) were added to the heating circuit to create a closed loop circuit to simplify the circuit inclusion procedure and reduce the risk of damaging the heater. In order to establish the correct control parameters it was necessary to test the equipment using different parameter configurations.

This experiment used a simple parameter matrix to identify a parameter set which would provide an air temperature between 70 °C and 90 °C as quickly as possible, and used empirical data for its analysis.

The final parameters to achieve the best result were 1 psi air pressure, 90 V supply to the heater and a control target of 90 °C. This yielded a heat curve which acclimatised within 125 seconds and oscillated between 75 °C – 85 °C. This was deemed sufficient for injection needs.

Due to an over-heating incident which occurred in the first test (at low air pressure), it is recommended that the heater is occasionally monitored at low air pressures. If the base of the heater feels cold or warm the airflow is sufficient. If the base is hot the airflow should be increased.

Future work should incorporate a temperature controlled cut-off switch at the heater base and an investigation into the control box program to optimise the heat curve further.

15.17.2 Introduction

The circuit inclusion process relied upon a heating mechanism to melt the alloy. This mechanism used an in-line (pneumatic) heater to blow hot air over the syringe containing the alloy. Due to the low air flow required during the deposition process the voltage had to be frequently adjusted to ensure that the in-line heater did not over heat. This was quite disruptive during the deposition process, and was a potential risk to the heater.

A controller and a thermocouple (T-type were added to the heating circuit to create a closed loop circuit. In order to establish the correct control parameters it was necessary to test the equipment using different parameter configurations.

15.17.3 Apparatus

· Controller

· Variac

· Inline heater

· Pneumatic Tubing

· Syringe and hotjacket assembly

· T-type Thermocouple
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Figure 133: Circuit required to maintain a constant air temperature (closed loop)

15.17.4 Method

Table 44shows the parameter sets used for each test.

Table 44: Parameter sets for each test

	Test
	1
	2
	3
	4

	Air pressure (Psi)
	0.25
	1
	1
	1

	Variac (V)
	80
	80
	90
	90

	Control aim (°C)
	85
	85
	85
	90


15.17.5 Results

Figure 134summarises the heat curves generated for each parameter set.
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Figure 134: Summary of increasing air temperatures with increasing time for different parameter sets in the closed loop heating circuit. Note the test at 20 °C ambient, 0.25 psi air pressure, 80 V supply, control target 85 °C was abandoned because the pneumatic pipe at the heater exit started to burn.

15.17.6 Discussion

This experiment used a simple parameter matrix to identify a parameter set which would provide an air temperature between 70 °C and 90 °C as quickly as possible, and used empirical data for its analysis.

The first test used 0.25 psi air pressure, 80 V supply and a control target of 85 °C. The air supply was too low for this voltage and resulted in a high concentration of heat at the heater exit exceeding the melting point of the pneumatic tubing. This test was therefore terminated after 240 seconds.

To avoid more melting a higher air pressure (1 psi) was used in the second test for the same parameters. This avoided burning the pneumatic tube. The air temperature reached 70 °C after 300 seconds.

To speed up the acclimatisation, the maximum voltage to the heater (analogous to the gain) was increased to 90 Volts. The air temperature exceeded 70 °C in 125 seconds (42 % of the time required by a 80 Volt supply to the heater). However, the control program yielded an oscillation between 70 °C – 80 °C. There was a risk that the temperature might drop slightly below the 70 °C limit on one of the troughs.

To eliminate the risk of freezing, which would be a nuisance during the injection process, the target temperature was increased to 90 °C. This yielded a heat curve which acclimatised after 125 seconds and oscillated between 75 °C – 85 °C.

The final parameters to achieve this result were 1 psi air pressure, 90 V supply to the heater and a control target of 90 °C.

The closed loop was considered a big improvement for the injection process. The automation of the voltage adjustment meant that the user was able to concentrate solely on the physical alloy deposition.

It was noted in practice that the air-flow needed to be reduced during the deposition process to avoid disturbing the molten alloy in the channels. Due to the over-heating incident which occurred in the first test (at low air pressure), it is recommended that the heater is occasionally monitored. If the base of the heater (shown in Figure 135) feels cold or warm the airflow is sufficient. If the base is hot the airflow should be increased.
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Figure 135: Identification of heater base to be used for occasional heater monitoring. If the base is hot, the airflow should be increased to avoid over-heating.

The manual check carries a burning risk, therefore future work should incorporate a temperature controlled cut-off switch at the heater base.

Finally, the results collected from this experiment have been extremely useful – the empirical data has yielded a set of parameters which provide a sufficient heat curve. The controller however, has been treated as a black box. Further optimisation should include the investigation of the control program and experimentation with its internal parameters. This could for example reduce the oscillation amplitude.

15.17.7 Conclusion

This experiment used a simple parameter matrix to identify a parameter set which would provide an air temperature between 70 °C and 90 °C as quickly as possible, and used empirical data for its analysis.

The final parameters to achieve the best result were 1 psi air pressure, 90 V supply to the heater and a control target of 90 °C. This yielded a heat curve which acclimatised within 125 seconds and oscillated between 75 °C – 85 °C. This was deemed sufficient for injection needs.

Due to an over-heating incident which occurred in the first test (at low air pressure), it is recommended that the heater is occasionally monitored at low air pressures. If the base of the heater (shown in Figure 135) feels cold or warm the airflow is sufficient. If the base is hot the airflow should be increased.

Future work should incorporate a temperature controlled cut-off switch at the heater base and an investigation into the control box program to optimise the heat curve further.

15.17.8 Raw data

Table 45: Test results

	Time (seconds)
	20°C ambient, 0.25psi air pressure, 80V supply, control target 85°C
	20°C ambient, 1psi air pressure, 80V supply, control target 85°C
	17°C ambient, 1psi air pressure, 90V supply, control target 85°C
	21°C ambient, 1psi air pressure, 90V supply, control target 90°C

	0
	20
	20
	17
	21

	30
	30
	34
	39
	39

	60
	38
	45
	52
	50

	90
	44
	53
	63
	62

	120
	51
	58
	71
	69

	150
	56
	61
	77
	75

	180
	60
	65
	72
	82

	210
	64
	67
	70
	79

	240
	68
	68
	79
	84

	270
	
	69
	70
	75

	300
	
	70
	79
	84

	330
	
	71
	70
	75

	360
	
	71
	79
	84

	390
	
	71
	70
	75

	Notes
	Test abandoned – pneumatic tube at the heater exit began to burn
	Test OK
	Test OK
	Test OK


15.18 Laboratory report: Opto-switch performance using the driven syringe gear as the fringe plate

15.18.1 Summary

This experiment evaluated the use of the driven syringe gear (RS: 745-270) to act as a fringe plate for an opto-switch sensor (RS: 219-2533). A test circuit was made up for the opto-switch and the gear teeth were passed through it.

The maximum volt drop obtained was 2.49 Volts, with an average drop of 2.19 Volts for all ten attempts. This was compared to a drop of 3.53 Volts under controlled conditions.

The use of the driven gear teeth as the fringe was considered inappropriate for this stage of development because, despite being an efficient concept and itself having potential for further development, performance and reliability were poor.

15.18.2 Introduction

In order to have automated control over the movement of the plunger, it was necessary to incorporate a closed feedback loop. It was realised that the driven gear’s teeth could be used as a fringe for a light gate which would determine the driven gear’s position and consequently the position of the studding. Research into a suitable light gates yielded “Opto-Switch Sensors” which came as a single unit (Figure 136).
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Figure 136: Opto-switch sensor, 5 mm gap (RS part no: 219-2533. Type SX1041)

15.18.3 Theory

The data sheet recommended the following circuit requirements (Figure 137):
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Figure 137: Data sheet circuit requirements for opto-switch sensor type SX1041. Voltage and current ratings were taken from the Electrical and Optical Characteristics table (Ta = 25 °C)

It was necessary to calculate the values for the resistors, using a 12 Volt supply. A standard red LED was needed to check the performance of the opto-switch.
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Figure 138: Circuit design for opto-switch sensor type SX1041 using a 12V DC supply

Assumptions:

An LED requires 15 mA and a volt drop of 1.5 V.

Calculations:
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A test circuit was made using this data (Figure 139).

[image: image174.jpg]



Figure 139: The resultant physical circuit used to test the opto-switch

15.18.4 Apparatus

The following apparatus was set-up as shown in Figure 140:

· 12V supply

· Stand and clamp

· Ø 8.5 mm drill bit

· Optoswitch and circuit (Figure 139)

· Driven gear (with ø 8.7 mm concentric centre hole, no nut)

· Voltmeter complete with circuit clamps
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Figure 140: Opto-switch testing apparatus using the driven gear as the fringe

The driven gear was positioned into the opto-switch so that the teeth could act as a fringe (Figure 141).
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Figure 141: Gear teeth were positioned within the opto-switch to act as a fringe, using the drill bit as an axle for the gear

15.18.5 Method

The apparatus was set up as shown in Figure 140 and Figure 141.

The 12 Volt supply was connected across the circuit as shown in Figure 138.

The voltmeter was turned on and the circuit clamps applied over the LED and R2.

As a preliminary control, the gear was removed, and a voltage was recorded for a completely open opto-switch. An opaque strip of plastic was then inserted into the opto-switch to completely close it. The voltage for this condition was also recorded. Results were recorded in a table, and marked as the control values.

The gear was then replaced. The stand and clamp were adjusted until the gear teeth closed the opto-switch (this was immediately visible using the LED). The voltmeter reading was read and recorded in a table.

The gear was rotated about the drill bit to enable the opto-switch to open (also immediately visible using the LED). The voltmeter reading was read and recorded in a table.

The clamp and stand were adjusted in another attempt to improve the voltage drop between an open and closed switch and the volt readings were recorded. Ten attempts were made in total.

Finally, the voltmeter and supply were turned off.

15.18.6 Results
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Figure 142: Opto-switch performances using the driven gear as the fringe

15.18.7 
Discussion

The maximum volt drop obtained was 2.49 Volts, with an average drop of 2.19 Volts for all attempts. This was compared to a drop of 3.53 Volts under controlled conditions.

Whilst the average volt drop was large enough to be processed for positional data, there was very little contingency for imperfections in the assembly. It was likely that the gear would wander. While the teeth were only yielding, at best, 70% performance, it is likely that any kind of wandering would reduce the performance of the gear teeth fringe further.

The varied successes between the attempts meant that a high degree of adjustability would be needed to achieve the best performance. This would be another complication for using the gear teeth fringe.

Whilst the results were encouraging and certainly indicated that the use of the gear fringe could be a future possibility, performance and reliability was not appropriate for this stage of development, where systems needed to be as reliable as possible, even at the cost of efficiency.

15.18.8 Conclusion

The use of the driven gear teeth as the fringe was considered inappropriate for this stage of development because, despite being an efficient concept and itself having potential for further development, performance and reliability were not good enough.

15.18.9 
Appendix

15.18.9.1 Experimental data

Table 46: Results from opto-switch experiment using the driven gear teeth as the fringe
	Attempt
	Min voltage for attempt (V)
	Max voltage for attempt (V)
	Maximum total volt drop for test (V)

	Control attempt
	1.4
	4.93
	3.53

	1
	1.84
	4.27
	2.43

	2
	1.62
	2.58
	0.96

	3
	1.61
	3.82
	2.21

	4
	1.61
	3.69
	2.08

	5
	3.75
	5.34
	1.59

	6
	3.08
	5.45
	2.37

	7
	1.89
	4.38
	2.49

	8
	1.6
	3.5
	1.9

	9
	2.4
	4.74
	2.34

	10
	1.77
	4.05
	2.28


15.18.10 Gear dimensions

[image: image178.png]80 TEETH

14 40 4





Figure 143: Driven syringe gear (RS: 745-270) dimensions. Inside diameter of central gear hole was widened to create an interference fit with an M5 nut

15.19 
Design Calculations

15.19.1 Deposition resolutions

To calculate the smallest quantity of alloy that could be deposited under control using the automated syringe developed in Section 8: Injection development.

Assumptions:

M5 thread pitch = 0.8 mm

Plunger diameter = 10 mm (radius = 5 mm)

Needle diameter = 0.9 mm

Fringe plate tooth occupancy = 5 °

Volume per revolution = Pitch x Volume / mm plunger travel

= 0.8 * (π * 52)

62.8 mm/revolution

Deposition volume per fringe tooth = Volume per revolution / Revolution resolution

= 62.83 / (360 / 5)

=0.87 mm3

15.19.2 Needle collision investigation calculations

Calculations to investigate the arc radius required to avoid a collision between the needle and the casting channel wall, as described in Section 9.6.1.1: 
Needle collision investigation.
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Figure 144: Illustration of assumptions for needle collision investigation

To determine a locus for point O about a point (h,v) with constant r:
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15.20 Linear bearing bending calculations

Whilst the primary bearing was known to be a ø 8 mm ground steel shaft, the geometry of the secondary bearing was unknown.
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Figure 145. Bearing classifications and positions for the carriage.

Weight of carriage assembly at “cm” 0.322 kg
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Figure 146: FBD of carriage (side view) supported by primary bearing (left) and secondary bearing (right)
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Figure 147: Rear view of secondary bearing, supported by brackets and loaded by the carriage
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Figure 148: FBD of secondary bearing supported by brackets, loaded in the worst case scenario (carriage loading point in the centre of the beam.

Calculations of uniform distributed loads:

	Symmetrical loading
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	UDL for B1 & B2 (brackets)
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	(4)

	UDL for F2 (carriage)
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	(5)


Macauley definitions, using values from (4) and (5):
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Figure 149: Shear force diagram for the length of the bearing calculated using Macauley notation
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Figure 150: Bending moment diagram for the length of the bearing calculated using Macauley notation (peak bending moment = 0.078 Nm). This demonstrates that the beam is weakest in the middle.

Assumptions for ABS secondary bearing are given in Table 47. These were used to calculate the minimum bearing (beam) section depth before failure.

Table 47: Assumptions for secondary linear bearing (material property data from MatWeb)

	Variable
	Assumption

	Material
	ABS

	σUTS-ABS
	29.8 MPa

	EABS
	1.79 GPa

	Bearing section profile
	[image: image195.png]a

N






	Max bending moment (from Figure 150)
	0.078 Nm

	Safety factor
	3

	Initial bearing breadth
	8 mm


	Engineers’ equation
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	Second moment of inertia
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	and
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	(7) & (8) into (6)
	
[image: image199.wmf]mm

b

M

d

UTS

4

.

2

00238

.

0

10

8

.

29

008

.

0

)

3

075

.

0

(

6

6

6

=

=

´

´

´

´

=

×

×

=

s


	


The bending displacement at minimum beam depth was checked:

	Displacement for beam loading scenario at depth 2.8 mm
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Bending displacement for this beam depth was considered far too large. The depth was therefore calculated for varying bending displacement specifications with varying section widths: 6 mm, 8 mm and 10 mm. Data was generated using (10).

	From (9)
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Figure 151: Reference chart generated to design a practical profile for the beam

15.21 PIC code in PIC-Basic

'First attempt at a PIC program written by eD Sells 12/4/5, assistance from Jeff Brewster

'This program uses a computer interface to drive a syringe pump

Device 16F73 


'Sates the PIC the program has to deal with

declare xtal 4 


'Defines frequency crystal @ 4Mhz

DIM duty as byte

'Mark space ratio variable

DIM count as doubleword

'Counter for distance travelled

DIM stallcheck as doubleword
'buffer to check for stallage

DIM stallchecklimit as doubleword
'Maximum stall time

DIM dirn as byte

'declare direction variable

CCP1_PIN = PortC.2


CCP2_PIN = PortC.1

'defined in JB's book

SYMBOL motor_a PortC.2



SYMBOL motor_b PortC.1

SYMBOL comp_in PortC.7



SYMBOL comp_out PortC.6

SYMBOL opto PortB.0

ADCON1 = %11111111
'Set all ports to digital

TRISB = %00000001
'B0 to 1(input). Comment from JB: rest to 0 to avoid floating voltages

TRISC = %10000110
'C1, C2, C7 & B0 to 1(input), C6 to 0 - necessary to define, as already C6=Tx? Same applies to C7?

duty = 255

count = 0

stallcheck = 0

stallchecklimit = 4000000

dirn = 1



HPWM dirn,duty,1000
'motor immediately starts pushing plunger to syringe end. Comment from JB: check frequency (init 1000) using calibration equipment

stall_loop_hi:

if stallcheck > stallchecklimit then goto stop

if opto = 1 then stallcheck = stallcheck+1 then goto stall_loop_hi

stallcheck = 0

stall_loop_lo:

if stallcheck > stallchecklimit then goto stop

if opto = 0 then stallcheck = stallcheck+1 then goto stall_loop_lo

goto stall_loop_hi

stop:

HPWM dirn,0,1000
'stops motor

input:


'How d'you get input values from the computer?

DIM speed as byte
'declare speed variable


DIM dist as doubleword
'declare distance variable

DIM ready

'break release

ASK speed

'Asking for speed, state:(1=slow, 9=max NOT µm per sec)

ASK dirn

'Ask for direction, state:(1=down, 2=up)

ASK dist

'Ask for distance, , state:(µm, 1000=1mm)

duty = (speed / 9)*255
'Can it round or will remainders screw up?

dist = dist / (800 * (5/360)) 'Conversion to 5° roation increments (counts)

stallcheck = 0

HPWM dirn,duty,1000
'check frequency (init 1000)

count_loop_hi:

if stallcheck > stallchecklimit then goto stop

if opto = 1 then stallcheck = stallcheck + 1 then goto count_loop_hi

stallcheck = 0

count = count + 1

if count > dist then goto stop

count_loop_lo:

if stallcheck > stallchecklimit then goto stop

if opto = 0 then stallcheck = stallcheck + 1 then goto count_loop_lo

count = count + 1

if count > dist then goto stop

goto stall_loop_hi

15.22 Initial PIC program designed by Bowyer

; Syringe controller

; Adrian Bowyer

; 15 April 2005

; Clock: 4.00 MHz resonator

; Don't forget to turn the watchdog reset OFF


LIST P=PIC16F73

; tells the assembler which PIC


include "p16c73.h"
; PIC register definitions file

; ********** data registers ***********

; Any subroutine or macro must switch to the bank it wants.

; There is no guaranteed state on entry or exit.

; ++++++++++++++ BANK 0 +++++++++++++++


org
20h

; general temporary storage - fragile across any call

save
res 1


; Character i/o data

last_i
res 1
; last received byte

last_o
res 1
; last transmitted byte

hex_l
res 1
; low nibble in hex

hex_h
res 1
; high nibble in hex

echo
res 1
; Echo on (01) or off (0)

moving
res
1
; Flag for if the motor's (supposed to be) turning

step_p
res 1
; Counter for stepper bit patterns

axis_d
res 1
; Axis move direction

; ++++++++++++++ BANK 1 +++++++++++++++


org
0a0h

; General work location

work
res 3

; 24 bit arithmetic - pointers to arguments

arg0p
res 1
; 1st i/p

arg1p
res 1
; 2nd i/p

arg2p
res 1
; result

; Argument copies

arg0
res 3
; 1st i/p

arg1
res 3
; 2nd i/p

arg2
res 3
; result

; Position to drive the syringe to

dtarg_0  res 3   ; Target, axis 0

; Current syringe position

pos_0
res 3   ; pos, axis 0

; Position to drive the axis to

dtarg_1  res 3   ; Target, axis 1

; Current axis position

pos_1
res 3   ; pos, axis 1

; Difference between the two

diff
res 3

; Time delay values

count
res 3
; Temporary delay count

s_del
res 3
; Current delay time

; +++++++++++++++++++++++++++++++++++++++++++

; **** MACROS *******************************

; +++++++++++++++++++++++++++++++++++++++++++

; Bank switching (makes code more readable)

bank_0
macro


bcf
STATUS,RP0


endm

bank_1
macro


bsf
STATUS,RP0


endm

; Menu chain macro

menu_m
macro
char, code


movfw
last_i


sublw
char


btfss
STATUS,Z


goto
next#v(aa)



goto
code

next#v(aa)

aa+=1


endm

; Get three bytes from input to a in bank 1

get_3
macro
a


call
rx_hex


bank_1


movwf
a


call
rx_hex


bank_1


movwf
a+1


call
rx_hex


bank_1


movwf
a+2


endm

; Send three bytes from a in bank 1 to output

put_3
macro
a


bank_1


movfw
a


call
tx_hex


bank_1


movfw
a+1


call
tx_hex


bank_1


movfw
a+2


call
tx_hex


endm

; **** 2's complement 24-bit arithmetic macros ******

; Zero a 24-bit location in bank 1

clr_24
macro
n


bank_1


clrf
n


clrf
n+1


clrf
n+2


endm

; Put addresses of arguments into pointers in bank 1

a_store
macro
i0, i1, o


bank_1


movlw
i0




movwf
arg0p


movlw
i1


movwf
arg1p


movlw
o


movwf
arg2p


endm

; Add 2 24 bit numbers 

; output can be either input with no problem

add_24
macro
i0, i1, o


a_store
i0, i1, o


call
add_24s


endm

; Subtract 2 24 bit numbers

; output can be either input with no problem

sub_24
macro
i0, i1, o


a_store
i0, i1, o


call
sub_24s


endm

; Increment a 24 bit number d in bank 1

inc_24
macro
d


bank_1


movlw
1
  ; inc inst. doesn't set C, so add 1 to...


addwf
d+2,1
  ; ...low byte


btfss
STATUS,0  ; Carry means need...


goto
ic24#v(i24)



addwf
d+1,1
  ; ...to increment next byte too


btfsc
STATUS,0  ; Carry means need...



incf
d,1
  ; ...to increment next byte too

ic24#v(i24)

i24+=1



endm

; Decrement a 24 bit number d in bank 1

dec_24
macro
d


bank_1


movlw
1
  ; dec inst. doesn't set C, so sub 1 from...


subwf
d+2,1
  ; ...low byte


btfsc
STATUS,0  ; No carry means need...


goto
dc24#v(d24)


subwf
d+1,1
  ; ...to decrement high byte too


btfss
STATUS,0  ; No carry means need...



decf
d,1
  ; ...to decrement next byte too

dc24#v(d24)

d24+=1


endm

; Check a 24 bit number d in bank 1 for zero

z_24
macro
d


bank_1


movf
d+2,1
  ; set Z flag, low byte


btfss
STATUS,Z  ; look at next?


goto
zc24#v(z24)


movf
d+1,1
  ; yes


btfsc
STATUS,Z  ; look at high?


movf
d,1

zc24#v(z24)

z24+=1


endm


; Negate a 24 bit number d in bank 1

neg_24
macro
d


bank_1


comf
d,1


comf
d+1,1


comf
d+2,1


inc_24
d


endm

; copy a 24 bit number in bank 1

cp_24
macro
a, b


bank_1


movfw
a


movwf
b


movfw
a+1


movwf
b+1


movfw
a+2


movwf
b+2


endm

; swap 2 24 bit numbers in bank 1

swp_24
macro
a, b


cp_24
a, work


cp_24
b, a


cp_24
work, b


endm

; *********** reset point *****************


org
00

; reset vector

reset


goto
init

; Macro counters


local
aa


local
i24


local
d24


local
z24

; ****************************************************

; 2's complement 24-bit arithmetic subroutines

; Add/subtract 2 24 bit numbers (assumes hi byte immediately precedes 

; mid byte, which preceeds lo byte) a/s number pointed to by arg0 to that 

; pointed to arg1, answer in arg2

; copy input arguments

arg_in_copy


bank_1


movfw
arg0p
; Copy 3 bytes pointed to by arg0p...


movwf
FSR


movfw
INDF


movwf
arg0
; ... to arg0


incf
FSR,1


movfw
INDF


movwf
arg0+1


incf
FSR,1


movfw
INDF


movwf
arg0+2


movfw
arg1p
; Copy 3 bytes pointed to by arg1p...


movwf
FSR


movfw
INDF


movwf
arg1
; ... to arg1


incf
FSR,1


movfw
INDF


movwf
arg1+1


incf
FSR,1


movfw
INDF


movwf
arg1+2


return

; copy output arguments

arg_out_copy


bank_1


movfw
arg2p
; Copy 3 bytes in arg2...


movwf
FSR


movfw
arg2
; ... to location pointed to by arg2p


movwf
INDF


incf
FSR,1


movfw
arg2+1


movwf
INDF


incf
FSR,1


movfw
arg2+2


movwf
INDF


return

; Add two 24 bit numbers


add_24s


call
arg_in_copy


bank_1

a24int


    movfw
arg0
  
; Add high bytes


addwf
arg1,0


movwf
arg2


movfw
arg0+1

; Add mid bytes, maybe needing...


addwf
arg1+1,0


movwf
arg2+1


btfsc
STATUS,C
; ...carry to high byte?


incf
arg2,1

; Yes - increment it


movfw
arg0+2
  
; Add lo bytes, maybe needing...


addwf
arg1+2,0


movwf
arg2+2


btfsc
STATUS,C
; ...carry to mid byte?


incfsz
arg2+1,1
; Yes - increment it and if result is 0...


goto
add_done


incf
arg2,1

; ...increment high byte too

add_done


call
arg_out_copy


z_24
arg2

; Set zero flag


return

; Subtract:   arg0 - arg1 -> arg2

; Just negate and add 

sub_24s


call
arg_in_copy


neg_24
arg1


goto
a24int

; ********************************************


; delay using a loop of s_del steps

delay


cp_24
s_del, count

d_loop


dec_24
count


z_24
count


btfss
STATUS,Z


goto
d_loop


return

; ********* Turn a nibble into its hex equivalent ***

; Should already be in bank 0 for all these hex routines

nib2hex


movwf
save
  ; Save the original number


sublw
.9

  ; Test if > 9


btfsc
STATUS,0  ; if carry is 0, W was > 9


goto
n2hdigit  ; Digit output

; letter output


movfw
save      ; Get the number back


addlw
'a'-.10   ; Add on ASCII code for a minus 10


return

n2hdigit              ; Digit output


movfw
save      ; Get the number back


addlw
'0'

  ; Just add on the ascii for 0


return

; ********* Turn a hex letter into its equivalent nibble ************************

hex2nib


movwf
save      ; Save the letter


sublw
'9'       ; Subtract ASCII for 9


btfsc
STATUS,0  ; if carry is 0, W was > '9'


goto
h2ndigit

; letter


movfw
save      ; Get the letter back


addlw
.10-'a'   ; Add on ASCII code for 10 minus ASCII a


return

h2ndigit


movfw
save      ; Get the letter back


addlw
-'0'
  ; Just subtract the ascii for 0


return




; ********* Turn byte in w to hex in hex_l and hex_h *********

w2hex


movwf
hex_h
; use hex_h as temp storage


andlw
0fh
    ; low nibble - and with 00001111


call
nib2hex


movwf
hex_l


swapf
hex_h,0 ; high nibble, swap to low


andlw
0fh     ; And with 00001111


call
nib2hex


movwf
hex_h


return


; ****** Turn hex_l and hex_h into a byte in W **********

; NB: destroys hex_h and hex_l

hex2w


movfw
hex_l      ; Get the letter for the low nibble


call
hex2nib


movwf
hex_l      ; Store the number for the low nibble in hex_l


movfw
hex_h      ; Same for high nibble


call
hex2nib


movwf
hex_h


swapf
hex_h,0    ; Put the high number in the senior 4 bits


iorwf
hex_l,0    ; Or the two bit patterns together


return


;**** transmit the byte in w *******

tx_w


; last one we sent gone yet?


bank_1


btfss
TXSTA,1

; test for end of transmission


goto
$-1         ; No - back 1 and test again


bank_0

; send and save byte


movwf
TXREG


movwf
last_o



return

; **** send CR/LF *****

cr_lf


movlw
0dh   ; ASCII CR


call tx_w


movlw
0ah   ; ASCII LF


call tx_w


return

;**** Send W as hex ***************************

tx_hex


bank_0


call
w2hex


movfw
hex_h


call
tx_w


movfw
hex_l


call
tx_w


return

; ***** Check once for a byte and return it if it's there ****

rx_poll


bank_0


btfss
PIR1,RCIF
; test for incoming data


goto
no_input    ; Haven't got any - go home


movfw
RCREG

; Get rcvd character


andlw
07fh

; Junk parity bit by anding with 01111111


movwf   last_i

; Save it


sublw
'.'

    ; Test for reset character - the full stop


btfsc
STATUS,Z


goto
reset

; Yes - reset the PIC


movfw
last_i

; Get rcvd character


btfsc
echo,0

; Maybe...


call
tx_w

; ...echo it


bsf
STATUS,0
    ; set carry bit to say we've got one


return

no_input


bcf
STATUS,0
    ; clear carry bit to say we've not got one


return

; ** Wait for a byte

rx_w


call
rx_poll     ; Got one?


btfss
STATUS,0    ; if...


goto
rx_w        ; ...not loop till we have


return              ; Got one.

; ***** Get a byte in hex ***********

rx_hex


call rx_w


movwf
hex_h


call rx_w


movwf
hex_l


call
hex2w


return

; ***********************************************

; Syringe motor control

; Bits control the motor directly 

; PORTC, bits 1 and 2 are the BA6286 control bits

s_forward


bank_0


bcf

PORTC,1


bsf

PORTC,2


clrf
moving


bsf

moving, 0


return

s_backward


bank_0


bsf

PORTC,1


bcf

PORTC,2


clrf
moving


bsf

moving, 1


return

s_stop


bank_0


bcf

PORTC,2


bcf

PORTC,1


clrf
moving


return

; ***********************************************

; Axis motor control

; axis_d bit 0 is a flag for which direction to go

; Port B, bits 5,6,7, and 8 control the two BA6286s

a_forward


bank_0


bsf
axis_d,0


return

a_backward


bank_0


bcf
axis_d,0


return

; Take one step

a_step


bank_0


btfsc
axis_d,0   ; Forward?


goto
a_back     ; No - backward


incf
step_p,f   ; Forward - increment pattern counter


goto
a_m        ; Actually move

a_back


decf
step_p,f   ; Backward - decrement pattern counter

a_m


movlw
b'00000011' ; Mask out all but the two...


andwf
step_p,f    ; ...most junior bits of step_p so


movfw
step_p      ; ...it's always mod 4


call
lookup      ; Get the bit pattern for...


movwf
PORTB       ; Port B


return

lookup                  ; Lookup the 4 bit patterns


addwf
PCL,f       ; Add W (which is 0 .. 3) to the program counter


retlw
b'01010000' ; Jump here for W==0,...


retlw
b'01100000' ; ...W==1,...


retlw
b'10100000' ; ...W==2,...


retlw
b'10010000' ; or ...W==3

a_stop                  ; Needed for backwards compatibility


return

; ************************************************

; Optical sensor monitoring for syringe toothed wheel

hl_wait



; Wait for a high-low transition on PORTB bit 0


bank_0


btfss
PORTB,0


goto
hl_wait

hl


btfsc
PORTB,0


goto
hl


return

lh_wait



; Wait for a low-high transition

    bank_0


btfsc
PORTB,0


goto
lh_wait

lh


btfss
PORTB,0


goto
lh


return

; *************** Syringe drive loop **************

move_s


sub_24
dtarg_0, pos_0, diff  ; Get the number of steps


z_24
diff                  ; Is it...


btfsc
STATUS,Z              ; ...zero?


goto 
s_finish

  
  ; Yes - nothing to do, so go home


btfsc
diff,7                ; Is it...

    goto
s_neg_d



  ; ...negative?

    call
s_forward


  ; No - go forward

    goto
s_pulse_count

s_neg_d






  ; Yes - go backward


neg_24
diff



  ; Negate the count


call
s_backward

s_pulse_count




  ; Wait for...


call
hl_wait               ; ...optoswitch pulses


dec_24
diff



  ; Got one - decrement count


z_24
diff



  ; Count = ...


btfss
STATUS,Z              ; ...0?


goto
s_pulse_count         ; No - go do another

                                  ; Yes.  All done; update...


cp_24
dtarg_0, pos_0

  ; ...the current position


call
s_stop

s_finish


movlw
's'




  ; Send... 


call
tx_w



  ; ...all done character


return

; *************** Axis drive loop **************

move_a


sub_24
dtarg_1, pos_1, diff  ; Get the number of steps


z_24
diff                  ; Is it...


btfsc
STATUS,Z              ; ...zero?


goto
a_finish

  
  ; Yes - nothing to do so go home


btfsc
diff,7                ; Is it...

    goto
a_neg_d



  ; ...negative?

    call
a_forward


  ; No - go forward

    goto
a_pulse_count

a_neg_d






  ; Yes - go backward


neg_24
diff



  ; Negate the count


call
a_backward

a_pulse_count


call
a_step                ; Take one step


call
delay



  ; Time delay between steps


dec_24
diff



  ; Decrement count


z_24
diff



  ; Count = ...


btfss
STATUS,Z              ; ...0?


goto
a_pulse_count         ; No - go do another

                                  ; All done; update...


cp_24
dtarg_1, pos_1

  ; ...the current position


call
a_stop

a_finish


movlw
'a'




  ; Send... 


call
tx_w



  ; ...all done character


return

; *************** Axis + syringe drive loop **************

; Turn on the syrings (NB - No speed control or counting) and

; Then run the movement axis till it stops, then turn off the syringe.

move_as


call
s_forward


call
move_a


call
s_stop


goto
main

; ********* Menu actions ******************

; Execute movements

move_sm             ; Move syringe


call
move_s


goto
main

move_am             ; Move axis


call
move_a


goto
main

move_asm            ; Move both syringe and axis together


call
move_as


goto
main

step_pos            ; Axis one step forward


call
a_forward


call
a_step


goto
main

step_neg            ; Axis one step backward


call
a_backward


call
a_step


goto
main

; Record the destination as the current position

; This allows any value to be set as the curreent position

targ2pos


cp_24
dtarg_0, pos_0


goto
main

; Set syringe goto position

to_0


get_3
dtarg_0


goto
main

; Return current syringe position

where_0


put_3
pos_0


goto
main

; Set axis goto position

to_1


get_3
dtarg_1


goto
main

; Return current axis positions

where_1


put_3
pos_1


goto
main

; Set time delay for axis stepper

to_d


get_3
s_del


goto
main

; Return current time delay

where_d


put_3
s_del


goto
main

; Turn character echo on/off

e_on


bank_0


bsf
echo,0


goto
main

e_off


bank_0


bcf
echo,0


goto
main

; Set current positions and destinations to 0

zero_e_p


bank_1


clr_24
pos_0


clr_24
dtarg_0


clr_24
pos_1


clr_24
dtarg_1


bank_0


return


; ********* initalize ******************

; When the PIC is reset/turned-on this is where it jumps to

init


bank_1



; goto page 1


movlw
b'00000100'
; set rtcc internal div 32


movwf
OPTION_REG


movlw
b'10000000'
; RS232 i/p on 


movwf
TRISC

; ...in port C, rest outputs


movlw
.12
    
; 4800 baud


movwf
SPBRG


movlw
b'00100000'
; Transmit async tx 8 bit


movwf
TXSTA


movlw
b'00001111'


clrf
TRISB

; Senior Port B is output, junior input


call
zero_e_p
; Not going anywhere


clr_24
s_del


movlw
0x02

; Set default delay to hex 000200


movwf
s_del+1


bank_0

    movlw
b'10010000'
; Receive async rx 8 bit


movwf
RCSTA


clrf
PORTB

; Motors off


bsf

echo,0

; Echo on


clrf
step_p      ; Actually axis stepper could be at any of 4 positions,

                        ; but we have no way of knowing which.

; Start of the main loop

main


bank_0


btfss
echo,0

; If echoing, go to newline and write a prompt


goto
get_c       ; If not, just wait for an input character


call
cr_lf

; New line


movlw
':'


; Prompt


call
tx_w


movlw
' '


call
tx_w

get_c


call
rx_w

 ; Check if we've got a byte from RS232 input

; User has sent a byte - act on what he she or it typed

; <Q> means input Q needed; [R] means output R returned


menu_m
'A', to_0
 ; Set syringe destinations <3 hex bytes>


menu_m
'a', where_0 ; Find where syringe is [3 hex bytes]


menu_m
'B', to_1
 ; Set axis destination <3 hex bytes>


menu_m
'b', where_1 ; Find where axis_is [3 hex bytes]


menu_m
'D', to_d
 ; Set delay <3 hex bytes>


menu_m
'd', where_d ; Find delay [3 hex bytes]


menu_m
's', move_sm ; Move syringe <>

    menu_m
'x', move_am  ; Move axis <>

    menu_m  'X', move_asm ; Turn on syringe, move axis, turn off syringe <>

axis step + <>


menu_m
'<', step_neg
  ; Single axis step - <>


menu_m
'e', e_off
 ; Echo control <>


menu_m
'E', e_on
 ; <>


menu_m
'r', zero_e_p
; Zero the counts <>


menu_m
'p', targ2pos
; Set the destination as the position <>

; Also a '.' sent at any time will reset the machine


movlw
'?'

    ; None of the above - uh?




call
tx_w


goto
main

; go again


end

15.23 
C++ program for the PC/PIC interface

/*

 *  Syringe driver

 *

 *  Adrian Bowyer

 *  2 May 2005

 *

 */

#include "syringe.h"

#define FACTOR 6.257724

long fd;

char s[255];

// Send the string s to the robot

void wr(char* str)

{

     long n = write(fd, str, strlen(str));

     if (n < 0)

       cerr << "wr failed on: \"" << str << "\"" << endl;

}

// Read whatever the robot says (including nothing) into s

void rd()

{

      fcntl(fd, F_SETFL, FNDELAY);

      long nc = read(fd, s, 254);

      if(nc < 0)


s[0] = 0;   // Nothing there

      else


s[nc] = 0;

      fcntl(fd, F_SETFL, 0);

}

// Read n bytes, waiting if need be

void rd(long n)

{

      long nc = read(fd, s, n);

      if(nc != n)


cerr << "rd(n): read failed.\n";

      else


s[nc] = 0;

}

// Initialize everything

void init()

{

      fd = open(PORT, O_RDWR | O_NOCTTY | O_NDELAY);

      if (fd == -1)

         cerr << "init: Unable to open" << endl;

      else

         fcntl(fd, F_SETFL, 0);

      wr("e");         // Syringe echo off

      usleep(100000);  // Wait...

      rd();            // Absorb whatever the syringe has sent

}

// Turn n into hex in array h

void n2hex(long n, char* h)

{

  if (n < 0)

  {

    cerr << "n2hex: number -ve.\n";

    n = 0;

  }

  if (n > 255)

  {

    cerr << "n2hex: number > 255.\n";

    n = 255;

  }

  long d = n & 0xf;

  if(d > 9)

    d = d - 10 + 'a';

  else

    d = d + '0';

  h[1] = d;

  d = n >> 4;

  if(d > 9)

    d = d - 10 + 'a';

  else

    d = d + '0';

  h[0] = d;

  h[2] = 0;

}

// Turn hex in h into a number and return it

long hex2n(char* h)

{

  long d = h[1];

  if(isalpha(d))

    d = d - 'a' + 10;

  else

    d = d - '0';

  long e = h[0];

  if(isalpha(e))

    e = e - 'a' + 10;

  else

    e = e - '0';

  return(16*e + d);

}

// Convert 24-bit numbers to/from hex

long hex2long(char *h)

{

  long n = 65536*hex2n(h) + 256*hex2n(&(h[2])) + hex2n(&(h[4]));

  if(h[0] == 'f')

    n = n | (((long)-1) ^ 0xffffff);

  return(n);

}

void long2hex(long n, char *h)

{

  int k0 = n%256;

  int k1 = ((n - k0)%65536);

  int k2 = (n - k0 - k1)/65536;

  k1 = k1/256;

  n2hex(k2, h);

  n2hex(k1,&(h[2]));

  n2hex(k0,&(h[4]));

}

// mm to integer and its inverse

long mm_to_long(double mm)

{

  return((long)(mm*FACTOR + 0.5));

}

double long_to_mm(long n)

{

  return((double)n/FACTOR);

}

// Get the syringe's current position and delay setting

void pos(long &a, double &b, long& c)

{

  wr("a");

  rd(6);

  a = hex2long(s);

  wr("b");

  rd(6);

  b = long_to_mm(hex2long(s));

  wr("d");

  rd(6);

  c = hex2long(s);

}

// Move axis to position a directly (syringe off)

void move(double a)

{

  long2hex(mm_to_long(a), s);

  wr("B");

  wr(s);

  s[0] = 'x';

  s[1] = 0;

  wr(s);

  // wait for all done character

  rd(1);

}

// Move axis to position a directly (syringe on)

void syringe_move(double a)

{

  long2hex(mm_to_long(a), s);

  wr("B");

  wr(s);

  s[0] = 'X';

  s[1] = 0;

  wr(s);

  // wait for all done character

  rd(1);

}

// New step delay value

void set_delay(long a)

{

  long2hex(a, s);

  wr("D");

  wr(s);

}

// Send and receive data directly to/from the robot

void talk()

{

  long loop = 1;

  while(loop)

  {

    cout << "String to send (r to return): ";

    cin >> s;

    if(s[0] != 'r')

    {

      wr(s);

      sleep(1);

      rd();

      if(s[0]) cout << "Response: " << s << endl;

    } else

      loop = 0;

  }

  // Soak up any remaining characters

  rd();

}

int main()

{

  long a, b, c, d;

  double x, x1;

  long n;

  char k;

  init();  // Get show on road...

  // Loop, reading commands and acting on them

  do

  {

    cout << "Command: ";

    cin >> k;

    switch(k)

    {

    case 't':

      talk();

      break;

    case 'p':

      pos(a, x, c);

      cout << "syringe: " << a << "   axis: " << x << " mm,   delay: " << c << endl;

      break;

    case 'x':

      cout << "axis position: ";

      cin >> x;

      move(x);

      break;

    case 'X':

      cout << "axis position: ";

      cin >> x;

      syringe_move(x);

      break;

   case 'd':

      cout << "delay value: ";

      cin >> a;

      set_delay(a);

      break;

    case 'n':

      pos(a, x1, c);

      cout << "axis position to move to repeatedly: ";

      cin >> x;

      cout << "number of times to do that: ";

      cin >> n;

      for(long i = 0; i < n; i++)

      {

         move(x);

         usleep(100000);  // Wait...


 move(x1);

         usleep(100000);  // Wait...

      }

      break;

    case 'q':

      break;

    default:

      cout << "Commands are:\n";

      cout << "t - talk\n";

      cout << "d - set step delay\n";

      cout << "p - print state\n";

      cout << "x - move axis to position (syringe off)\n";

      cout << "X - move axis to position (syringe on)\n";

      cout << "n - do many repeated movements (syringe off)\n";

      cout << "q - quit\n";

      cout << endl;

    }

  } while(k != 'q');

  close(fd);

  return(0);

}

15.24 Health and safety discussion 

This section has been included, as a point of interest, to discuss the health and safety implications of a self –replicating machine.

15.24.1 Introduction

In order for a machine to be sold and used in the EU, it must have a CE (Conformité Européene) mark. Wellkang Tech Consulting (2005) outline the fundamental reasons for CE marking:

1. CE Marking on a product is a manufacturer's declaration that the product complies with the essential requirements of the relevant European health, safety and environmental protection legislations, in practice by many of the so-called Product Directives [in this case the Machinery Directive 97/38/EC applies].

2. CE Marking on a product indicates to governmental officials that the product may be legally placed on the market in their country. 

3. CE Marking on a product ensures the free movement of the product within the EFTA & European Union (EU) single market (total 28 countries).

4. CE Marking on a product permits the withdrawal of the non-conforming products by customs and enforcement/vigilance authorities.

There are eight stages which must be completed successfully in order obtain a CE mark for a machine. These stages are summarised by condensing information from Newnes (2004), Jeffrey (2004) and Upfold (2004).

Table 48: Stages required to obtain a CE mark

	Stage
	Requirements

	Analysis of the relevance of Machinery Directive 97/38/EC
	The Machinery Directive 97/38/EC must be analysed to assess whether it applies to the proposed machine.

	Do other legislations apply?
	Other directives must be analysed to assess whether they apply to the proposed machine.

	Who is responsible?
	Responsibilities must be assessed. Whilst this usually falls to the manufacturer, there is a possibility of responsibility from the employer who will buy the machine and even the employee who will use it.

	Hazard analysis
	Hazards must be identified. The machinery directive helps to identify possible hazards.

	Application of the principles of safety requirements
	The health and safety principles must be applied to eliminate danger where reasonably practicable. The 1993 management of Health and Safety at Work (HASAW) regulations stipulate that the problem must be solved using the following steps, only moving onto the next if the previous is not possible:

1. Eliminate the hazard by designing it out of the machine

2. Install safeguards

3. Protect the user

4. Inform the user

	Use of EU standards to ensure details of safety management are correct
	Standards define the minimum requirements for safety e.g. safeguards: EN349 Minimum gaps, BS EN953 Guards etc. e.g. user protection: standards outlined in the Provision and Use of Work Equipment Regulations (1998)

	Documentation
	A complete set of documentation requires a manual, Technical Construction File (TCF) and relevant declarations.

Manual: Manufacturers are required to write, send and keep copies of the manual.

Employers are required to keep the manuals for the users, maintenance and for re-sale.

TCF: This contains drawings, lists, calculations, test results and documents. Health and safety inspectors have the right to inspect this to evaluate due diligence. Manufacturers are required to keep the information as a dead file, whilst employees must keep the file live for modifications.

Declarations: Final approval is given after a CE type approval by a competent body, a declaration of conformity and a declaration of incorporation.

	Declaration and CE mark
	The CE mark must be clearly displayed on the machine: at least 5 mm high, clearly visible, indelible, and include the name and address of the manufacturer and the year.


It can be seen from Table 48 that obtaining a CE mark for a machine clearly takes a lot of time and effort. Should this be necessary for every RepRap machine it is likely that Health and Safety procedures would act as a barrier to artificial RepRap life.

15.24.2 How the CE mark affects the RepRap

The idea of the RepRap project is to design a machine which can make itself. Should the child machine remain exactly the same as the parent, the most work required from the Health and Safety aspect would be to obtain a CE mark for the original parent machine – the children would need no more than a physical CE mark on it’s bodywork and a printed declaration.

However, what makes the RepRap project so exciting is that it will undoubtedly change its design throughout the generations. Any change to the original design jeopardises the validity of the CE mark. Modifications for each aspect of the machine, with respect to CE marking, were defined in 1998 by the Provision and Use of Work Equipment Regulations (PUWER). These definitions and implications are summarised in Table 49, based on a summary of PUWER by Martin Keay.

Table 49: PUWER modifications summary

	
	Modification level

	
	1
	2
	3

	Mechanical
	Any activity described in the manual

Replacing like components with like

Repairs to bring machine back to its original condition

Strengthening assemblies

Strengthening guards
	
	Adding subassemblies not in the manual

Replacing components with ones that work in a different way

	Elecrical
	Any activity described in the manual

Replacing like components with like

Lowering rating of fuses or MCBs

Adding e-stops

Adding interlocking devices
	Adding assemblies not described in the manual e.g. an invertor

Small alterations to the circuit diagram
	Adding assemblies not described in the manual

Replacing components with others that work in a different way e.g. relays with a  PLC

Altering circuit diagram significantly

	Software
	Any activity described in the manual
	Any modification not described in the manual
	Any modification that could compromise the safety of the machine

	Change of use
	Any activity described in the manual
	Uses similar to those described in the manual
	

	Assembly
	
	Change of use of assembly

Handling new food product

Rearranging independently controlled machines
	Significant change of use of assembly

Modifications to machines to create assembly


The implications for each modification level are summarised in Table 50.

Table 50: Summary of implications for the modification levels defined in PUWER (1998)

	Modification level
	Implication

	1
	CE mark remains valid

	2
	A risk assessment is required and changes must be documented in the TCF. The CE mark remains valid unless the changes make the design unsuitable.

	3
	The modification compromises the original equipment design. The equipment is considered as a new machine and must be re-CE marked.


Level 1 modifications, whilst conserving the CE mark, do not enable evolution of the machine in any aspect.

Level 2 modifications would encompass the majority of the modifications made during the evolution of the machine e.g. changes to control software to improve the speed of the machine. The first requirement (shown in Table 50) would be a risk assessment of the change. It is feasible that this could be done automatically using computer simulation. This idea of computer simulation has already been accepted by some of the EU standards e.g. EN1005-4 Section 4.2 references the use of computer manikins to evaluate body postures for machine interaction. As the RepRap machine relies on computer software it is conceivable that it could facilitate the hazard analysis for all changes made. It is important to note that all level 2 changes would be relative to the most recent CE marked machine, not any of its subsequent children.

The second requirement is to update the TCF (Technical Construction File) with all changes made. With so many potential changes that would come with exponential growth, this initially sounds like a challenge. However, the wide accessibility of the Internet makes it ideal hosting medium for an updateable TCF database.

Level 3 modifications represent a fundamental change to the equipment e.g. replacement of a particular technology set. Whilst it is inevitable that the evolution of the machine will encounter level 3 modifications, they are likely to be less frequent than level 2 modifications. The necessary CE re-marking of the machine would hinder the progress of the machine, but perhaps it would be a good opportunity to check the progress of the technology at this stage. The Health and Safety directives were created to protect people and this CE marking would ensure safe generations of future RepRap machines. For example, if someone had designed a machine which used different build materials, the Control of Subastances Hazardous to Health (COSHH) regulations would be checked as a matter of course.

15.24.3 Possible directions

Should the machines be used for personal use and received without payment (as expected for the early generations of the RepRap project), it is likely that the Health and Safety regulations would not apply. Thus the machines would be free to replicate unchecked. This would be very important in the early stages of growth – the design of the machines must be given a freedom to develop and mature.

After maturity, it is conceivable that the RepRap machines might be used in industry. It is at this point (i.e. when machines are sold, or employees are needed to use them) that the Health and Safety regulations would apply. The Health and Safety system has been well integrated into European culture and it is likely that industry would implement the necessary CE re-marking for a particular breed of RepRap machine. As domestic use would likely follow industrial trends, it is likely that corporations would end up financing most of the Health and Safety aspects.

Due to the exhaustive and comprehensive style of the EU standards which need to be fulfilled in order to comply with the directives, requirements are already simply laid out. It is conceivable that a RepRap machine could have a Health and Safety data module which it could use to check the potential safety of its children.

15.25 
GNU library general public license

GNU LIBRARY GENERAL PUBLIC LICENSE

Version 2, June 1991

Copyright (C) 1991 Free Software Foundation, Inc.

675 Mass Ave, Cambridge, MA 02139, USA

Everyone is permitted to copy and distribute verbatim copies

of this license document, but changing it is not allowed.

[This is the first released version of the library GPL.  It is

numbered 2 because it goes with version 2 of the ordinary GPL.]

Preamble

The licenses for most software are designed to take away your

freedom to share and change it.  By contrast, the GNU General Public

Licenses are intended to guarantee your freedom to share and change

free software--to make sure the software is free for all its users.

This license, the Library General Public License, applies to some

specially designated Free Software Foundation software, and to any

other libraries whose authors decide to use it.  You can use it for

your libraries, too.

When we speak of free software, we are referring to freedom, not

price.  Our General Public Licenses are designed to make sure that you

have the freedom to distribute copies of free software (and charge for

this service if you wish), that you receive source code or can get it

if you want it, that you can change the software or use pieces of it

in new free programs; and that you know you can do these things.

To protect your rights, we need to make restrictions that forbid

anyone to deny you these rights or to ask you to surrender the rights.

These restrictions translate to certain responsibilities for you if

you distribute copies of the library, or if you modify it.

For example, if you distribute copies of the library, whether gratis

or for a fee, you must give the recipients all the rights that we gave

you.  You must make sure that they, too, receive or can get the source

code.  If you link a program with the library, you must provide

complete object files to the recipients so that they can relink them

with the library, after making changes to the library and recompiling

it.  And you must show them these terms so they know their rights.

Our method of protecting your rights has two steps: (1) copyright

the library, and (2) offer you this license which gives you legal

permission to copy, distribute and/or modify the library.

Also, for each distributor's protection, we want to make certain

that everyone understands that there is no warranty for this free

library.  If the library is modified by someone else and passed on, we

want its recipients to know that what they have is not the original

version, so that any problems introduced by others will not reflect on

the original authors' reputations.

Finally, any free program is threatened constantly by software

patents.  We wish to avoid the danger that companies distributing free

software will individually obtain patent licenses, thus in effect

transforming the program into proprietary software.  To prevent this,

we have made it clear that any patent must be licensed for everyone's

free use or not licensed at all.

Most GNU software, including some libraries, is covered by the ordinary

GNU General Public License, which was designed for utility programs.  This

license, the GNU Library General Public License, applies to certain

designated libraries.  This license is quite different from the ordinary

one; be sure to read it in full, and don't assume that anything in it is

the same as in the ordinary license.

The reason we have a separate public license for some libraries is that

they blur the distinction we usually make between modifying or adding to a

program and simply using it.  Linking a program with a library, without

changing the library, is in some sense simply using the library, and is

analogous to running a utility program or application program.  However, in

a textual and legal sense, the linked executable is a combined work, a

derivative of the original library, and the ordinary General Public License

treats it as such.

Because of this blurred distinction, using the ordinary General

Public License for libraries did not effectively promote software

sharing, because most developers did not use the libraries.  We

concluded that weaker conditions might promote sharing better.

However, unrestricted linking of non-free programs would deprive the

users of those programs of all benefit from the free status of the

libraries themselves.  This Library General Public License is intended to

permit developers of non-free programs to use free libraries, while

preserving your freedom as a user of such programs to change the free

libraries that are incorporated in them.  (We have not seen how to achieve

this as regards changes in header files, but we have achieved it as regards

changes in the actual functions of the Library.)  The hope is that this

will lead to faster development of free libraries.

The precise terms and conditions for copying, distribution and

modification follow.  Pay close attention to the difference between a

"work based on the library" and a "work that uses the library".  The

former contains code derived from the library, while the latter only

works together with the library.

Note that it is possible for a library to be covered by the ordinary

General Public License rather than by this special one.


GNU LIBRARY GENERAL PUBLIC LICENSE

TERMS AND CONDITIONS FOR COPYING, DISTRIBUTION AND MODIFICATION

0. This License Agreement applies to any software library which

contains a notice placed by the copyright holder or other authorized

party saying it may be distributed under the terms of this Library

General Public License (also called "this License").  Each licensee is

addressed as "you".

A "library" means a collection of software functions and/or data

prepared so as to be conveniently linked with application programs

(which use some of those functions and data) to form executables.

The "Library", below, refers to any such software library or work

which has been distributed under these terms.  A "work based on the

Library" means either the Library or any derivative work under

copyright law: that is to say, a work containing the Library or a

portion of it, either verbatim or with modifications and/or translated

straightforwardly into another language.  (Hereinafter, translation is

included without limitation in the term "modification".)

"Source code" for a work means the preferred form of the work for

making modifications to it.  For a library, complete source code means

all the source code for all modules it contains, plus any associated

interface definition files, plus the scripts used to control compilation

and installation of the library.

Activities other than copying, distribution and modification are not

covered by this License; they are outside its scope.  The act of

running a program using the Library is not restricted, and output from

such a program is covered only if its contents constitute a work based

on the Library (independent of the use of the Library in a tool for

writing it).  Whether that is true depends on what the Library does

and what the program that uses the Library does.

1. You may copy and distribute verbatim copies of the Library's

complete source code as you receive it, in any medium, provided that

you conspicuously and appropriately publish on each copy an

appropriate copyright notice and disclaimer of warranty; keep intact

all the notices that refer to this License and to the absence of any

warranty; and distribute a copy of this License along with the

Library.

You may charge a fee for the physical act of transferring a copy,

and you may at your option offer warranty protection in exchange for a

fee.

2. You may modify your copy or copies of the Library or any portion

of it, thus forming a work based on the Library, and copy and

distribute such modifications or work under the terms of Section 1

above, provided that you also meet all of these conditions:

a) The modified work must itself be a software library.

b) You must cause the files modified to carry prominent notices

stating that you changed the files and the date of any change.

c) You must cause the whole of the work to be licensed at no

charge to all third parties under the terms of this License.

d) If a facility in the modified Library refers to a function or a

table of data to be supplied by an application program that uses

the facility, other than as an argument passed when the facility

is invoked, then you must make a good faith effort to ensure that,

in the event an application does not supply such function or

table, the facility still operates, and performs whatever part of

its purpose remains meaningful.

(For example, a function in a library to compute square roots has

a purpose that is entirely well-defined independent of the

application.  Therefore, Subsection 2d requires that any

application-supplied function or table used by this function must

be optional: if the application does not supply it, the square

root function must still compute square roots.)

These requirements apply to the modified work as a whole.  If

identifiable sections of that work are not derived from the Library,

and can be reasonably considered independent and separate works in

themselves, then this License, and its terms, do not apply to those

sections when you distribute them as separate works.  But when you

distribute the same sections as part of a whole which is a work based

on the Library, the distribution of the whole must be on the terms of

this License, whose permissions for other licensees extend to the

entire whole, and thus to each and every part regardless of who wrote

it.

Thus, it is not the intent of this section to claim rights or contest

your rights to work written entirely by you; rather, the intent is to

exercise the right to control the distribution of derivative or

collective works based on the Library.

In addition, mere aggregation of another work not based on the Library

with the Library (or with a work based on the Library) on a volume of

a storage or distribution medium does not bring the other work under

the scope of this License.

3. You may opt to apply the terms of the ordinary GNU General Public

License instead of this License to a given copy of the Library.  To do

this, you must alter all the notices that refer to this License, so

that they refer to the ordinary GNU General Public License, version 2,

instead of to this License.  (If a newer version than version 2 of the

ordinary GNU General Public License has appeared, then you can specify

that version instead if you wish.)  Do not make any other change in

these notices.

Once this change is made in a given copy, it is irreversible for

that copy, so the ordinary GNU General Public License applies to all

subsequent copies and derivative works made from that copy.

This option is useful when you wish to copy part of the code of

the Library into a program that is not a library.

4. You may copy and distribute the Library (or a portion or

derivative of it, under Section 2) in object code or executable form

under the terms of Sections 1 and 2 above provided that you accompany

it with the complete corresponding machine-readable source code, which

must be distributed under the terms of Sections 1 and 2 above on a

medium customarily used for software interchange.

If distribution of object code is made by offering access to copy

from a designated place, then offering equivalent access to copy the

source code from the same place satisfies the requirement to

distribute the source code, even though third parties are not

compelled to copy the source along with the object code.

5. A program that contains no derivative of any portion of the

Library, but is designed to work with the Library by being compiled or

linked with it, is called a "work that uses the Library".  Such a

work, in isolation, is not a derivative work of the Library, and

therefore falls outside the scope of this License.

However, linking a "work that uses the Library" with the Library

creates an executable that is a derivative of the Library (because it

contains portions of the Library), rather than a "work that uses the

library".  The executable is therefore covered by this License.

Section 6 states terms for distribution of such executables.

When a "work that uses the Library" uses material from a header file

that is part of the Library, the object code for the work may be a

derivative work of the Library even though the source code is not.

Whether this is true is especially significant if the work can be

linked without the Library, or if the work is itself a library.  The

threshold for this to be true is not precisely defined by law.

If such an object file uses only numerical parameters, data

structure layouts and accessors, and small macros and small inline

functions (ten lines or less in length), then the use of the object

file is unrestricted, regardless of whether it is legally a derivative

work.  (Executables containing this object code plus portions of the

Library will still fall under Section 6.)

Otherwise, if the work is a derivative of the Library, you may

distribute the object code for the work under the terms of Section 6.

Any executables containing that work also fall under Section 6,

whether or not they are linked directly with the Library itself.

6. As an exception to the Sections above, you may also compile or

link a "work that uses the Library" with the Library to produce a

work containing portions of the Library, and distribute that work

under terms of your choice, provided that the terms permit

modification of the work for the customer's own use and reverse

engineering for debugging such modifications.

You must give prominent notice with each copy of the work that the

Library is used in it and that the Library and its use are covered by

this License.  You must supply a copy of this License.  If the work

during execution displays copyright notices, you must include the

copyright notice for the Library among them, as well as a reference

directing the user to the copy of this License.  Also, you must do one

of these things:

a) Accompany the work with the complete corresponding

machine-readable source code for the Library including whatever

changes were used in the work (which must be distributed under

Sections 1 and 2 above); and, if the work is an executable linked

with the Library, with the complete machine-readable "work that

uses the Library", as object code and/or source code, so that the

user can modify the Library and then relink to produce a modified

executable containing the modified Library.  (It is understood

that the user who changes the contents of definitions files in the

Library will not necessarily be able to recompile the application

to use the modified definitions.)

b) Accompany the work with a written offer, valid for at

least three years, to give the same user the materials

specified in Subsection 6a, above, for a charge no more

than the cost of performing this distribution.

c) If distribution of the work is made by offering access to copy

from a designated place, offer equivalent access to copy the above

specified materials from the same place.

d) Verify that the user has already received a copy of these

materials or that you have already sent this user a copy.

For an executable, the required form of the "work that uses the

Library" must include any data and utility programs needed for

reproducing the executable from it.  However, as a special exception,

the source code distributed need not include anything that is normally

distributed (in either source or binary form) with the major

components (compiler, kernel, and so on) of the operating system on

which the executable runs, unless that component itself accompanies

the executable.

It may happen that this requirement contradicts the license

restrictions of other proprietary libraries that do not normally

accompany the operating system.  Such a contradiction means you cannot

use both them and the Library together in an executable that you

distribute.

7. You may place library facilities that are a work based on the

Library side-by-side in a single library together with other library

facilities not covered by this License, and distribute such a combined

library, provided that the separate distribution of the work based on

the Library and of the other library facilities is otherwise

permitted, and provided that you do these two things:

a) Accompany the combined library with a copy of the same work

based on the Library, uncombined with any other library

facilities.  This must be distributed under the terms of the

Sections above.

b) Give prominent notice with the combined library of the fact

that part of it is a work based on the Library, and explaining

where to find the accompanying uncombined form of the same work.

8. You may not copy, modify, sublicense, link with, or distribute

the Library except as expressly provided under this License.  Any

attempt otherwise to copy, modify, sublicense, link with, or

distribute the Library is void, and will automatically terminate your

rights under this License.  However, parties who have received copies,

or rights, from you under this License will not have their licenses

terminated so long as such parties remain in full compliance.

9. You are not required to accept this License, since you have not

signed it.  However, nothing else grants you permission to modify or

distribute the Library or its derivative works.  These actions are

prohibited by law if you do not accept this License.  Therefore, by

modifying or distributing the Library (or any work based on the

Library), you indicate your acceptance of this License to do so, and

all its terms and conditions for copying, distributing or modifying

the Library or works based on it.

10. Each time you redistribute the Library (or any work based on the

Library), the recipient automatically receives a license from the

original licensor to copy, distribute, link with or modify the Library

subject to these terms and conditions.  You may not impose any further

restrictions on the recipients' exercise of the rights granted herein.

You are not responsible for enforcing compliance by third parties to

this License.

11. If, as a consequence of a court judgment or allegation of patent

infringement or for any other reason (not limited to patent issues),

conditions are imposed on you (whether by court order, agreement or

otherwise) that contradict the conditions of this License, they do not

excuse you from the conditions of this License.  If you cannot

distribute so as to satisfy simultaneously your obligations under this

License and any other pertinent obligations, then as a consequence you

may not distribute the Library at all.  For example, if a patent

license would not permit royalty-free redistribution of the Library by

all those who receive copies directly or indirectly through you, then

the only way you could satisfy both it and this License would be to

refrain entirely from distribution of the Library.

If any portion of this section is held invalid or unenforceable under any

particular circumstance, the balance of the section is intended to apply,

and the section as a whole is intended to apply in other circumstances.

It is not the purpose of this section to induce you to infringe any

patents or other property right claims or to contest validity of any

such claims; this section has the sole purpose of protecting the

integrity of the free software distribution system which is

implemented by public license practices.  Many people have made

generous contributions to the wide range of software distributed

through that system in reliance on consistent application of that

system; it is up to the author/donor to decide if he or she is willing

to distribute software through any other system and a licensee cannot

impose that choice.

This section is intended to make thoroughly clear what is believed to

be a consequence of the rest of this License.

12. If the distribution and/or use of the Library is restricted in

certain countries either by patents or by copyrighted interfaces, the

original copyright holder who places the Library under this License may add

an explicit geographical distribution limitation excluding those countries,

so that distribution is permitted only in or among countries not thus

excluded.  In such case, this License incorporates the limitation as if

written in the body of this License.

13. The Free Software Foundation may publish revised and/or new

versions of the Library General Public License from time to time.

Such new versions will be similar in spirit to the present version,

but may differ in detail to address new problems or concerns.

Each version is given a distinguishing version number.  If the Library

specifies a version number of this License which applies to it and

"any later version", you have the option of following the terms and

conditions either of that version or of any later version published by

the Free Software Foundation.  If the Library does not specify a

license version number, you may choose any version ever published by

the Free Software Foundation.

14. If you wish to incorporate parts of the Library into other free

programs whose distribution conditions are incompatible with these,

write to the author to ask for permission.  For software which is

copyrighted by the Free Software Foundation, write to the Free

Software Foundation; we sometimes make exceptions for this.  Our

decision will be guided by the two goals of preserving the free status

of all derivatives of our free software and of promoting the sharing

and reuse of software generally.


NO WARRANTY

15. BECAUSE THE LIBRARY IS LICENSED FREE OF CHARGE, THERE IS NO

WARRANTY FOR THE LIBRARY, TO THE EXTENT PERMITTED BY APPLICABLE LAW.

EXCEPT WHEN OTHERWISE STATED IN WRITING THE COPYRIGHT HOLDERS AND/OR

OTHER PARTIES PROVIDE THE LIBRARY "AS IS" WITHOUT WARRANTY OF ANY

KIND, EITHER EXPRESSED OR IMPLIED, INCLUDING, BUT NOT LIMITED TO, THE

IMPLIED WARRANTIES OF MERCHANTABILITY AND FITNESS FOR A PARTICULAR

PURPOSE.  THE ENTIRE RISK AS TO THE QUALITY AND PERFORMANCE OF THE

LIBRARY IS WITH YOU.  SHOULD THE LIBRARY PROVE DEFECTIVE, YOU ASSUME

THE COST OF ALL NECESSARY SERVICING, REPAIR OR CORRECTION.

16. IN NO EVENT UNLESS REQUIRED BY APPLICABLE LAW OR AGREED TO IN

WRITING WILL ANY COPYRIGHT HOLDER, OR ANY OTHER PARTY WHO MAY MODIFY

AND/OR REDISTRIBUTE THE LIBRARY AS PERMITTED ABOVE, BE LIABLE TO YOU

FOR DAMAGES, INCLUDING ANY GENERAL, SPECIAL, INCIDENTAL OR

CONSEQUENTIAL DAMAGES ARISING OUT OF THE USE OR INABILITY TO USE THE

LIBRARY (INCLUDING BUT NOT LIMITED TO LOSS OF DATA OR DATA BEING

RENDERED INACCURATE OR LOSSES SUSTAINED BY YOU OR THIRD PARTIES OR A

FAILURE OF THE LIBRARY TO OPERATE WITH ANY OTHER SOFTWARE), EVEN IF

SUCH HOLDER OR OTHER PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH

DAMAGES.

END OF TERMS AND CONDITIONS

Appendix: How to Apply These Terms to Your New Libraries

If you develop a new library, and you want it to be of the greatest

possible use to the public, we recommend making it free software that

everyone can redistribute and change.  You can do so by permitting

redistribution under these terms (or, alternatively, under the terms of the

ordinary General Public License).

To apply these terms, attach the following notices to the library.  It is

safest to attach them to the start of each source file to most effectively

convey the exclusion of warranty; and each file should have at least the

"copyright" line and a pointer to where the full notice is found.

<one line to give the library's name and a brief idea of what it does.>

Copyright (C) <year>  <name of author>

This library is free software; you can redistribute it and/or

modify it under the terms of the GNU Library General Public

License as published by the Free Software Foundation; either

version 2 of the License, or (at your option) any later version.

This library is distributed in the hope that it will be useful,

but WITHOUT ANY WARRANTY; without even the implied warranty of

MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE.  See the GNU

Library General Public License for more details.

You should have received a copy of the GNU Library General Public

License along with this library; if not, write to the Free

Software Foundation, Inc., 675 Mass Ave, Cambridge, MA 02139, USA.

Also add information on how to contact you by electronic and paper mail.

You should also get your employer (if you work as a programmer) or your

school, if any, to sign a "copyright disclaimer" for the library, if

necessary.  Here is a sample; alter the names:

Yoyodyne, Inc., hereby disclaims all copyright interest in the

library `Frob' (a library for tweaking knobs) written by James Random Hacker.

<signature of Ty Coon>, 1 April 1990

Ty Coon, President of Vice

That's all there is to it!
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		1		0.7320508076		2

		2		0.4494897428		1.4641016151

		3		0.3166247904		1.1231056256

		4		0.2426406871		0.8989794856

		5		0.1961524227		0.7445626465

		6		0.164414003		0.6332495807

		7		0.1414284285		0.5498344353

		8		0.1240384046		0.4852813742

		9		0.1104335791		0.4339811321

		10		0.0995049384		0.3923048454

		11		0.0905365064		0.3578166916

		12		0.0830459736		0.3288280059

		13		0.0766968306		0.3041346957

		14		0.0712472795		0.2828568571

		15		0.0665191733		0.2643375225

		16		0.0623784042		0.2480768093

		17		0.0587221092		0.2336879396

		18		0.0554700853		0.2208671583

		19		0.0525588833		0.2093727123

		20		0.0499376558		0.1990098767

		21		0.0475651798		0.1896201004

		22		0.045407685		0.1810730128

		23		0.0434372436		0.1732604525

		24		0.0416305603		0.1660919472

		25		0.0399680511		0.1594912508

		26		0.0384331326		0.1533936612

		27		0.0370116692		0.147743921

		28		0.0356915378		0.1424945589

		29		0.0344622819		0.1376045687

		30		0.0333148354		0.1330383466

		31		0.0322412984		0.1287648325

		32		0.0312347561		0.1247568084

		33		0.0302891298		0.1209903234

		34		0.0293990543		0.1174442185

		35		0.0285597763		0.1140997322

		36		0.0277670693		0.1109401705

		37		0.0270171631		0.1079506306

		38		0.0263066837		0.1051177665

		39		0.0256326022		0.102429592

		40		0.0249921924		0.0998753115

		41		0.0243829935		0.0974451761

		42		0.0238027789		0.0951303597

		43		0.0232495286		0.0929228528

		44		0.0227214061		0.0908153701

		45		0.022216738		0.0888012704

		46		0.021733996		0.0868744872

		47		0.021271782		0.085029468

		48		0.0208288142		0.0832611207

		49		0.0204039151		0.0815647672

		50		0.0199960016		0.0799361022

		51		0.0196040753		0.0783711565

		52		0.0192272146		0.0768662652

		53		0.0188645672		0.0754180389

		54		0.0185153443		0.0740233384

		55		0.0181788139		0.0726792521

		56		0.0178542966		0.0713830755

		57		0.0175411606		0.0701322935

		58		0.0172388174		0.0689245638

		59		0.0169467187		0.0677577025

		60		0.0166643525		0.0666296707

		61		0.0163912404		0.0655385631

		62		0.0161269349		0.0644825967

		63		0.0158710168		0.0634601017

		64		0.0156230931		0.0624695122

		65		0.0153827952		0.0615093585

		66		0.0151497764		0.0605782597

		67		0.0149237111		0.0596749172

		68		0.0147042925		0.0587981087

		69		0.0144912319		0.0579466825

		70		0.0142842569		0.0571195525

		71		0.0140831103		0.056315694

		72		0.0138875496		0.0555341386

		73		0.0136973451		0.0547739713

		74		0.0135122799		0.0540343263

		75		0.0133321484		0.0533143838

		76		0.0131567559		0.0526133673

		77		0.012985918		0.0519305404

		78		0.0128194594		0.0512652044

		79		0.0126572139		0.0506166959

		80		0.0124990236		0.0499843848

		81		0.0123447383		0.0493676718

		82		0.0121942153		0.0487659871

		83		0.0120473184		0.048178788

		84		0.0119039184		0.0476055578

		85		0.0117638918		0.0470458041

		86		0.011627121		0.0464990572

		87		0.0114934937		0.0459648691

		88		0.0113629028		0.0454428122

		89		0.0112352459		0.0449324779

		90		0.0111104253		0.0444334759

		91		0.0109883476		0.043945433

		92		0.0108689232		0.043467992

		93		0.0107520666		0.0430008115

		94		0.010637696		0.0425435641

		95		0.0105257327		0.0420959365

		96		0.0104161016		0.0416576283

		97		0.0103087306		0.0412283517

		98		0.0102035504		0.0408078302

		99		0.0101004948		0.0403957989

		100		0.0099995001		0.0399920032

		101		0.0099005049		0.0395961987

		102		0.0098034505		0.0392081506

		103		0.0097082803		0.0388276331

		104		0.0096149402		0.0384544291

		105		0.0095233776		0.0380883299

		106		0.0094335425		0.0377291345

		107		0.0093453863		0.0373766495

		108		0.0092588624		0.0370306886

		109		0.0091739259		0.0366910723

		110		0.0090905335		0.0363576278

		111		0.0090086434		0.0360301884

		112		0.0089282156		0.0357085933

		113		0.008849211		0.0353926874

		114		0.0087715924		0.0350823212

		115		0.0086953234		0.0347773502

		116		0.0086203694		0.0344776349

		117		0.0085466964		0.0341830407

		118		0.008474272		0.0338934374

		119		0.0084030647		0.0336086994

		120		0.008333044		0.033328705

		121		0.0082641806		0.0330533367

		122		0.008196446		0.0327824808

		123		0.0081298126		0.0325160273

		124		0.0080642539		0.0322538697

		125		0.007999744		0.031995905

		126		0.007936258		0.0317420335

		127		0.0078737717		0.0314921584

		128		0.0078122616		0.0312461862

		129		0.0077517051		0.0310040262

		130		0.0076920801		0.0307655903

		131		0.0076333654		0.0305307934

		132		0.0075755402		0.0302995528

		133		0.0075185845		0.0300717883

		134		0.0074624788		0.0298474221

		135		0.0074072042		0.0296263788

		136		0.0073527424		0.0294085851

		137		0.0072990756		0.0291939698

		138		0.0072461866		0.0289824638

		139		0.0071940584		0.0287740002

		140		0.0071426749		0.0285685137

		141		0.0070920202		0.028365941

		142		0.0070420789		0.0281662206

		143		0.006992836		0.0279692927

		144		0.006944277		0.0277750991

		145		0.0068963877		0.0275835833

		146		0.0068491544		0.0273946902

		147		0.0068025637		0.0272083663

		148		0.0067566025		0.0270245597

		149		0.0067112583		0.0268432196

		150		0.0066665185		0.0266642967

		151		0.0066223713		0.026487743

		152		0.006578805		0.0263135118

		153		0.0065358081		0.0261415576

		154		0.0064933696		0.0259718359

		155		0.0064514786		0.0258043037

		156		0.0064101247		0.0256389187

		157		0.0063692976		0.0254756401

		158		0.0063289872		0.0253144278

		159		0.0062891838		0.0251552428

		160		0.0062498779		0.0249980472

		161		0.0062110603		0.0248428038

		162		0.0061727219		0.0246894766

		163		0.0061348539		0.0245380303

		164		0.0060974476		0.0243884305

		165		0.0060604948		0.0242406436

		166		0.0060239871		0.0240946369

		167		0.0059879166		0.0239503784

		168		0.0059522755		0.0238078369

		169		0.0059170562		0.0236669819

		170		0.0058822512		0.0235277837

		171		0.0058478532		0.0233902132

		172		0.0058138552		0.023254242

		173		0.0057802503		0.0231198424

		174		0.0057470315		0.0229869874

		175		0.0057141924		0.0228556503

		176		0.0056817265		0.0227258055

		177		0.0056496273		0.0225974276

		178		0.0056178889		0.0224704918

		179		0.005586505		0.022344974

		180		0.0055554698		0.0222208506

		181		0.0055247776		0.0220980985

		182		0.0054944226		0.0219766951

		183		0.0054643993		0.0218566183

		184		0.0054347023		0.0217378464

		185		0.0054053264		0.0216203583

		186		0.0053762664		0.0215041333

		187		0.0053475171		0.0213891511

		188		0.0053190737		0.0212753919

		189		0.0052909312		0.0211628363

		190		0.005263085		0.0210514654

		191		0.0052355303		0.0209412604

		192		0.0052082627		0.0208322032

		193		0.0051812776		0.0207242759

		194		0.0051545707		0.0206174611

		195		0.0051281377		0.0205117417

		196		0.0051019744		0.0204071009

		197		0.0050760767		0.0203035223

		198		0.0050504406		0.0202009897

		199		0.0050250622		0.0200994875

		200		0.0049999375		0.0199990001

		201		0.0049750628		0.0198995125

		202		0.0049504344		0.0198010097

		203		0.0049260486		0.0197034773

		204		0.0049019019		0.0196069009

		205		0.0048779907		0.0195112666

		206		0.0048543117		0.0194165607

		207		0.0048308615		0.0193227696

		208		0.0048076367		0.0192298803

		209		0.0047846342		0.0191378798

		210		0.0047618508		0.0190467553

		211		0.0047392833		0.0189564944

		212		0.0047169287		0.018867085

		213		0.0046947839		0.0187785149

		214		0.0046728462		0.0186907726

		215		0.0046511125		0.0186038463

		216		0.00462958		0.0185177248

		217		0.004608246		0.0184323969

		218		0.0045871077		0.0183478517

		219		0.0045661624		0.0182640786

		220		0.0045454076		0.0181810669

		221		0.0045248406		0.0180988064

		222		0.0045044588		0.0180172869

		223		0.0044842598		0.0179364984

		224		0.0044642412		0.0178564311

		225		0.0044444005		0.0177770755

		226		0.0044247354		0.017698422

		227		0.0044052436		0.0176204615

		228		0.0043859227		0.0175431847

		229		0.0043667706		0.0174665828

		230		0.004347785		0.0173906469

		231		0.0043289638		0.0173153684

		232		0.0043103048		0.0172407387

		233		0.004291806		0.0171667496

		234		0.0042734653		0.0170933928

		235		0.0042552806		0.0170206602

		236		0.0042372501		0.016948544

		237		0.0042193717		0.0168770362

		238		0.0042016436		0.0168061293

		239		0.0041840638		0.0167358157

		240		0.0041666305		0.016666088

		241		0.0041493419		0.0165969389

		242		0.0041321961		0.0165283612

		243		0.0041151915		0.0164603479

		244		0.0040983262		0.016392892

		245		0.0040815987		0.0163259867

		246		0.0040650071		0.0162596253

		247		0.0040485498		0.0161938011

		248		0.0040322253		0.0161285078

		249		0.0040160319		0.0160637389

		250		0.003999968		0.015999488

		251		0.0039840321		0.0159357491

		252		0.0039682227		0.015872516

		253		0.0039525383		0.0158097827

		254		0.0039369774		0.0157475433

		255		0.0039215385		0.0156857921

		256		0.0039062202		0.0156245232

		257		0.0038910211		0.0155637311

		258		0.0038759399		0.0155034102

		259		0.0038609751		0.015443555

		260		0.0038461254		0.0153841602

		261		0.0038313895		0.0153252206

		262		0.0038167661		0.0152667308

		263		0.0038022539		0.0152086857

		264		0.0037878516		0.0151510804

		265		0.003773558		0.0150939098

		266		0.0037593719		0.015037169

		267		0.0037452921		0.0149808531

		268		0.0037313173		0.0149249575

		269		0.0037174464		0.0148694775

		270		0.0037036783		0.0148144084

		271		0.0036900118		0.0147597457

		272		0.0036764457		0.0147054848

		273		0.0036629791		0.0146516215

		274		0.0036496107		0.0145981513

		275		0.0036363396		0.0145450699

		276		0.0036231646		0.0144923731

		277		0.0036100848		0.0144400568

		278		0.003597099		0.0143881169

		279		0.0035842064		0.0143365492

		280		0.0035714058		0.0142853499

		281		0.0035586963		0.0142345149

		282		0.003546077		0.0141840404

		283		0.0035335468		0.0141339227

		284		0.0035211049		0.0140841578

		285		0.0035087503		0.0140347422

		286		0.0034964821		0.013985672

		287		0.0034842994		0.0139369438

		288		0.0034722013		0.013888554

		289		0.0034601869		0.013840499

		290		0.0034482554		0.0137927754

		291		0.0034364058		0.0137453798

		292		0.0034246375		0.0136983088

		293		0.0034129494		0.0136515591

		294		0.0034013409		0.0136051274

		295		0.003389811		0.0135590104

		296		0.0033783591		0.0135132051

		297		0.0033669843		0.0134677081

		298		0.0033556858		0.0134225165

		299		0.0033444629		0.0133776272

		300		0.0033333148		0.0133330371



Error with caliper axis origin offset (0.2,0.2)

Error with caliper axis origin offset (1,1)

Error with caliper axis origin offset (2,2)

True carriage distance (mm)

Error from caliper hypotenuse  (mm)

0.0392304845

0.0199009877

0.0133038347

0.0099875312

0.0079936102

0.0066629671

0.0057119553

0.0049984385

0.0044433476

0.0039992003

0.0036357628

0.0033328705

0.003076559

0.0028568514

0.0026664297

0.0024998047

0.0023527784

0.0022220851

0.0021051465

0.0019999

0.0019046755

0.0018181067

0.0017390647

0.0016666088

0.0015999488

0.001538416

0.0014814408

0.001428535

0.0013792775

0.0013333037

0.0012902957

0.0012499756

0.001212099

0.0011764502

0.0011428385

0.001111094

0.0010810653

0.001052617

0.0010256275

0.0009999875

0.0009755981

0.0009523702

0.0009302225

0.0009090815

0.0008888801

0.000869557

0.0008510561

0.0008333261

0.0008163197

0.0007999936

0.0007843077

0.0007692251

0.0007547116

0.0007407357

0.0007272679

0.0007142812

0.0007017501

0.0006896511

0.0006779622

0.000666663

0.0006557342

0.0006451579

0.0006349174

0.0006249969

0.0006153817

0.0006060578

0.0005970123

0.0005882327

0.0005797077

0.0005714262

0.000563378

0.0005555534

0.0005479431

0.0005405386

0.0005333314

0.000526314

0.0005194788

0.0005128188

0.0005063275

0.0004999984

0.0004938257

0.0004878034

0.0004819263

0.0004761891

0.0004705869

0.000465115

0.0004597689

0.0004545443

0.0004494371

0.0004444433

0.0004395594

0.0004347816

0.0004301065

0.000425531

0.0004210517

0.0004166658

0.0004123703

0.0004081624

0.0004040396

0.0003999992

0.0003960388

0.0003921561

0.0003883488

0.0003846147

0.0003809517

0.0003773578

0.0003738311

0.0003703697

0.0003669719

0.0003636358

0.0003603598

0.0003571423

0.0003539817

0.0003508767

0.0003478256

0.0003448271

0.0003418798

0.0003389826

0.000336134

0.0003333329

0.0003305781

0.0003278684

0.0003252028

0.0003225802

0.0003199996

0.0003174599

0.0003149602

0.0003124996

0.0003100771

0.0003076919

0.0003053432

0.00030303

0.0003007515

0.0002985071

0.000296296

0.0002941173

0.0002919705

0.0002898548

0.0002877695

0.000285714

0.0002836877

0.0002816899

0.00027972

0.0002777775

0.0002758618

0.0002739723

0.0002721086

0.00027027

0.0002684561

0.0002666664

0.0002649004

0.0002631577

0.0002614377

0.00025974

0.0002580643

0.00025641

0.0002547769

0.0002531644

0.0002515721

0.0002499998

0.000248447

0.0002469134

0.0002453986

0.0002439023

0.0002424241

0.0002409637

0.0002395208

0.0002380951

0.0002366862

0.000235294

0.000233918

0.000232558

0.0002312137

0.0002298849

0.0002285713

0.0002272726

0.0002259886

0.000224719

0.0002234635

0.0002222221

0.0002209943

0.0002197801

0.0002185791

0.0002173912

0.0002162161

0.0002150536

0.0002139036

0.0002127658

0.0002116401

0.0002105262

0.000209424

0.0002083332

0.0002072538

0.0002061855

0.0002051281

0.0002040815

0.0002030456

0.0002020201

0.0002010049

0.0001999999

0.0001990049

0.0001980197

0.0001970442

0.0001960783

0.0001951219

0.0001941747

0.0001932366

0.0001923076

0.0001913875

0.0001904761

0.0001895734

0.0001886792

0.0001877933

0.0001869158

0.0001860464

0.0001851851

0.0001843317

0.0001834862

0.0001826483

0.0001818181

0.0001809954

0.0001801801

0.0001793721

0.0001785714

0.0001777777

0.0001769911

0.0001762114

0.0001754385

0.0001746724

0.000173913

0.0001731601

0.0001724137

0.0001716738

0.0001709401

0.0001702127

0.0001694915

0.0001687763

0.0001680672

0.000167364

0.0001666666

0.000165975

0.0001652892

0.000164609

0.0001639344

0.0001632653

0.0001626016

0.0001619433

0.0001612903

0.0001606425

0.0001599999

0.0001593625

0.0001587301

0.0001581027

0.0001574803

0.0001568627

0.00015625

0.000155642

0.0001550387

0.0001544401

0.0001538461

0.0001532567

0.0001526717

0.0001520912

0.0001515151

0.0001509434

0.0001503759

0.0001498127

0.0001492537

0.0001486988

0.0001481481

0.0001476014

0.0001470588

0.0001465201

0.0001459854

0.0001454545

0.0001449275

0.0001444043

0.0001438849

0.0001433691

0.0001428571

0.0001423487

0.0001418439

0.0001413427

0.000140845

0.0001403508

0.0001398601

0.0001393728

0.0001388889

0.0001384083

0.000137931

0.000137457

0.0001369863

0.0001365187

0.0001360544

0.0001355932

0.0001351351

0.0001346801

0.0001342282

0.0001337792

0.0001333333



Sheet1

		x		1				2				0.2

		y		1				2				0.2

		a		1.4142135624				2.8284271247				0.2828427125

		Ture carrige distance		h		Error with caliper axis origin offset (1,1)				Error with caliper axis origin offset (2,2)				Error with caliper axis origin offset (0.2,0.2)

		1		1.7320508076		0.7320508076		3		2		1.0392304845		0.0392304845

		2		2.4494897428		0.4494897428		3.4641016151		1.4641016151		2.0199009877		0.0199009877

		3		3.3166247904		0.3166247904		4.1231056256		1.1231056256		3.0133038347		0.0133038347

		4		4.2426406871		0.2426406871		4.8989794856		0.8989794856		4.0099875312		0.0099875312

		5		5.1961524227		0.1961524227		5.7445626465		0.7445626465		5.0079936102		0.0079936102

		6		6.164414003		0.164414003		6.6332495807		0.6332495807		6.0066629671		0.0066629671

		7		7.1414284285		0.1414284285		7.5498344353		0.5498344353		7.0057119553		0.0057119553

		8		8.1240384046		0.1240384046		8.4852813742		0.4852813742		8.0049984385		0.0049984385

		9		9.1104335791		0.1104335791		9.4339811321		0.4339811321		9.0044433476		0.0044433476

		10		10.0995049384		0.0995049384		10.3923048454		0.3923048454		10.0039992003		0.0039992003

		11		11.0905365064		0.0905365064		11.3578166916		0.3578166916		11.0036357628		0.0036357628

		12		12.0830459736		0.0830459736		12.3288280059		0.3288280059		12.0033328705		0.0033328705

		13		13.0766968306		0.0766968306		13.3041346957		0.3041346957		13.003076559		0.003076559

		14		14.0712472795		0.0712472795		14.2828568571		0.2828568571		14.0028568514		0.0028568514

		15		15.0665191733		0.0665191733		15.2643375225		0.2643375225		15.0026664297		0.0026664297

		16		16.0623784042		0.0623784042		16.2480768093		0.2480768093		16.0024998047		0.0024998047

		17		17.0587221092		0.0587221092		17.2336879396		0.2336879396		17.0023527784		0.0023527784

		18		18.0554700853		0.0554700853		18.2208671583		0.2208671583		18.0022220851		0.0022220851

		19		19.0525588833		0.0525588833		19.2093727123		0.2093727123		19.0021051465		0.0021051465

		20		20.0499376558		0.0499376558		20.1990098767		0.1990098767		20.0019999		0.0019999

		21		21.0475651798		0.0475651798		21.1896201004		0.1896201004		21.0019046755		0.0019046755

		22		22.045407685		0.045407685		22.1810730128		0.1810730128		22.0018181067		0.0018181067

		23		23.0434372436		0.0434372436		23.1732604525		0.1732604525		23.0017390647		0.0017390647

		24		24.0416305603		0.0416305603		24.1660919472		0.1660919472		24.0016666088		0.0016666088

		25		25.0399680511		0.0399680511		25.1594912508		0.1594912508		25.0015999488		0.0015999488

		26		26.0384331326		0.0384331326		26.1533936612		0.1533936612		26.001538416		0.001538416

		27		27.0370116692		0.0370116692		27.147743921		0.147743921		27.0014814408		0.0014814408

		28		28.0356915378		0.0356915378		28.1424945589		0.1424945589		28.001428535		0.001428535

		29		29.0344622819		0.0344622819		29.1376045687		0.1376045687		29.0013792775		0.0013792775

		30		30.0333148354		0.0333148354		30.1330383466		0.1330383466		30.0013333037		0.0013333037

		31		31.0322412984		0.0322412984		31.1287648325		0.1287648325		31.0012902957		0.0012902957

		32		32.0312347561		0.0312347561		32.1247568084		0.1247568084		32.0012499756		0.0012499756

		33		33.0302891298		0.0302891298		33.1209903234		0.1209903234		33.001212099		0.001212099

		34		34.0293990543		0.0293990543		34.1174442185		0.1174442185		34.0011764502		0.0011764502

		35		35.0285597763		0.0285597763		35.1140997322		0.1140997322		35.0011428385		0.0011428385

		36		36.0277670693		0.0277670693		36.1109401705		0.1109401705		36.001111094		0.001111094

		37		37.0270171631		0.0270171631		37.1079506306		0.1079506306		37.0010810653		0.0010810653

		38		38.0263066837		0.0263066837		38.1051177665		0.1051177665		38.001052617		0.001052617

		39		39.0256326022		0.0256326022		39.102429592		0.102429592		39.0010256275		0.0010256275

		40		40.0249921924		0.0249921924		40.0998753115		0.0998753115		40.0009999875		0.0009999875

		41		41.0243829935		0.0243829935		41.0974451761		0.0974451761		41.0009755981		0.0009755981

		42		42.0238027789		0.0238027789		42.0951303597		0.0951303597		42.0009523702		0.0009523702

		43		43.0232495286		0.0232495286		43.0929228528		0.0929228528		43.0009302225		0.0009302225

		44		44.0227214061		0.0227214061		44.0908153701		0.0908153701		44.0009090815		0.0009090815

		45		45.022216738		0.022216738		45.0888012704		0.0888012704		45.0008888801		0.0008888801

		46		46.021733996		0.021733996		46.0868744872		0.0868744872		46.000869557		0.000869557

		47		47.021271782		0.021271782		47.085029468		0.085029468		47.0008510561		0.0008510561

		48		48.0208288142		0.0208288142		48.0832611207		0.0832611207		48.0008333261		0.0008333261

		49		49.0204039151		0.0204039151		49.0815647672		0.0815647672		49.0008163197		0.0008163197

		50		50.0199960016		0.0199960016		50.0799361022		0.0799361022		50.0007999936		0.0007999936

		51		51.0196040753		0.0196040753		51.0783711565		0.0783711565		51.0007843077		0.0007843077

		52		52.0192272146		0.0192272146		52.0768662652		0.0768662652		52.0007692251		0.0007692251

		53		53.0188645672		0.0188645672		53.0754180389		0.0754180389		53.0007547116		0.0007547116

		54		54.0185153443		0.0185153443		54.0740233384		0.0740233384		54.0007407357		0.0007407357

		55		55.0181788139		0.0181788139		55.0726792521		0.0726792521		55.0007272679		0.0007272679

		56		56.0178542966		0.0178542966		56.0713830755		0.0713830755		56.0007142812		0.0007142812

		57		57.0175411606		0.0175411606		57.0701322935		0.0701322935		57.0007017501		0.0007017501

		58		58.0172388174		0.0172388174		58.0689245638		0.0689245638		58.0006896511		0.0006896511

		59		59.0169467187		0.0169467187		59.0677577025		0.0677577025		59.0006779622		0.0006779622

		60		60.0166643525		0.0166643525		60.0666296707		0.0666296707		60.000666663		0.000666663

		61		61.0163912404		0.0163912404		61.0655385631		0.0655385631		61.0006557342		0.0006557342

		62		62.0161269349		0.0161269349		62.0644825967		0.0644825967		62.0006451579		0.0006451579

		63		63.0158710168		0.0158710168		63.0634601017		0.0634601017		63.0006349174		0.0006349174

		64		64.0156230931		0.0156230931		64.0624695122		0.0624695122		64.0006249969		0.0006249969

		65		65.0153827952		0.0153827952		65.0615093585		0.0615093585		65.0006153817		0.0006153817

		66		66.0151497764		0.0151497764		66.0605782597		0.0605782597		66.0006060578		0.0006060578

		67		67.0149237111		0.0149237111		67.0596749172		0.0596749172		67.0005970123		0.0005970123

		68		68.0147042925		0.0147042925		68.0587981087		0.0587981087		68.0005882327		0.0005882327

		69		69.0144912319		0.0144912319		69.0579466825		0.0579466825		69.0005797077		0.0005797077

		70		70.0142842569		0.0142842569		70.0571195525		0.0571195525		70.0005714262		0.0005714262

		71		71.0140831103		0.0140831103		71.056315694		0.056315694		71.000563378		0.000563378

		72		72.0138875496		0.0138875496		72.0555341386		0.0555341386		72.0005555534		0.0005555534

		73		73.0136973451		0.0136973451		73.0547739713		0.0547739713		73.0005479431		0.0005479431

		74		74.0135122799		0.0135122799		74.0540343263		0.0540343263		74.0005405386		0.0005405386

		75		75.0133321484		0.0133321484		75.0533143838		0.0533143838		75.0005333314		0.0005333314

		76		76.0131567559		0.0131567559		76.0526133673		0.0526133673		76.000526314		0.000526314

		77		77.012985918		0.012985918		77.0519305404		0.0519305404		77.0005194788		0.0005194788

		78		78.0128194594		0.0128194594		78.0512652044		0.0512652044		78.0005128188		0.0005128188

		79		79.0126572139		0.0126572139		79.0506166959		0.0506166959		79.0005063275		0.0005063275

		80		80.0124990236		0.0124990236		80.0499843848		0.0499843848		80.0004999984		0.0004999984

		81		81.0123447383		0.0123447383		81.0493676718		0.0493676718		81.0004938257		0.0004938257

		82		82.0121942153		0.0121942153		82.0487659871		0.0487659871		82.0004878034		0.0004878034

		83		83.0120473184		0.0120473184		83.048178788		0.048178788		83.0004819263		0.0004819263

		84		84.0119039184		0.0119039184		84.0476055578		0.0476055578		84.0004761891		0.0004761891

		85		85.0117638918		0.0117638918		85.0470458041		0.0470458041		85.0004705869		0.0004705869

		86		86.011627121		0.011627121		86.0464990572		0.0464990572		86.000465115		0.000465115

		87		87.0114934937		0.0114934937		87.0459648691		0.0459648691		87.0004597689		0.0004597689

		88		88.0113629028		0.0113629028		88.0454428122		0.0454428122		88.0004545443		0.0004545443

		89		89.0112352459		0.0112352459		89.0449324779		0.0449324779		89.0004494371		0.0004494371

		90		90.0111104253		0.0111104253		90.0444334759		0.0444334759		90.0004444433		0.0004444433

		91		91.0109883476		0.0109883476		91.043945433		0.043945433		91.0004395594		0.0004395594

		92		92.0108689232		0.0108689232		92.043467992		0.043467992		92.0004347816		0.0004347816

		93		93.0107520666		0.0107520666		93.0430008115		0.0430008115		93.0004301065		0.0004301065

		94		94.010637696		0.010637696		94.0425435641		0.0425435641		94.000425531		0.000425531

		95		95.0105257327		0.0105257327		95.0420959365		0.0420959365		95.0004210517		0.0004210517

		96		96.0104161016		0.0104161016		96.0416576283		0.0416576283		96.0004166658		0.0004166658

		97		97.0103087306		0.0103087306		97.0412283517		0.0412283517		97.0004123703		0.0004123703

		98		98.0102035504		0.0102035504		98.0408078302		0.0408078302		98.0004081624		0.0004081624

		99		99.0101004948		0.0101004948		99.0403957989		0.0403957989		99.0004040396		0.0004040396

		100		100.0099995001		0.0099995001		100.0399920032		0.0399920032		100.0003999992		0.0003999992

		101		101.0099005049		0.0099005049		101.0395961987		0.0395961987		101.0003960388		0.0003960388

		102		102.0098034505		0.0098034505		102.0392081506		0.0392081506		102.0003921561		0.0003921561

		103		103.0097082803		0.0097082803		103.0388276331		0.0388276331		103.0003883488		0.0003883488

		104		104.0096149402		0.0096149402		104.0384544291		0.0384544291		104.0003846147		0.0003846147

		105		105.0095233776		0.0095233776		105.0380883299		0.0380883299		105.0003809517		0.0003809517

		106		106.0094335425		0.0094335425		106.0377291345		0.0377291345		106.0003773578		0.0003773578

		107		107.0093453863		0.0093453863		107.0373766495		0.0373766495		107.0003738311		0.0003738311

		108		108.0092588624		0.0092588624		108.0370306886		0.0370306886		108.0003703697		0.0003703697

		109		109.0091739259		0.0091739259		109.0366910723		0.0366910723		109.0003669719		0.0003669719

		110		110.0090905335		0.0090905335		110.0363576278		0.0363576278		110.0003636358		0.0003636358

		111		111.0090086434		0.0090086434		111.0360301884		0.0360301884		111.0003603598		0.0003603598

		112		112.0089282156		0.0089282156		112.0357085933		0.0357085933		112.0003571423		0.0003571423

		113		113.008849211		0.008849211		113.0353926874		0.0353926874		113.0003539817		0.0003539817

		114		114.0087715924		0.0087715924		114.0350823212		0.0350823212		114.0003508767		0.0003508767

		115		115.0086953234		0.0086953234		115.0347773502		0.0347773502		115.0003478256		0.0003478256

		116		116.0086203693		0.0086203694		116.0344776349		0.0344776349		116.0003448271		0.0003448271

		117		117.0085466964		0.0085466964		117.0341830407		0.0341830407		117.0003418798		0.0003418798

		118		118.008474272		0.008474272		118.0338934374		0.0338934374		118.0003389826		0.0003389826

		119		119.0084030647		0.0084030647		119.0336086994		0.0336086994		119.000336134		0.000336134

		120		120.008333044		0.008333044		120.033328705		0.033328705		120.0003333329		0.0003333329

		121		121.0082641806		0.0082641806		121.0330533367		0.0330533367		121.0003305781		0.0003305781

		122		122.008196446		0.008196446		122.0327824808		0.0327824808		122.0003278684		0.0003278684

		123		123.0081298126		0.0081298126		123.0325160273		0.0325160273		123.0003252028		0.0003252028

		124		124.0080642539		0.0080642539		124.0322538697		0.0322538697		124.0003225802		0.0003225802

		125		125.007999744		0.007999744		125.031995905		0.031995905		125.0003199996		0.0003199996

		126		126.007936258		0.007936258		126.0317420335		0.0317420335		126.0003174599		0.0003174599

		127		127.0078737717		0.0078737717		127.0314921584		0.0314921584		127.0003149602		0.0003149602

		128		128.0078122616		0.0078122616		128.0312461862		0.0312461862		128.0003124996		0.0003124996

		129		129.0077517051		0.0077517051		129.0310040262		0.0310040262		129.0003100771		0.0003100771

		130		130.0076920801		0.0076920801		130.0307655903		0.0307655903		130.0003076919		0.0003076919

		131		131.0076333654		0.0076333654		131.0305307934		0.0305307934		131.0003053432		0.0003053432

		132		132.0075755402		0.0075755402		132.0302995528		0.0302995528		132.00030303		0.00030303

		133		133.0075185845		0.0075185845		133.0300717883		0.0300717883		133.0003007515		0.0003007515

		134		134.0074624788		0.0074624788		134.0298474221		0.0298474221		134.0002985071		0.0002985071

		135		135.0074072042		0.0074072042		135.0296263788		0.0296263788		135.000296296		0.000296296

		136		136.0073527424		0.0073527424		136.0294085851		0.0294085851		136.0002941173		0.0002941173

		137		137.0072990756		0.0072990756		137.0291939698		0.0291939698		137.0002919705		0.0002919705

		138		138.0072461866		0.0072461866		138.0289824638		0.0289824638		138.0002898548		0.0002898548

		139		139.0071940584		0.0071940584		139.0287740002		0.0287740002		139.0002877695		0.0002877695

		140		140.0071426749		0.0071426749		140.0285685137		0.0285685137		140.000285714		0.000285714

		141		141.0070920202		0.0070920202		141.028365941		0.028365941		141.0002836877		0.0002836877

		142		142.0070420789		0.0070420789		142.0281662206		0.0281662206		142.0002816899		0.0002816899

		143		143.006992836		0.006992836		143.0279692927		0.0279692927		143.00027972		0.00027972

		144		144.006944277		0.006944277		144.0277750991		0.0277750991		144.0002777775		0.0002777775

		145		145.0068963877		0.0068963877		145.0275835833		0.0275835833		145.0002758618		0.0002758618

		146		146.0068491544		0.0068491544		146.0273946902		0.0273946902		146.0002739723		0.0002739723

		147		147.0068025637		0.0068025637		147.0272083663		0.0272083663		147.0002721086		0.0002721086

		148		148.0067566025		0.0067566025		148.0270245597		0.0270245597		148.00027027		0.00027027

		149		149.0067112583		0.0067112583		149.0268432196		0.0268432196		149.0002684561		0.0002684561

		150		150.0066665185		0.0066665185		150.0266642967		0.0266642967		150.0002666664		0.0002666664

		151		151.0066223713		0.0066223713		151.026487743		0.026487743		151.0002649004		0.0002649004

		152		152.006578805		0.006578805		152.0263135118		0.0263135118		152.0002631577		0.0002631577

		153		153.0065358081		0.0065358081		153.0261415576		0.0261415576		153.0002614377		0.0002614377

		154		154.0064933696		0.0064933696		154.0259718359		0.0259718359		154.00025974		0.00025974

		155		155.0064514786		0.0064514786		155.0258043037		0.0258043037		155.0002580643		0.0002580643

		156		156.0064101247		0.0064101247		156.0256389187		0.0256389187		156.00025641		0.00025641

		157		157.0063692976		0.0063692976		157.0254756401		0.0254756401		157.0002547769		0.0002547769

		158		158.0063289872		0.0063289872		158.0253144278		0.0253144278		158.0002531644		0.0002531644

		159		159.0062891838		0.0062891838		159.0251552428		0.0251552428		159.0002515721		0.0002515721

		160		160.0062498779		0.0062498779		160.0249980472		0.0249980472		160.0002499998		0.0002499998

		161		161.0062110603		0.0062110603		161.0248428038		0.0248428038		161.000248447		0.000248447

		162		162.0061727219		0.0061727219		162.0246894766		0.0246894766		162.0002469134		0.0002469134

		163		163.0061348539		0.0061348539		163.0245380303		0.0245380303		163.0002453986		0.0002453986

		164		164.0060974476		0.0060974476		164.0243884305		0.0243884305		164.0002439023		0.0002439023

		165		165.0060604948		0.0060604948		165.0242406436		0.0242406436		165.0002424241		0.0002424241

		166		166.0060239871		0.0060239871		166.0240946369		0.0240946369		166.0002409637		0.0002409637

		167		167.0059879166		0.0059879166		167.0239503784		0.0239503784		167.0002395208		0.0002395208

		168		168.0059522755		0.0059522755		168.0238078369		0.0238078369		168.0002380951		0.0002380951

		169		169.0059170562		0.0059170562		169.0236669819		0.0236669819		169.0002366862		0.0002366862

		170		170.0058822512		0.0058822512		170.0235277837		0.0235277837		170.000235294		0.000235294

		171		171.0058478532		0.0058478532		171.0233902132		0.0233902132		171.000233918		0.000233918

		172		172.0058138552		0.0058138552		172.023254242		0.023254242		172.000232558		0.000232558

		173		173.0057802503		0.0057802503		173.0231198424		0.0231198424		173.0002312137		0.0002312137

		174		174.0057470315		0.0057470315		174.0229869874		0.0229869874		174.0002298849		0.0002298849

		175		175.0057141924		0.0057141924		175.0228556503		0.0228556503		175.0002285713		0.0002285713

		176		176.0056817265		0.0056817265		176.0227258055		0.0227258055		176.0002272726		0.0002272726

		177		177.0056496273		0.0056496273		177.0225974276		0.0225974276		177.0002259886		0.0002259886

		178		178.0056178889		0.0056178889		178.0224704918		0.0224704918		178.000224719		0.000224719

		179		179.005586505		0.005586505		179.022344974		0.022344974		179.0002234635		0.0002234635

		180		180.0055554698		0.0055554698		180.0222208506		0.0222208506		180.0002222221		0.0002222221

		181		181.0055247776		0.0055247776		181.0220980985		0.0220980985		181.0002209943		0.0002209943

		182		182.0054944226		0.0054944226		182.0219766951		0.0219766951		182.0002197801		0.0002197801

		183		183.0054643993		0.0054643993		183.0218566183		0.0218566183		183.0002185791		0.0002185791

		184		184.0054347023		0.0054347023		184.0217378464		0.0217378464		184.0002173912		0.0002173912

		185		185.0054053264		0.0054053264		185.0216203583		0.0216203583		185.0002162161		0.0002162161

		186		186.0053762664		0.0053762664		186.0215041333		0.0215041333		186.0002150536		0.0002150536

		187		187.0053475171		0.0053475171		187.0213891511		0.0213891511		187.0002139036		0.0002139036

		188		188.0053190737		0.0053190737		188.0212753919		0.0212753919		188.0002127658		0.0002127658

		189		189.0052909312		0.0052909312		189.0211628363		0.0211628363		189.0002116401		0.0002116401

		190		190.005263085		0.005263085		190.0210514654		0.0210514654		190.0002105262		0.0002105262

		191		191.0052355303		0.0052355303		191.0209412604		0.0209412604		191.000209424		0.000209424

		192		192.0052082627		0.0052082627		192.0208322032		0.0208322032		192.0002083332		0.0002083332

		193		193.0051812776		0.0051812776		193.0207242759		0.0207242759		193.0002072538		0.0002072538

		194		194.0051545707		0.0051545707		194.0206174611		0.0206174611		194.0002061855		0.0002061855

		195		195.0051281377		0.0051281377		195.0205117417		0.0205117417		195.0002051281		0.0002051281

		196		196.0051019744		0.0051019744		196.0204071009		0.0204071009		196.0002040815		0.0002040815

		197		197.0050760767		0.0050760767		197.0203035223		0.0203035223		197.0002030456		0.0002030456

		198		198.0050504406		0.0050504406		198.0202009897		0.0202009897		198.0002020201		0.0002020201

		199		199.0050250622		0.0050250622		199.0200994875		0.0200994875		199.0002010049		0.0002010049

		200		200.0049999375		0.0049999375		200.0199990001		0.0199990001		200.0001999999		0.0001999999

		201		201.0049750628		0.0049750628		201.0198995125		0.0198995125		201.0001990049		0.0001990049

		202		202.0049504344		0.0049504344		202.0198010097		0.0198010097		202.0001980197		0.0001980197

		203		203.0049260486		0.0049260486		203.0197034773		0.0197034773		203.0001970442		0.0001970442

		204		204.0049019019		0.0049019019		204.0196069009		0.0196069009		204.0001960783		0.0001960783

		205		205.0048779907		0.0048779907		205.0195112666		0.0195112666		205.0001951219		0.0001951219

		206		206.0048543117		0.0048543117		206.0194165607		0.0194165607		206.0001941747		0.0001941747

		207		207.0048308615		0.0048308615		207.0193227696		0.0193227696		207.0001932366		0.0001932366

		208		208.0048076367		0.0048076367		208.0192298803		0.0192298803		208.0001923076		0.0001923076

		209		209.0047846342		0.0047846342		209.0191378798		0.0191378798		209.0001913875		0.0001913875

		210		210.0047618508		0.0047618508		210.0190467553		0.0190467553		210.0001904761		0.0001904761

		211		211.0047392833		0.0047392833		211.0189564944		0.0189564944		211.0001895734		0.0001895734

		212		212.0047169287		0.0047169287		212.018867085		0.018867085		212.0001886792		0.0001886792

		213		213.0046947839		0.0046947839		213.0187785149		0.0187785149		213.0001877933		0.0001877933

		214		214.0046728462		0.0046728462		214.0186907726		0.0186907726		214.0001869158		0.0001869158

		215		215.0046511125		0.0046511125		215.0186038463		0.0186038463		215.0001860464		0.0001860464

		216		216.00462958		0.00462958		216.0185177248		0.0185177248		216.0001851851		0.0001851851

		217		217.004608246		0.004608246		217.0184323969		0.0184323969		217.0001843317		0.0001843317

		218		218.0045871077		0.0045871077		218.0183478517		0.0183478517		218.0001834862		0.0001834862

		219		219.0045661624		0.0045661624		219.0182640786		0.0182640786		219.0001826483		0.0001826483

		220		220.0045454076		0.0045454076		220.0181810669		0.0181810669		220.0001818181		0.0001818181

		221		221.0045248406		0.0045248406		221.0180988064		0.0180988064		221.0001809954		0.0001809954

		222		222.0045044588		0.0045044588		222.0180172869		0.0180172869		222.0001801801		0.0001801801

		223		223.0044842598		0.0044842598		223.0179364984		0.0179364984		223.0001793721		0.0001793721

		224		224.0044642412		0.0044642412		224.0178564311		0.0178564311		224.0001785714		0.0001785714

		225		225.0044444005		0.0044444005		225.0177770755		0.0177770755		225.0001777777		0.0001777777

		226		226.0044247354		0.0044247354		226.017698422		0.017698422		226.0001769911		0.0001769911

		227		227.0044052436		0.0044052436		227.0176204615		0.0176204615		227.0001762114		0.0001762114

		228		228.0043859227		0.0043859227		228.0175431847		0.0175431847		228.0001754385		0.0001754385

		229		229.0043667706		0.0043667706		229.0174665828		0.0174665828		229.0001746724		0.0001746724

		230		230.004347785		0.004347785		230.0173906469		0.0173906469		230.000173913		0.000173913

		231		231.0043289638		0.0043289638		231.0173153684		0.0173153684		231.0001731601		0.0001731601

		232		232.0043103048		0.0043103048		232.0172407387		0.0172407387		232.0001724137		0.0001724137

		233		233.004291806		0.004291806		233.0171667496		0.0171667496		233.0001716738		0.0001716738

		234		234.0042734653		0.0042734653		234.0170933928		0.0170933928		234.0001709401		0.0001709401

		235		235.0042552806		0.0042552806		235.0170206602		0.0170206602		235.0001702127		0.0001702127

		236		236.0042372501		0.0042372501		236.016948544		0.016948544		236.0001694915		0.0001694915

		237		237.0042193717		0.0042193717		237.0168770362		0.0168770362		237.0001687763		0.0001687763

		238		238.0042016436		0.0042016436		238.0168061293		0.0168061293		238.0001680672		0.0001680672

		239		239.0041840638		0.0041840638		239.0167358157		0.0167358157		239.000167364		0.000167364

		240		240.0041666305		0.0041666305		240.016666088		0.016666088		240.0001666666		0.0001666666

		241		241.0041493419		0.0041493419		241.0165969389		0.0165969389		241.000165975		0.000165975

		242		242.0041321961		0.0041321961		242.0165283612		0.0165283612		242.0001652892		0.0001652892

		243		243.0041151915		0.0041151915		243.0164603479		0.0164603479		243.000164609		0.000164609

		244		244.0040983262		0.0040983262		244.016392892		0.016392892		244.0001639344		0.0001639344

		245		245.0040815987		0.0040815987		245.0163259867		0.0163259867		245.0001632653		0.0001632653

		246		246.0040650071		0.0040650071		246.0162596253		0.0162596253		246.0001626016		0.0001626016

		247		247.0040485498		0.0040485498		247.0161938011		0.0161938011		247.0001619433		0.0001619433

		248		248.0040322253		0.0040322253		248.0161285078		0.0161285078		248.0001612903		0.0001612903

		249		249.0040160319		0.0040160319		249.0160637389		0.0160637389		249.0001606425		0.0001606425

		250		250.003999968		0.003999968		250.015999488		0.015999488		250.0001599999		0.0001599999

		251		251.0039840321		0.0039840321		251.0159357491		0.0159357491		251.0001593625		0.0001593625

		252		252.0039682227		0.0039682227		252.015872516		0.015872516		252.0001587301		0.0001587301

		253		253.0039525383		0.0039525383		253.0158097827		0.0158097827		253.0001581027		0.0001581027

		254		254.0039369774		0.0039369774		254.0157475433		0.0157475433		254.0001574803		0.0001574803

		255		255.0039215385		0.0039215385		255.0156857921		0.0156857921		255.0001568627		0.0001568627

		256		256.0039062202		0.0039062202		256.0156245232		0.0156245232		256.00015625		0.00015625

		257		257.0038910211		0.0038910211		257.0155637311		0.0155637311		257.000155642		0.000155642

		258		258.0038759399		0.0038759399		258.0155034102		0.0155034102		258.0001550387		0.0001550387

		259		259.0038609751		0.0038609751		259.015443555		0.015443555		259.0001544401		0.0001544401

		260		260.0038461254		0.0038461254		260.0153841602		0.0153841602		260.0001538461		0.0001538461

		261		261.0038313895		0.0038313895		261.0153252206		0.0153252206		261.0001532567		0.0001532567

		262		262.0038167661		0.0038167661		262.0152667308		0.0152667308		262.0001526717		0.0001526717

		263		263.0038022539		0.0038022539		263.0152086857		0.0152086857		263.0001520912		0.0001520912

		264		264.0037878516		0.0037878516		264.0151510804		0.0151510804		264.0001515151		0.0001515151

		265		265.003773558		0.003773558		265.0150939098		0.0150939098		265.0001509434		0.0001509434

		266		266.0037593719		0.0037593719		266.015037169		0.015037169		266.0001503759		0.0001503759

		267		267.0037452921		0.0037452921		267.0149808531		0.0149808531		267.0001498127		0.0001498127

		268		268.0037313173		0.0037313173		268.0149249575		0.0149249575		268.0001492537		0.0001492537

		269		269.0037174464		0.0037174464		269.0148694775		0.0148694775		269.0001486988		0.0001486988

		270		270.0037036783		0.0037036783		270.0148144084		0.0148144084		270.0001481481		0.0001481481

		271		271.0036900118		0.0036900118		271.0147597457		0.0147597457		271.0001476014		0.0001476014

		272		272.0036764457		0.0036764457		272.0147054848		0.0147054848		272.0001470588		0.0001470588

		273		273.0036629791		0.0036629791		273.0146516215		0.0146516215		273.0001465201		0.0001465201

		274		274.0036496107		0.0036496107		274.0145981513		0.0145981513		274.0001459854		0.0001459854

		275		275.0036363396		0.0036363396		275.0145450699		0.0145450699		275.0001454545		0.0001454545

		276		276.0036231646		0.0036231646		276.0144923731		0.0144923731		276.0001449275		0.0001449275

		277		277.0036100848		0.0036100848		277.0144400568		0.0144400568		277.0001444043		0.0001444043

		278		278.003597099		0.003597099		278.0143881169		0.0143881169		278.0001438849		0.0001438849

		279		279.0035842064		0.0035842064		279.0143365492		0.0143365492		279.0001433691		0.0001433691

		280		280.0035714058		0.0035714058		280.0142853499		0.0142853499		280.0001428571		0.0001428571

		281		281.0035586963		0.0035586963		281.0142345149		0.0142345149		281.0001423487		0.0001423487

		282		282.003546077		0.003546077		282.0141840404		0.0141840404		282.0001418439		0.0001418439

		283		283.0035335468		0.0035335468		283.0141339227		0.0141339227		283.0001413427		0.0001413427

		284		284.0035211049		0.0035211049		284.0140841578		0.0140841578		284.000140845		0.000140845

		285		285.0035087503		0.0035087503		285.0140347422		0.0140347422		285.0001403508		0.0001403508

		286		286.0034964821		0.0034964821		286.013985672		0.013985672		286.0001398601		0.0001398601

		287		287.0034842994		0.0034842994		287.0139369438		0.0139369438		287.0001393728		0.0001393728

		288		288.0034722013		0.0034722013		288.013888554		0.013888554		288.0001388889		0.0001388889

		289		289.0034601869		0.0034601869		289.013840499		0.013840499		289.0001384083		0.0001384083

		290		290.0034482554		0.0034482554		290.0137927754		0.0137927754		290.000137931		0.000137931

		291		291.0034364058		0.0034364058		291.0137453798		0.0137453798		291.000137457		0.000137457

		292		292.0034246375		0.0034246375		292.0136983088		0.0136983088		292.0001369863		0.0001369863

		293		293.0034129494		0.0034129494		293.0136515591		0.0136515591		293.0001365187		0.0001365187

		294		294.0034013409		0.0034013409		294.0136051274		0.0136051274		294.0001360544		0.0001360544

		295		295.003389811		0.003389811		295.0135590104		0.0135590104		295.0001355932		0.0001355932

		296		296.0033783591		0.0033783591		296.0135132051		0.0135132051		296.0001351351		0.0001351351

		297		297.0033669843		0.0033669843		297.0134677081		0.0134677081		297.0001346801		0.0001346801

		298		298.0033556858		0.0033556858		298.0134225165		0.0134225165		298.0001342282		0.0001342282

		299		299.0033444629		0.0033444629		299.0133776272		0.0133776272		299.0001337792		0.0001337792

		300		300.0033333148		0.0033333148		300.0133330371		0.0133330371		300.0001333333		0.0001333333
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Sheet1

		Attempt		Min voltage for attempt		Max voltage for attempt		Maximum total volt drop for test

		Control attempt		1.4		4.93		3.53

		1		1.84		4.27		2.43

		2		1.62		2.58		0.96

		3		1.61		3.82		2.21

		4		1.61		3.69		2.08

		5		3.75		5.34		1.59

		6		3.08		5.45		2.37

		7		1.89		4.38		2.49

		8		1.6		3.5		1.9

		9		2.4		4.74		2.34

		10		1.77		4.05		2.28





Sheet1

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0



Maximum total volt drop for test

Max voltage for attempt

Min voltage for attempt

Attempt

Voltage (Volts)



Sheet2

		





Sheet3

		






_1177954097.xls
Chart7

		1		1		1		1

		2		2		2		2

		3		3		3		3

		4		4		4		4

		5		5		5		5

		6		6		6		6

		7		7		7		7

		8		8		8		8

		9		9		9		9

		10		10		10		10



Home @ delay 800

Destination @ delay 800

Home @ delay 200

Destination @ delay 200
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Destination position (mm)
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Pulses 

						Reset						Reset

		Initial start point (mm)				20						20						20						20

		Pulse delay (dec)				800		800		800		600		600		600		400		400		400		200		200		200

		Pulses		Hex		Distance out		Distance return		Discrepancy @ delay 800		Distance out		Distance return		Discrepancy  @ delay 600		Distance out		Distance return		Discrepancy  @ delay 400		Distance out		Distance return		Discrepancy  @ delay 200		SD out		SD return

		0		000000		0		0.36		0.36		0		0.06		0.06		0		0.03		0.03		0		0.04		0.04		0		0.1588238017

		100		000064		15.54		15.55		0.01		15.83		15.84		0.01		16.04		16.05		0.01		15.92		15.98		0.06		0.2131314149		0.2212841311

		200		0000C8		31.57		31.57		0		31.92		31.94		0.02		31.95		31.98		0.03		31.94		32.01		0.07		0.183757086		0.2053452377

		300		00012C		47.54		47.54		0		47.91		47.94		0.03		48.04		48.02		-0.02		47.91		47.92		0.01		0.2155612829		0.2143983831

		400		000190		63.58		63.62		0.04		63.95		63.98		0.03		63.98		64.06		0.08		63.96		64.01		0.05		0.1920720351		0.2010596926

		500		0001F4		79.54		79.49		-0.05		79.85		79.82		-0.03		80.04		80		-0.04		79.9		79.85		-0.05		0.2109304783		0.2149418526

		600		000258		95.6		95.64		0.04		95.89		95.93		0.04		96.01		96.04		0.03		95.97		96.02		0.05		0.1851800925		0.184639288

		700		0002BC		111.49		111.49		0		111.77		111.76		-0.01		111.98		111.98		0		111.88		111.87		-0.01		0.2115025611		0.2101586702

		800		000320		127.56		127.56		0		127.88		127.87		-0.01		127.92		127.92		0		127.93		127.94		0.01		0.1763282923		0.1774589154

		900		000384		143.45		143.47		0.02		143.79		143.82		0.03		143.95		143.96		0.01		143.82		143.85		0.03		0.2132877555		0.2120534524		0.1900957212

		1000		0003E8		159.51		159.51		0		159.91		159.91		0		159.9		159.9		0		159.89		159.89		0		Ave mm/pulse		Ave pulses/mm

						0.15951		0.15951				0.15991		0.15991				0.1599		0.1599				0.15989		0.15989				0.1598025		6.2577243785
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Distance out

Distance return

Discrepancy @ delay 800

Discrepancy  @ delay 600

Discrepancy  @ delay 400

Discrepancy  @ delay 200

Pulses

Travel (mm)

Discrepancy between outward and return stroke (mm)



Basic Repeatability

				Not reset at all

		Start distance (mm)		20				20

		Pulse delay		800				200

		Pulses per test		1000		HEX(0003e8)		1000		HEX(0003e8)

		Attempt		Home @ delay 800		Destination @ delay 800		Home @ delay 200		Destination @ delay 200

		1		0		159.8		0		159.81

		2		0.03		159.8		0.06		159.81

		3		0.03		159.8		0.05		159.81

		4		0.04		159.8		0.05		159.81

		5		0.03		159.8		0.04		159.81

		6		0.03		159.73		0.05		159.81

		7		0.03		159.8		0.05		159.81

		8		0.03		159.8		0.04		159.81

		9		0.03		159.79		0.04		159.8

		10		0.03		159.8		0.05		159.8

		-1000		FFFFFFFC18
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Home @ delay 800

Destination @ delay 800

Home @ delay 200

Destination @ delay 200

Attempt

Home position (mm)

Destination position (mm)



Axis linearity

		1st attempt				Reset at every new start point. Not reset during set of tests.																Eating steps?

		Start distance from home (mm)		20				Start distance (mm)		90				Start distance (mm)		160						Not returning quite to zero (+0.07) unless reset is pushed!!!!

		Pulse delay		800				Pulse delay		800				Pulse delay		800						Is it on the edge of a step?

		Pulses per test		200		HEX(0000c8)		Pulses per test		200		HEX(0000c8)		Pulses per test		200		HEX(0000c8)

		Attempt		Home		Away		Attempt		Home		Away		Attempt		Home		Away

		1		0		31.85		1		0		31.58		1		0		31.99

		2		0.02		31.85		2		0.36		31.58		2		0.07		31.99

		3		0.01		31.85		3		0.36		31.58		3		0.08		31.99

		2nd attempt

		Start distance from home (mm)		20				Start distance (mm)		90				Start distance (mm)		160

		Pulse delay		800				Pulse delay		800				Pulse delay		800

		Pulses per test		200		HEX(0000c8)		Pulses per test		200		HEX(0000c8)		Pulses per test		200		HEX(0000c8)

		Attempt		Home		Away		Attempt		Home		Away		Attempt		Home		Away

		1		0		32.12		1		0		32.05		1		0		31.96

		2		0.12		32.12		2		0.11		32.05		2		0.06		31.97

		3		0.12		32.12		3		0.11		32.06		3		0.06		31.97

		3rd attempt

		Start distance from home (mm)		20				Start distance (mm)		90				Start distance (mm)		160

		Pulse delay		200				Pulse delay		200				Pulse delay		200

		Pulses per test		200		HEX(0000c8)		Pulses per test		200		HEX(0000c8)		Pulses per test		200		HEX(0000c8)

		Attempt		Home		Away		Attempt		Home		Away		Attempt		Home		Away

		1		0		31.5		1		0		31.66		1		0		31.7

		2		0.4		31.5		2		0.4		31.66		2		0.4		31.7

		3		0.38		31.5		3		0.33		31.66		3		0.39		31.7

		4th attempt

		Start distance from home (mm)		20				Start distance (mm)		90				Start distance (mm)		160

		Pulse delay		200				Pulse delay		200				Pulse delay		200

		Pulses per test		200		HEX(0000c8)		Pulses per test		200		HEX(0000c8)		Pulses per test		200		HEX(0000c8)

		Attempt		Home		Away		Attempt		Home		Away		Attempt		Home		Away

		1		0		31.84		1		0		31.95		1		0		32.11

		2		0.07		31.84		2		0.07		31.95		2		0.11		32.11

		3		0.6		31.84		3		0.07		31.95		3		0.11		32.11





Offset error

		x		1				2				0.2

		y		1				2				0.2

		a		1.4142135624				2.8284271247				0.2828427125

		Ture carrige distance		h		Error with caliper axis origin offset (1,1)				Error with caliper axis origin offset (2,2)				Error with caliper axis origin offset (0.2,0.2)

		1		1.7320508076		0.7320508076		3		2		1.0392304845		0.0392304845

		2		2.4494897428		0.4494897428		3.4641016151		1.4641016151		2.0199009877		0.0199009877

		3		3.3166247904		0.3166247904		4.1231056256		1.1231056256		3.0133038347		0.0133038347

		4		4.2426406871		0.2426406871		4.8989794856		0.8989794856		4.0099875312		0.0099875312

		5		5.1961524227		0.1961524227		5.7445626465		0.7445626465		5.0079936102		0.0079936102

		6		6.164414003		0.164414003		6.6332495807		0.6332495807		6.0066629671		0.0066629671

		7		7.1414284285				7.5498344353		0.5498344353		7.0057119553		0.0057119553

		8		8.1240384046		0.1240384046		8.4852813742		0.4852813742		8.0049984385		0.0049984385

		9		9.1104335791		0.1104335791		9.4339811321		0.4339811321		9.0044433476		0.0044433476

		10		10.0995049384		0.0995049384		10.3923048454		0.3923048454		10.0039992003		0.0039992003

		11		11.0905365064		0.0905365064		11.3578166916		0.3578166916		11.0036357628		0.0036357628

		12		12.0830459736		0.0830459736		12.3288280059		0.3288280059		12.0033328705		0.0033328705

		13		13.0766968306		0.0766968306		13.3041346957		0.3041346957		13.003076559		0.003076559

		14		14.0712472795		0.0712472795		14.2828568571		0.2828568571		14.0028568514		0.0028568514

		15		15.0665191733		0.0665191733		15.2643375225		0.2643375225		15.0026664297		0.0026664297

		16		16.0623784042		0.0623784042		16.2480768093		0.2480768093		16.0024998047		0.0024998047

		17		17.0587221092		0.0587221092		17.2336879396		0.2336879396		17.0023527784		0.0023527784

		18		18.0554700853		0.0554700853		18.2208671583		0.2208671583		18.0022220851		0.0022220851

		19		19.0525588833		0.0525588833		19.2093727123		0.2093727123		19.0021051465		0.0021051465

		20		20.0499376558		0.0499376558		20.1990098767		0.1990098767		20.0019999		0.0019999

		21		21.0475651798		0.0475651798		21.1896201004		0.1896201004		21.0019046755		0.0019046755

		22		22.045407685		0.045407685		22.1810730128		0.1810730128		22.0018181067		0.0018181067

		23		23.0434372436		0.0434372436		23.1732604525		0.1732604525		23.0017390647		0.0017390647

		24		24.0416305603		0.0416305603		24.1660919472		0.1660919472		24.0016666088		0.0016666088

		25		25.0399680511		0.0399680511		25.1594912508		0.1594912508		25.0015999488		0.0015999488

		26		26.0384331326		0.0384331326		26.1533936612		0.1533936612		26.001538416		0.001538416

		27		27.0370116692		0.0370116692		27.147743921		0.147743921		27.0014814408		0.0014814408

		28		28.0356915378		0.0356915378		28.1424945589		0.1424945589		28.001428535		0.001428535

		29		29.0344622819		0.0344622819		29.1376045687		0.1376045687		29.0013792775		0.0013792775

		30		30.0333148354		0.0333148354		30.1330383466		0.1330383466		30.0013333037		0.0013333037

		31		31.0322412984		0.0322412984		31.1287648325		0.1287648325		31.0012902957		0.0012902957

		32		32.0312347561		0.0312347561		32.1247568084		0.1247568084		32.0012499756		0.0012499756

		33		33.0302891298		0.0302891298		33.1209903234		0.1209903234		33.001212099		0.001212099

		34		34.0293990543		0.0293990543		34.1174442185		0.1174442185		34.0011764502		0.0011764502

		35		35.0285597763		0.0285597763		35.1140997322		0.1140997322		35.0011428385		0.0011428385

		36		36.0277670693		0.0277670693		36.1109401705		0.1109401705		36.001111094		0.001111094

		37		37.0270171631		0.0270171631		37.1079506306		0.1079506306		37.0010810653		0.0010810653

		38		38.0263066837		0.0263066837		38.1051177665		0.1051177665		38.001052617		0.001052617

		39		39.0256326022		0.0256326022		39.102429592		0.102429592		39.0010256275		0.0010256275

		40		40.0249921924		0.0249921924		40.0998753115		0.0998753115		40.0009999875		0.0009999875

		41		41.0243829935		0.0243829935		41.0974451761		0.0974451761		41.0009755981		0.0009755981

		42		42.0238027789		0.0238027789		42.0951303597		0.0951303597		42.0009523702		0.0009523702

		43		43.0232495286		0.0232495286		43.0929228528		0.0929228528		43.0009302225		0.0009302225

		44		44.0227214061		0.0227214061		44.0908153701		0.0908153701		44.0009090815		0.0009090815

		45		45.022216738		0.022216738		45.0888012704		0.0888012704		45.0008888801		0.0008888801

		46		46.021733996		0.021733996		46.0868744872		0.0868744872		46.000869557		0.000869557

		47		47.021271782		0.021271782		47.085029468		0.085029468		47.0008510561		0.0008510561

		48		48.0208288142		0.0208288142		48.0832611207		0.0832611207		48.0008333261		0.0008333261

		49		49.0204039151		0.0204039151		49.0815647672		0.0815647672		49.0008163197		0.0008163197

		50		50.0199960016		0.0199960016		50.0799361022		0.0799361022		50.0007999936		0.0007999936

		51		51.0196040753		0.0196040753		51.0783711565		0.0783711565		51.0007843077		0.0007843077

		52		52.0192272146		0.0192272146		52.0768662652		0.0768662652		52.0007692251		0.0007692251

		53		53.0188645672		0.0188645672		53.0754180389		0.0754180389		53.0007547116		0.0007547116

		54		54.0185153443		0.0185153443		54.0740233384		0.0740233384		54.0007407357		0.0007407357

		55		55.0181788139		0.0181788139		55.0726792521		0.0726792521		55.0007272679		0.0007272679

		56		56.0178542966		0.0178542966		56.0713830755		0.0713830755		56.0007142812		0.0007142812

		57		57.0175411606		0.0175411606		57.0701322935		0.0701322935		57.0007017501		0.0007017501

		58		58.0172388174		0.0172388174		58.0689245638		0.0689245638		58.0006896511		0.0006896511

		59		59.0169467187		0.0169467187		59.0677577025		0.0677577025		59.0006779622		0.0006779622

		60		60.0166643525		0.0166643525		60.0666296707		0.0666296707		60.000666663		0.000666663

		61		61.0163912404		0.0163912404		61.0655385631		0.0655385631		61.0006557342		0.0006557342

		62		62.0161269349		0.0161269349		62.0644825967		0.0644825967		62.0006451579		0.0006451579

		63		63.0158710168		0.0158710168		63.0634601017		0.0634601017		63.0006349174		0.0006349174

		64		64.0156230931		0.0156230931		64.0624695122		0.0624695122		64.0006249969		0.0006249969

		65		65.0153827952		0.0153827952		65.0615093585		0.0615093585		65.0006153817		0.0006153817

		66		66.0151497764		0.0151497764		66.0605782597		0.0605782597		66.0006060578		0.0006060578

		67		67.0149237111		0.0149237111		67.0596749172		0.0596749172		67.0005970123		0.0005970123

		68		68.0147042925		0.0147042925		68.0587981087		0.0587981087		68.0005882327		0.0005882327

		69		69.0144912319		0.0144912319		69.0579466825		0.0579466825		69.0005797077		0.0005797077

		70		70.0142842569		0.0142842569		70.0571195525		0.0571195525		70.0005714262		0.0005714262

		71		71.0140831103		0.0140831103		71.056315694		0.056315694		71.000563378		0.000563378

		72		72.0138875496		0.0138875496		72.0555341386		0.0555341386		72.0005555534		0.0005555534

		73		73.0136973451		0.0136973451		73.0547739713		0.0547739713		73.0005479431		0.0005479431

		74		74.0135122799		0.0135122799		74.0540343263		0.0540343263		74.0005405386		0.0005405386

		75		75.0133321484		0.0133321484		75.0533143838		0.0533143838		75.0005333314		0.0005333314

		76		76.0131567559		0.0131567559		76.0526133673		0.0526133673		76.000526314		0.000526314

		77		77.012985918		0.012985918		77.0519305404		0.0519305404		77.0005194788		0.0005194788

		78		78.0128194594		0.0128194594		78.0512652044		0.0512652044		78.0005128188		0.0005128188

		79		79.0126572139		0.0126572139		79.0506166959		0.0506166959		79.0005063275		0.0005063275

		80		80.0124990236		0.0124990236		80.0499843848		0.0499843848		80.0004999984		0.0004999984

		81		81.0123447383		0.0123447383		81.0493676718		0.0493676718		81.0004938257		0.0004938257

		82		82.0121942153		0.0121942153		82.0487659871		0.0487659871		82.0004878034		0.0004878034

		83		83.0120473184		0.0120473184		83.048178788		0.048178788		83.0004819263		0.0004819263

		84		84.0119039184		0.0119039184		84.0476055578		0.0476055578		84.0004761891		0.0004761891

		85		85.0117638918		0.0117638918		85.0470458041		0.0470458041		85.0004705869		0.0004705869

		86		86.011627121		0.011627121		86.0464990572		0.0464990572		86.000465115		0.000465115

		87		87.0114934937		0.0114934937		87.0459648691		0.0459648691		87.0004597689		0.0004597689

		88		88.0113629028		0.0113629028		88.0454428122		0.0454428122		88.0004545443		0.0004545443

		89		89.0112352459		0.0112352459		89.0449324779		0.0449324779		89.0004494371		0.0004494371

		90		90.0111104253		0.0111104253		90.0444334759		0.0444334759		90.0004444433		0.0004444433

		91		91.0109883476		0.0109883476		91.043945433		0.043945433		91.0004395594		0.0004395594

		92		92.0108689232		0.0108689232		92.043467992		0.043467992		92.0004347816		0.0004347816

		93		93.0107520666		0.0107520666		93.0430008115		0.0430008115		93.0004301065		0.0004301065

		94		94.010637696		0.010637696		94.0425435641		0.0425435641		94.000425531		0.000425531

		95		95.0105257327		0.0105257327		95.0420959365		0.0420959365		95.0004210517		0.0004210517

		96		96.0104161016		0.0104161016		96.0416576283		0.0416576283		96.0004166658		0.0004166658

		97		97.0103087306		0.0103087306		97.0412283517		0.0412283517		97.0004123703		0.0004123703

		98		98.0102035504		0.0102035504		98.0408078302		0.0408078302		98.0004081624		0.0004081624

		99		99.0101004948		0.0101004948		99.0403957989		0.0403957989		99.0004040396		0.0004040396

		100		100.0099995001		0.0099995001		100.0399920032		0.0399920032		100.0003999992		0.0003999992

		101		101.0099005049		0.0099005049		101.0395961987		0.0395961987		101.0003960388		0.0003960388

		102		102.0098034505		0.0098034505		102.0392081506		0.0392081506		102.0003921561		0.0003921561

		103		103.0097082803		0.0097082803		103.0388276331		0.0388276331		103.0003883488		0.0003883488

		104		104.0096149402		0.0096149402		104.0384544291		0.0384544291		104.0003846147		0.0003846147

		105		105.0095233776		0.0095233776		105.0380883299		0.0380883299		105.0003809517		0.0003809517

		106		106.0094335425		0.0094335425		106.0377291345		0.0377291345		106.0003773578		0.0003773578

		107		107.0093453863		0.0093453863		107.0373766495		0.0373766495		107.0003738311		0.0003738311

		108		108.0092588624		0.0092588624		108.0370306886		0.0370306886		108.0003703697		0.0003703697

		109		109.0091739259		0.0091739259		109.0366910723		0.0366910723		109.0003669719		0.0003669719

		110		110.0090905335		0.0090905335		110.0363576278		0.0363576278		110.0003636358		0.0003636358

		111		111.0090086434		0.0090086434		111.0360301884		0.0360301884		111.0003603598		0.0003603598

		112		112.0089282156		0.0089282156		112.0357085933		0.0357085933		112.0003571423		0.0003571423

		113		113.008849211		0.008849211		113.0353926874		0.0353926874		113.0003539817		0.0003539817

		114		114.0087715924		0.0087715924		114.0350823212		0.0350823212		114.0003508767		0.0003508767

		115		115.0086953234		0.0086953234		115.0347773502		0.0347773502		115.0003478256		0.0003478256

		116		116.0086203693		0.0086203694		116.0344776349		0.0344776349		116.0003448271		0.0003448271

		117		117.0085466964		0.0085466964		117.0341830407		0.0341830407		117.0003418798		0.0003418798

		118		118.008474272		0.008474272		118.0338934374		0.0338934374		118.0003389826		0.0003389826

		119		119.0084030647		0.0084030647		119.0336086994		0.0336086994		119.000336134		0.000336134

		120		120.008333044		0.008333044		120.033328705		0.033328705		120.0003333329		0.0003333329

		121		121.0082641806		0.0082641806		121.0330533367		0.0330533367		121.0003305781		0.0003305781

		122		122.008196446		0.008196446		122.0327824808		0.0327824808		122.0003278684		0.0003278684

		123		123.0081298126		0.0081298126		123.0325160273		0.0325160273		123.0003252028		0.0003252028

		124		124.0080642539		0.0080642539		124.0322538697		0.0322538697		124.0003225802		0.0003225802

		125		125.007999744		0.007999744		125.031995905		0.031995905		125.0003199996		0.0003199996

		126		126.007936258		0.007936258		126.0317420335		0.0317420335		126.0003174599		0.0003174599

		127		127.0078737717		0.0078737717		127.0314921584		0.0314921584		127.0003149602		0.0003149602

		128		128.0078122616		0.0078122616		128.0312461862		0.0312461862		128.0003124996		0.0003124996

		129		129.0077517051		0.0077517051		129.0310040262		0.0310040262		129.0003100771		0.0003100771

		130		130.0076920801		0.0076920801		130.0307655903		0.0307655903		130.0003076919		0.0003076919

		131		131.0076333654		0.0076333654		131.0305307934		0.0305307934		131.0003053432		0.0003053432

		132		132.0075755402		0.0075755402		132.0302995528		0.0302995528		132.00030303		0.00030303

		133		133.0075185845		0.0075185845		133.0300717883		0.0300717883		133.0003007515		0.0003007515

		134		134.0074624788		0.0074624788		134.0298474221		0.0298474221		134.0002985071		0.0002985071

		135		135.0074072042		0.0074072042		135.0296263788		0.0296263788		135.000296296		0.000296296

		136		136.0073527424		0.0073527424		136.0294085851		0.0294085851		136.0002941173		0.0002941173

		137		137.0072990756		0.0072990756		137.0291939698		0.0291939698		137.0002919705		0.0002919705

		138		138.0072461866		0.0072461866		138.0289824638		0.0289824638		138.0002898548		0.0002898548

		139		139.0071940584		0.0071940584		139.0287740002		0.0287740002		139.0002877695		0.0002877695

		140		140.0071426749		0.0071426749		140.0285685137		0.0285685137		140.000285714		0.000285714

		141		141.0070920202		0.0070920202		141.028365941		0.028365941		141.0002836877		0.0002836877

		142		142.0070420789		0.0070420789		142.0281662206		0.0281662206		142.0002816899		0.0002816899

		143		143.006992836		0.006992836		143.0279692927		0.0279692927		143.00027972		0.00027972

		144		144.006944277		0.006944277		144.0277750991		0.0277750991		144.0002777775		0.0002777775

		145		145.0068963877		0.0068963877		145.0275835833		0.0275835833		145.0002758618		0.0002758618

		146		146.0068491544		0.0068491544		146.0273946902		0.0273946902		146.0002739723		0.0002739723

		147		147.0068025637		0.0068025637		147.0272083663		0.0272083663		147.0002721086		0.0002721086

		148		148.0067566025		0.0067566025		148.0270245597		0.0270245597		148.00027027		0.00027027

		149		149.0067112583		0.0067112583		149.0268432196		0.0268432196		149.0002684561		0.0002684561

		150		150.0066665185		0.0066665185		150.0266642967		0.0266642967		150.0002666664		0.0002666664

		151		151.0066223713		0.0066223713		151.026487743		0.026487743		151.0002649004		0.0002649004

		152		152.006578805		0.006578805		152.0263135118		0.0263135118		152.0002631577		0.0002631577

		153		153.0065358081		0.0065358081		153.0261415576		0.0261415576		153.0002614377		0.0002614377

		154		154.0064933696		0.0064933696		154.0259718359		0.0259718359		154.00025974		0.00025974

		155		155.0064514786		0.0064514786		155.0258043037		0.0258043037		155.0002580643		0.0002580643

		156		156.0064101247		0.0064101247		156.0256389187		0.0256389187		156.00025641		0.00025641

		157		157.0063692976		0.0063692976		157.0254756401		0.0254756401		157.0002547769		0.0002547769

		158		158.0063289872		0.0063289872		158.0253144278		0.0253144278		158.0002531644		0.0002531644

		159		159.0062891838		0.0062891838		159.0251552428		0.0251552428		159.0002515721		0.0002515721

		160		160.0062498779		0.0062498779		160.0249980472		0.0249980472		160.0002499998		0.0002499998

		161		161.0062110603		0.0062110603		161.0248428038		0.0248428038		161.000248447		0.000248447

		162		162.0061727219		0.0061727219		162.0246894766		0.0246894766		162.0002469134		0.0002469134

		163		163.0061348539		0.0061348539		163.0245380303		0.0245380303		163.0002453986		0.0002453986

		164		164.0060974476		0.0060974476		164.0243884305		0.0243884305		164.0002439023		0.0002439023

		165		165.0060604948		0.0060604948		165.0242406436		0.0242406436		165.0002424241		0.0002424241

		166		166.0060239871		0.0060239871		166.0240946369		0.0240946369		166.0002409637		0.0002409637

		167		167.0059879166		0.0059879166		167.0239503784		0.0239503784		167.0002395208		0.0002395208

		168		168.0059522755		0.0059522755		168.0238078369		0.0238078369		168.0002380951		0.0002380951

		169		169.0059170562		0.0059170562		169.0236669819		0.0236669819		169.0002366862		0.0002366862

		170		170.0058822512		0.0058822512		170.0235277837		0.0235277837		170.000235294		0.000235294

		171		171.0058478532		0.0058478532		171.0233902132		0.0233902132		171.000233918		0.000233918

		172		172.0058138552		0.0058138552		172.023254242		0.023254242		172.000232558		0.000232558

		173		173.0057802503		0.0057802503		173.0231198424		0.0231198424		173.0002312137		0.0002312137

		174		174.0057470315		0.0057470315		174.0229869874		0.0229869874		174.0002298849		0.0002298849

		175		175.0057141924		0.0057141924		175.0228556503		0.0228556503		175.0002285713		0.0002285713

		176		176.0056817265		0.0056817265		176.0227258055		0.0227258055		176.0002272726		0.0002272726

		177		177.0056496273		0.0056496273		177.0225974276		0.0225974276		177.0002259886		0.0002259886

		178		178.0056178889		0.0056178889		178.0224704918		0.0224704918		178.000224719		0.000224719

		179		179.005586505		0.005586505		179.022344974		0.022344974		179.0002234635		0.0002234635

		180		180.0055554698		0.0055554698		180.0222208506		0.0222208506		180.0002222221		0.0002222221

		181		181.0055247776		0.0055247776		181.0220980985		0.0220980985		181.0002209943		0.0002209943

		182		182.0054944226		0.0054944226		182.0219766951		0.0219766951		182.0002197801		0.0002197801

		183		183.0054643993		0.0054643993		183.0218566183		0.0218566183		183.0002185791		0.0002185791

		184		184.0054347023		0.0054347023		184.0217378464		0.0217378464		184.0002173912		0.0002173912

		185		185.0054053264		0.0054053264		185.0216203583		0.0216203583		185.0002162161		0.0002162161

		186		186.0053762664		0.0053762664		186.0215041333		0.0215041333		186.0002150536		0.0002150536

		187		187.0053475171		0.0053475171		187.0213891511		0.0213891511		187.0002139036		0.0002139036

		188		188.0053190737		0.0053190737		188.0212753919		0.0212753919		188.0002127658		0.0002127658

		189		189.0052909312		0.0052909312		189.0211628363		0.0211628363		189.0002116401		0.0002116401

		190		190.005263085		0.005263085		190.0210514654		0.0210514654		190.0002105262		0.0002105262

		191		191.0052355303		0.0052355303		191.0209412604		0.0209412604		191.000209424		0.000209424

		192		192.0052082627		0.0052082627		192.0208322032		0.0208322032		192.0002083332		0.0002083332

		193		193.0051812776		0.0051812776		193.0207242759		0.0207242759		193.0002072538		0.0002072538

		194		194.0051545707		0.0051545707		194.0206174611		0.0206174611		194.0002061855		0.0002061855

		195		195.0051281377		0.0051281377		195.0205117417		0.0205117417		195.0002051281		0.0002051281

		196		196.0051019744		0.0051019744		196.0204071009		0.0204071009		196.0002040815		0.0002040815

		197		197.0050760767		0.0050760767		197.0203035223		0.0203035223		197.0002030456		0.0002030456

		198		198.0050504406		0.0050504406		198.0202009897		0.0202009897		198.0002020201		0.0002020201

		199		199.0050250622		0.0050250622		199.0200994875		0.0200994875		199.0002010049		0.0002010049

		200		200.0049999375		0.0049999375		200.0199990001		0.0199990001		200.0001999999		0.0001999999

		201		201.0049750628		0.0049750628		201.0198995125		0.0198995125		201.0001990049		0.0001990049

		202		202.0049504344		0.0049504344		202.0198010097		0.0198010097		202.0001980197		0.0001980197

		203		203.0049260486		0.0049260486		203.0197034773		0.0197034773		203.0001970442		0.0001970442

		204		204.0049019019		0.0049019019		204.0196069009		0.0196069009		204.0001960783		0.0001960783

		205		205.0048779907		0.0048779907		205.0195112666		0.0195112666		205.0001951219		0.0001951219

		206		206.0048543117		0.0048543117		206.0194165607		0.0194165607		206.0001941747		0.0001941747

		207		207.0048308615		0.0048308615		207.0193227696		0.0193227696		207.0001932366		0.0001932366

		208		208.0048076367		0.0048076367		208.0192298803		0.0192298803		208.0001923076		0.0001923076

		209		209.0047846342		0.0047846342		209.0191378798		0.0191378798		209.0001913875		0.0001913875

		210		210.0047618508		0.0047618508		210.0190467553		0.0190467553		210.0001904761		0.0001904761

		211		211.0047392833		0.0047392833		211.0189564944		0.0189564944		211.0001895734		0.0001895734

		212		212.0047169287		0.0047169287		212.018867085		0.018867085		212.0001886792		0.0001886792

		213		213.0046947839		0.0046947839		213.0187785149		0.0187785149		213.0001877933		0.0001877933

		214		214.0046728462		0.0046728462		214.0186907726		0.0186907726		214.0001869158		0.0001869158

		215		215.0046511125		0.0046511125		215.0186038463		0.0186038463		215.0001860464		0.0001860464

		216		216.00462958		0.00462958		216.0185177248		0.0185177248		216.0001851851		0.0001851851

		217		217.004608246		0.004608246		217.0184323969		0.0184323969		217.0001843317		0.0001843317

		218		218.0045871077		0.0045871077		218.0183478517		0.0183478517		218.0001834862		0.0001834862

		219		219.0045661624		0.0045661624		219.0182640786		0.0182640786		219.0001826483		0.0001826483

		220		220.0045454076		0.0045454076		220.0181810669		0.0181810669		220.0001818181		0.0001818181

		221		221.0045248406		0.0045248406		221.0180988064		0.0180988064		221.0001809954		0.0001809954

		222		222.0045044588		0.0045044588		222.0180172869		0.0180172869		222.0001801801		0.0001801801

		223		223.0044842598		0.0044842598		223.0179364984		0.0179364984		223.0001793721		0.0001793721

		224		224.0044642412		0.0044642412		224.0178564311		0.0178564311		224.0001785714		0.0001785714

		225		225.0044444005		0.0044444005		225.0177770755		0.0177770755		225.0001777777		0.0001777777

		226		226.0044247354		0.0044247354		226.017698422		0.017698422		226.0001769911		0.0001769911

		227		227.0044052436		0.0044052436		227.0176204615		0.0176204615		227.0001762114		0.0001762114

		228		228.0043859227		0.0043859227		228.0175431847		0.0175431847		228.0001754385		0.0001754385

		229		229.0043667706		0.0043667706		229.0174665828		0.0174665828		229.0001746724		0.0001746724

		230		230.004347785		0.004347785		230.0173906469		0.0173906469		230.000173913		0.000173913

		231		231.0043289638		0.0043289638		231.0173153684		0.0173153684		231.0001731601		0.0001731601

		232		232.0043103048		0.0043103048		232.0172407387		0.0172407387		232.0001724137		0.0001724137

		233		233.004291806		0.004291806		233.0171667496		0.0171667496		233.0001716738		0.0001716738

		234		234.0042734653		0.0042734653		234.0170933928		0.0170933928		234.0001709401		0.0001709401

		235		235.0042552806		0.0042552806		235.0170206602		0.0170206602		235.0001702127		0.0001702127

		236		236.0042372501		0.0042372501		236.016948544		0.016948544		236.0001694915		0.0001694915

		237		237.0042193717		0.0042193717		237.0168770362		0.0168770362		237.0001687763		0.0001687763

		238		238.0042016436		0.0042016436		238.0168061293		0.0168061293		238.0001680672		0.0001680672

		239		239.0041840638		0.0041840638		239.0167358157		0.0167358157		239.000167364		0.000167364

		240		240.0041666305		0.0041666305		240.016666088		0.016666088		240.0001666666		0.0001666666

		241		241.0041493419		0.0041493419		241.0165969389		0.0165969389		241.000165975		0.000165975

		242		242.0041321961		0.0041321961		242.0165283612		0.0165283612		242.0001652892		0.0001652892

		243		243.0041151915		0.0041151915		243.0164603479		0.0164603479		243.000164609		0.000164609

		244		244.0040983262		0.0040983262		244.016392892		0.016392892		244.0001639344		0.0001639344

		245		245.0040815987		0.0040815987		245.0163259867		0.0163259867		245.0001632653		0.0001632653

		246		246.0040650071		0.0040650071		246.0162596253		0.0162596253		246.0001626016		0.0001626016

		247		247.0040485498		0.0040485498		247.0161938011		0.0161938011		247.0001619433		0.0001619433

		248		248.0040322253		0.0040322253		248.0161285078		0.0161285078		248.0001612903		0.0001612903

		249		249.0040160319		0.0040160319		249.0160637389		0.0160637389		249.0001606425		0.0001606425

		250		250.003999968		0.003999968		250.015999488		0.015999488		250.0001599999		0.0001599999

		251		251.0039840321		0.0039840321		251.0159357491		0.0159357491		251.0001593625		0.0001593625

		252		252.0039682227		0.0039682227		252.015872516		0.015872516		252.0001587301		0.0001587301

		253		253.0039525383		0.0039525383		253.0158097827		0.0158097827		253.0001581027		0.0001581027

		254		254.0039369774		0.0039369774		254.0157475433		0.0157475433		254.0001574803		0.0001574803

		255		255.0039215385		0.0039215385		255.0156857921		0.0156857921		255.0001568627		0.0001568627

		256		256.0039062202		0.0039062202		256.0156245232		0.0156245232		256.00015625		0.00015625

		257		257.0038910211		0.0038910211		257.0155637311		0.0155637311		257.000155642		0.000155642

		258		258.0038759399		0.0038759399		258.0155034102		0.0155034102		258.0001550387		0.0001550387

		259		259.0038609751		0.0038609751		259.015443555		0.015443555		259.0001544401		0.0001544401

		260		260.0038461254		0.0038461254		260.0153841602		0.0153841602		260.0001538461		0.0001538461

		261		261.0038313895		0.0038313895		261.0153252206		0.0153252206		261.0001532567		0.0001532567

		262		262.0038167661		0.0038167661		262.0152667308		0.0152667308		262.0001526717		0.0001526717

		263		263.0038022539		0.0038022539		263.0152086857		0.0152086857		263.0001520912		0.0001520912

		264		264.0037878516		0.0037878516		264.0151510804		0.0151510804		264.0001515151		0.0001515151

		265		265.003773558		0.003773558		265.0150939098		0.0150939098		265.0001509434		0.0001509434

		266		266.0037593719		0.0037593719		266.015037169		0.015037169		266.0001503759		0.0001503759

		267		267.0037452921		0.0037452921		267.0149808531		0.0149808531		267.0001498127		0.0001498127

		268		268.0037313173		0.0037313173		268.0149249575		0.0149249575		268.0001492537		0.0001492537

		269		269.0037174464		0.0037174464		269.0148694775		0.0148694775		269.0001486988		0.0001486988

		270		270.0037036783		0.0037036783		270.0148144084		0.0148144084		270.0001481481		0.0001481481

		271		271.0036900118		0.0036900118		271.0147597457		0.0147597457		271.0001476014		0.0001476014

		272		272.0036764457		0.0036764457		272.0147054848		0.0147054848		272.0001470588		0.0001470588

		273		273.0036629791		0.0036629791		273.0146516215		0.0146516215		273.0001465201		0.0001465201

		274		274.0036496107		0.0036496107		274.0145981513		0.0145981513		274.0001459854		0.0001459854

		275		275.0036363396		0.0036363396		275.0145450699		0.0145450699		275.0001454545		0.0001454545

		276		276.0036231646		0.0036231646		276.0144923731		0.0144923731		276.0001449275		0.0001449275

		277		277.0036100848		0.0036100848		277.0144400568		0.0144400568		277.0001444043		0.0001444043

		278		278.003597099		0.003597099		278.0143881169		0.0143881169		278.0001438849		0.0001438849

		279		279.0035842064		0.0035842064		279.0143365492		0.0143365492		279.0001433691		0.0001433691

		280		280.0035714058		0.0035714058		280.0142853499		0.0142853499		280.0001428571		0.0001428571

		281		281.0035586963		0.0035586963		281.0142345149		0.0142345149		281.0001423487		0.0001423487

		282		282.003546077		0.003546077		282.0141840404		0.0141840404		282.0001418439		0.0001418439

		283		283.0035335468		0.0035335468		283.0141339227		0.0141339227		283.0001413427		0.0001413427

		284		284.0035211049		0.0035211049		284.0140841578		0.0140841578		284.000140845		0.000140845

		285		285.0035087503		0.0035087503		285.0140347422		0.0140347422		285.0001403508		0.0001403508

		286		286.0034964821		0.0034964821		286.013985672		0.013985672		286.0001398601		0.0001398601

		287		287.0034842994		0.0034842994		287.0139369438		0.0139369438		287.0001393728		0.0001393728

		288		288.0034722013		0.0034722013		288.013888554		0.013888554		288.0001388889		0.0001388889

		289		289.0034601869		0.0034601869		289.013840499		0.013840499		289.0001384083		0.0001384083

		290		290.0034482554		0.0034482554		290.0137927754		0.0137927754		290.000137931		0.000137931

		291		291.0034364058		0.0034364058		291.0137453798		0.0137453798		291.000137457		0.000137457

		292		292.0034246375		0.0034246375		292.0136983088		0.0136983088		292.0001369863		0.0001369863

		293		293.0034129494		0.0034129494		293.0136515591		0.0136515591		293.0001365187		0.0001365187

		294		294.0034013409		0.0034013409		294.0136051274		0.0136051274		294.0001360544		0.0001360544

		295		295.003389811		0.003389811		295.0135590104		0.0135590104		295.0001355932		0.0001355932

		296		296.0033783591		0.0033783591		296.0135132051		0.0135132051		296.0001351351		0.0001351351

		297		297.0033669843		0.0033669843		297.0134677081		0.0134677081		297.0001346801		0.0001346801

		298		298.0033556858		0.0033556858		298.0134225165		0.0134225165		298.0001342282		0.0001342282

		299		299.0033444629		0.0033444629		299.0133776272		0.0133776272		299.0001337792		0.0001337792

		300		300.0033333148		0.0033333148		300.0133330371		0.0133330371		300.0001333333		0.0001333333
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0.00067864

0.001060375

0.00152694

0.00203592

0.0025449

0.00305388

0.00356286

0.00407184

0.00458082

0.0050898

0.00559878

0.00610776

0.00661674

0.00712572

0.0076347

0.00814368

0.00865266

0.00916164

0.00967062

0.0101796

0.01068858

0.01119756

0.01170654

0.01221552

0.0127245

0.01323348

0.01374246

0.01425144

0.01476042

0.0152694

0.01577838

0.01628736

0.01679634

0.01730532

0.0178143

0.01832328

0.01883226

0.01934124

0.01985022

0.0203592

0.02086818

0.02137716

0.02188614

0.02239512

0.0229041

0.02341308

0.02392206

0.02443104

0.02494002

0.025449

0.02595798

0.02646696

0.02697594

0.02748492

0.0279939

0.02850288

0.02901186

0.02952084

0.03002982

0.0305388

0.03104778

0.03155676

0.03206574

0.03257472

0.0330837

0.03359268

0.03410166

0.03461064

0.03511962

0.0356286

0.03613758

0.03664656

0.03715554

0.03766452

0.0381735

0.03868248

0.03919146

0.03970044

0.04020942

0.0407184

0.04122738

0.04173636

0.04224534

0.04275432

0.0432633

0.04377228

0.04428126

0.04479024

0.04529922

0.0458082

0.04631718

0.04682616

0.04733514

0.04784412

0.0483531

0.04886208

0.04937106

0.04988004

0.05038902

0.050898

0.05140698

0.05191596

0.05242494

0.05293392

0.0534429

0.05395188

0.05446086

0.05496984

0.05547882

0.0559878

0.05649678

0.05700576

0.05751474

0.05802372

0.0585327

0.05904168

0.05955066

0.06005964

0.06056862

0.0610776

0.06158658

0.06209556

0.06260454

0.06311352

0.0636225

0.06413148

0.06464046

0.06514944

0.06565842

0.0661674

0.06667638

0.06718536

0.06769434

0.06820332

0.0687123

0.06922128

0.06973026

0.07023924

0.07074822

0.0712572

0.07176618

0.07227516

0.07278414

0.07329312

0.0738021

0.07431108

0.07482006

0.07532904

0.07583802

0.076347

0.07685598

0.07736496

0.0776197

0.07736596

0.07685798

0.07635

0.07584202

0.07533404

0.07482606

0.07431808

0.0738101

0.07330212

0.07279414

0.07228616

0.07177818

0.0712702

0.07076222

0.07025424

0.06974626

0.06923828

0.0687303

0.06822232

0.06771434

0.06720636

0.06669838

0.0661904

0.06568242

0.06517444

0.06466646

0.06415848

0.0636505

0.06314252

0.06263454

0.06212656

0.06161858

0.0611106

0.06060262

0.06009464

0.05958666

0.05907868

0.0585707

0.05806272

0.05755474

0.05704676

0.05653878

0.0560308

0.05552282

0.05501484

0.05450686

0.05399888

0.0534909

0.05298292

0.05247494

0.05196696

0.05145898

0.050951

0.05044302

0.04993504

0.04942706

0.04891908

0.0484111

0.04790312

0.04739514

0.04688716

0.04637918

0.0458712

0.04536322

0.04485524

0.04434726

0.04383928

0.0433313

0.04282332

0.04231534

0.04180736

0.04129938

0.0407914

0.04028342

0.03977544

0.03926746

0.03875948

0.0382515

0.03774352

0.03723554

0.03672756

0.03621958

0.0357116

0.03520362

0.03469564

0.03418766

0.03367968

0.0331717

0.03266372

0.03215574

0.03164776

0.03113978

0.0306318

0.03012382

0.02961584

0.02910786

0.02859988

0.0280919

0.02758392

0.02707594

0.02656796

0.02605998

0.025552

0.02504402

0.02453604

0.02402806

0.02352008

0.0230121

0.02250412

0.02199614

0.02148816

0.02098018

0.0204722

0.01996422

0.01945624

0.01894826

0.01844028

0.0179323

0.01742432

0.01691634

0.01640836

0.01590038

0.0153924

0.01488442

0.01437644

0.01386846

0.01336048

0.0128525

0.01234452

0.01183654

0.01132856

0.01082058

0.0103126

0.00980462

0.00929664

0.00878866

0.00828068

0.0077727

0.00726472

0.00675674

0.00624876

0.00574078

0.0052328

0.00472482

0.00421684

0.00370886

0.00320088

0.0026929

0.00218492

0.00167694

0.001211375

0.00083064

0.000534735

0.00032366

0.000197415

0.000156



Macauley on secondary linear b

		

		x (mm)		Shear force (N)

		0		0

		6		0.50898

		155		0.50898

		157		-0.50802

		306		-0.50802

		312		0.00096

		x(mm)		x(m)		A		B		C		D		E		F		Total M

		1		0.001		0.000042415		0		0		0		0		0		0.000042415		0.0776197

		2		0.002		0.00016966		0		0		0		0		0		0.00016966

		3		0.003		0.000381735		0		0		0		0		0		0.000381735

		4		0.004		0.00067864		0		0		0		0		0		0.00067864

		5		0.005		0.001060375		0		0		0		0		0		0.001060375

		6		0.006		0.00152694		0		0		0		0		0		0.00152694

		7		0.007		0.002078335		-0.000042415		0		0		0		0		0.00203592

		8		0.008		0.00271456		-0.00016966		0		0		0		0		0.0025449

		9		0.009		0.003435615		-0.000381735		0		0		0		0		0.00305388

		10		0.01		0.0042415		-0.00067864		0		0		0		0		0.00356286

		11		0.011		0.005132215		-0.001060375		0		0		0		0		0.00407184

		12		0.012		0.00610776		-0.00152694		0		0		0		0		0.00458082

		13		0.013		0.007168135		-0.002078335		0		0		0		0		0.0050898

		14		0.014		0.00831334		-0.00271456		0		0		0		0		0.00559878

		15		0.015		0.009543375		-0.003435615		0		0		0		0		0.00610776

		16		0.016		0.01085824		-0.0042415		0		0		0		0		0.00661674

		17		0.017		0.012257935		-0.005132215		0		0		0		0		0.00712572

		18		0.018		0.01374246		-0.00610776		0		0		0		0		0.0076347

		19		0.019		0.015311815		-0.007168135		0		0		0		0		0.00814368

		20		0.02		0.016966		-0.00831334		0		0		0		0		0.00865266

		21		0.021		0.018705015		-0.009543375		0		0		0		0		0.00916164

		22		0.022		0.02052886		-0.01085824		0		0		0		0		0.00967062

		23		0.023		0.022437535		-0.012257935		0		0		0		0		0.0101796

		24		0.024		0.02443104		-0.01374246		0		0		0		0		0.01068858

		25		0.025		0.026509375		-0.015311815		0		0		0		0		0.01119756

		26		0.026		0.02867254		-0.016966		0		0		0		0		0.01170654

		27		0.027		0.030920535		-0.018705015		0		0		0		0		0.01221552

		28		0.028		0.03325336		-0.02052886		0		0		0		0		0.0127245

		29		0.029		0.035671015		-0.022437535		0		0		0		0		0.01323348

		30		0.03		0.0381735		-0.02443104		0		0		0		0		0.01374246

		31		0.031		0.040760815		-0.026509375		0		0		0		0		0.01425144

		32		0.032		0.04343296		-0.02867254		0		0		0		0		0.01476042

		33		0.033		0.046189935		-0.030920535		0		0		0		0		0.0152694

		34		0.034		0.04903174		-0.03325336		0		0		0		0		0.01577838

		35		0.035		0.051958375		-0.035671015		0		0		0		0		0.01628736

		36		0.036		0.05496984		-0.0381735		0		0		0		0		0.01679634

		37		0.037		0.058066135		-0.040760815		0		0		0		0		0.01730532

		38		0.038		0.06124726		-0.04343296		0		0		0		0		0.0178143

		39		0.039		0.064513215		-0.046189935		0		0		0		0		0.01832328

		40		0.04		0.067864		-0.04903174		0		0		0		0		0.01883226

		41		0.041		0.071299615		-0.051958375		0		0		0		0		0.01934124

		42		0.042		0.07482006		-0.05496984		0		0		0		0		0.01985022

		43		0.043		0.078425335		-0.058066135		0		0		0		0		0.0203592

		44		0.044		0.08211544		-0.06124726		0		0		0		0		0.02086818

		45		0.045		0.085890375		-0.064513215		0		0		0		0		0.02137716

		46		0.046		0.08975014		-0.067864		0		0		0		0		0.02188614

		47		0.047		0.093694735		-0.071299615		0		0		0		0		0.02239512

		48		0.048		0.09772416		-0.07482006		0		0		0		0		0.0229041

		49		0.049		0.101838415		-0.078425335		0		0		0		0		0.02341308

		50		0.05		0.1060375		-0.08211544		0		0		0		0		0.02392206

		51		0.051		0.110321415		-0.085890375		0		0		0		0		0.02443104

		52		0.052		0.11469016		-0.08975014		0		0		0		0		0.02494002

		53		0.053		0.119143735		-0.093694735		0		0		0		0		0.025449

		54		0.054		0.12368214		-0.09772416		0		0		0		0		0.02595798

		55		0.055		0.128305375		-0.101838415		0		0		0		0		0.02646696

		56		0.056		0.13301344		-0.1060375		0		0		0		0		0.02697594

		57		0.057		0.137806335		-0.110321415		0		0		0		0		0.02748492

		58		0.058		0.14268406		-0.11469016		0		0		0		0		0.0279939

		59		0.059		0.147646615		-0.119143735		0		0		0		0		0.02850288

		60		0.06		0.152694		-0.12368214		0		0		0		0		0.02901186

		61		0.061		0.157826215		-0.128305375		0		0		0		0		0.02952084

		62		0.062		0.16304326		-0.13301344		0		0		0		0		0.03002982

		63		0.063		0.168345135		-0.137806335		0		0		0		0		0.0305388

		64		0.064		0.17373184		-0.14268406		0		0		0		0		0.03104778

		65		0.065		0.179203375		-0.147646615		0		0		0		0		0.03155676

		66		0.066		0.18475974		-0.152694		0		0		0		0		0.03206574

		67		0.067		0.190400935		-0.157826215		0		0		0		0		0.03257472

		68		0.068		0.19612696		-0.16304326		0		0		0		0		0.0330837

		69		0.069		0.201937815		-0.168345135		0		0		0		0		0.03359268

		70		0.07		0.2078335		-0.17373184		0		0		0		0		0.03410166

		71		0.071		0.213814015		-0.179203375		0		0		0		0		0.03461064

		72		0.072		0.21987936		-0.18475974		0		0		0		0		0.03511962

		73		0.073		0.226029535		-0.190400935		0		0		0		0		0.0356286

		74		0.074		0.23226454		-0.19612696		0		0		0		0		0.03613758

		75		0.075		0.238584375		-0.201937815		0		0		0		0		0.03664656

		76		0.076		0.24498904		-0.2078335		0		0		0		0		0.03715554

		77		0.077		0.251478535		-0.213814015		0		0		0		0		0.03766452

		78		0.078		0.25805286		-0.21987936		0		0		0		0		0.0381735

		79		0.079		0.264712015		-0.226029535		0		0		0		0		0.03868248

		80		0.08		0.271456		-0.23226454		0		0		0		0		0.03919146

		81		0.081		0.278284815		-0.238584375		0		0		0		0		0.03970044

		82		0.082		0.28519846		-0.24498904		0		0		0		0		0.04020942

		83		0.083		0.292196935		-0.251478535		0		0		0		0		0.0407184

		84		0.084		0.29928024		-0.25805286		0		0		0		0		0.04122738

		85		0.085		0.306448375		-0.264712015		0		0		0		0		0.04173636

		86		0.086		0.31370134		-0.271456		0		0		0		0		0.04224534

		87		0.087		0.321039135		-0.278284815		0		0		0		0		0.04275432

		88		0.088		0.32846176		-0.28519846		0		0		0		0		0.0432633

		89		0.089		0.335969215		-0.292196935		0		0		0		0		0.04377228

		90		0.09		0.3435615		-0.29928024		0		0		0		0		0.04428126

		91		0.091		0.351238615		-0.306448375		0		0		0		0		0.04479024

		92		0.092		0.35900056		-0.31370134		0		0		0		0		0.04529922

		93		0.093		0.366847335		-0.321039135		0		0		0		0		0.0458082

		94		0.094		0.37477894		-0.32846176		0		0		0		0		0.04631718

		95		0.095		0.382795375		-0.335969215		0		0		0		0		0.04682616

		96		0.096		0.39089664		-0.3435615		0		0		0		0		0.04733514

		97		0.097		0.399082735		-0.351238615		0		0		0		0		0.04784412

		98		0.098		0.40735366		-0.35900056		0		0		0		0		0.0483531

		99		0.099		0.415709415		-0.366847335		0		0		0		0		0.04886208

		100		0.1		0.42415		-0.37477894		0		0		0		0		0.04937106

		101		0.101		0.432675415		-0.382795375		0		0		0		0		0.04988004

		102		0.102		0.44128566		-0.39089664		0		0		0		0		0.05038902

		103		0.103		0.449980735		-0.399082735		0		0		0		0		0.050898

		104		0.104		0.45876064		-0.40735366		0		0		0		0		0.05140698

		105		0.105		0.467625375		-0.415709415		0		0		0		0		0.05191596

		106		0.106		0.47657494		-0.42415		0		0		0		0		0.05242494

		107		0.107		0.485609335		-0.432675415		0		0		0		0		0.05293392

		108		0.108		0.49472856		-0.44128566		0		0		0		0		0.0534429

		109		0.109		0.503932615		-0.449980735		0		0		0		0		0.05395188

		110		0.11		0.5132215		-0.45876064		0		0		0		0		0.05446086

		111		0.111		0.522595215		-0.467625375		0		0		0		0		0.05496984

		112		0.112		0.53205376		-0.47657494		0		0		0		0		0.05547882

		113		0.113		0.541597135		-0.485609335		0		0		0		0		0.0559878

		114		0.114		0.55122534		-0.49472856		0		0		0		0		0.05649678

		115		0.115		0.560938375		-0.503932615		0		0		0		0		0.05700576

		116		0.116		0.57073624		-0.5132215		0		0		0		0		0.05751474

		117		0.117		0.580618935		-0.522595215		0		0		0		0		0.05802372

		118		0.118		0.59058646		-0.53205376		0		0		0		0		0.0585327

		119		0.119		0.600638815		-0.541597135		0		0		0		0		0.05904168

		120		0.12		0.610776		-0.55122534		0		0		0		0		0.05955066

		121		0.121		0.620998015		-0.560938375		0		0		0		0		0.06005964

		122		0.122		0.63130486		-0.57073624		0		0		0		0		0.06056862

		123		0.123		0.641696535		-0.580618935		0		0		0		0		0.0610776

		124		0.124		0.65217304		-0.59058646		0		0		0		0		0.06158658

		125		0.125		0.662734375		-0.600638815		0		0		0		0		0.06209556

		126		0.126		0.67338054		-0.610776		0		0		0		0		0.06260454

		127		0.127		0.684111535		-0.620998015		0		0		0		0		0.06311352

		128		0.128		0.69492736		-0.63130486		0		0		0		0		0.0636225

		129		0.129		0.705828015		-0.641696535		0		0		0		0		0.06413148

		130		0.13		0.7168135		-0.65217304		0		0		0		0		0.06464046

		131		0.131		0.727883815		-0.662734375		0		0		0		0		0.06514944

		132		0.132		0.73903896		-0.67338054		0		0		0		0		0.06565842

		133		0.133		0.750278935		-0.684111535		0		0		0		0		0.0661674

		134		0.134		0.76160374		-0.69492736		0		0		0		0		0.06667638

		135		0.135		0.773013375		-0.705828015		0		0		0		0		0.06718536

		136		0.136		0.78450784		-0.7168135		0		0		0		0		0.06769434

		137		0.137		0.796087135		-0.727883815		0		0		0		0		0.06820332

		138		0.138		0.80775126		-0.73903896		0		0		0		0		0.0687123

		139		0.139		0.819500215		-0.750278935		0		0		0		0		0.06922128

		140		0.14		0.831334		-0.76160374		0		0		0		0		0.06973026

		141		0.141		0.843252615		-0.773013375		0		0		0		0		0.07023924

		142		0.142		0.85525606		-0.78450784		0		0		0		0		0.07074822

		143		0.143		0.867344335		-0.796087135		0		0		0		0		0.0712572

		144		0.144		0.87951744		-0.80775126		0		0		0		0		0.07176618

		145		0.145		0.891775375		-0.819500215		0		0		0		0		0.07227516

		146		0.146		0.90411814		-0.831334		0		0		0		0		0.07278414

		147		0.147		0.916545735		-0.843252615		0		0		0		0		0.07329312

		148		0.148		0.92905816		-0.85525606		0		0		0		0		0.0738021

		149		0.149		0.941655415		-0.867344335		0		0		0		0		0.07431108

		150		0.15		0.9543375		-0.87951744		0		0		0		0		0.07482006

		151		0.151		0.967104415		-0.891775375		0		0		0		0		0.07532904

		152		0.152		0.97995616		-0.90411814		0		0		0		0		0.07583802

		153		0.153		0.992892735		-0.916545735		0		0		0		0		0.076347

		154		0.154		1.00591414		-0.92905816		0		0		0		0		0.07685598

		155		0.155		1.019020375		-0.941655415		0		0		0		0		0.07736496

		156		0.156		1.03221144		-0.9543375		-0.00025424		0		0		0		0.0776197

		157		0.157		1.045487335		-0.967104415		-0.00101696		0		0		0		0.07736596

		158		0.158		1.05884806		-0.97995616		-0.00228816		0.00025424		0		0		0.07685798

		159		0.159		1.072293615		-0.992892735		-0.00406784		0.00101696		0		0		0.07635

		160		0.16		1.085824		-1.00591414		-0.006356		0.00228816		0		0		0.07584202

		161		0.161		1.099439215		-1.019020375		-0.00915264		0.00406784		0		0		0.07533404

		162		0.162		1.11313926		-1.03221144		-0.01245776		0.006356		0		0		0.07482606

		163		0.163		1.126924135		-1.045487335		-0.01627136		0.00915264		0		0		0.07431808

		164		0.164		1.14079384		-1.05884806		-0.02059344		0.01245776		0		0		0.0738101

		165		0.165		1.154748375		-1.072293615		-0.025424		0.01627136		0		0		0.07330212

		166		0.166		1.16878774		-1.085824		-0.03076304		0.02059344		0		0		0.07279414

		167		0.167		1.182911935		-1.099439215		-0.03661056		0.025424		0		0		0.07228616

		168		0.168		1.19712096		-1.11313926		-0.04296656		0.03076304		0		0		0.07177818

		169		0.169		1.211414815		-1.126924135		-0.04983104		0.03661056		0		0		0.0712702

		170		0.17		1.2257935		-1.14079384		-0.057204		0.04296656		0		0		0.07076222

		171		0.171		1.240257015		-1.154748375		-0.06508544		0.04983104		0		0		0.07025424

		172		0.172		1.25480536		-1.16878774		-0.07347536		0.057204		0		0		0.06974626

		173		0.173		1.269438535		-1.182911935		-0.08237376		0.06508544		0		0		0.06923828

		174		0.174		1.28415654		-1.19712096		-0.09178064		0.07347536		0		0		0.0687303

		175		0.175		1.298959375		-1.211414815		-0.101696		0.08237376		0		0		0.06822232

		176		0.176		1.31384704		-1.2257935		-0.11211984		0.09178064		0		0		0.06771434

		177		0.177		1.328819535		-1.240257015		-0.12305216		0.101696		0		0		0.06720636

		178		0.178		1.34387686		-1.25480536		-0.13449296		0.11211984		0		0		0.06669838

		179		0.179		1.359019015		-1.269438535		-0.14644224		0.12305216		0		0		0.0661904

		180		0.18		1.374246		-1.28415654		-0.1589		0.13449296		0		0		0.06568242

		181		0.181		1.389557815		-1.298959375		-0.17186624		0.14644224		0		0		0.06517444

		182		0.182		1.40495446		-1.31384704		-0.18534096		0.1589		0		0		0.06466646

		183		0.183		1.420435935		-1.328819535		-0.19932416		0.17186624		0		0		0.06415848

		184		0.184		1.43600224		-1.34387686		-0.21381584		0.18534096		0		0		0.0636505

		185		0.185		1.451653375		-1.359019015		-0.228816		0.19932416		0		0		0.06314252

		186		0.186		1.46738934		-1.374246		-0.24432464		0.21381584		0		0		0.06263454

		187		0.187		1.483210135		-1.389557815		-0.26034176		0.228816		0		0		0.06212656

		188		0.188		1.49911576		-1.40495446		-0.27686736		0.24432464		0		0		0.06161858

		189		0.189		1.515106215		-1.420435935		-0.29390144		0.26034176		0		0		0.0611106

		190		0.19		1.5311815		-1.43600224		-0.311444		0.27686736		0		0		0.06060262

		191		0.191		1.547341615		-1.451653375		-0.32949504		0.29390144		0		0		0.06009464

		192		0.192		1.56358656		-1.46738934		-0.34805456		0.311444		0		0		0.05958666

		193		0.193		1.579916335		-1.483210135		-0.36712256		0.32949504		0		0		0.05907868

		194		0.194		1.59633094		-1.49911576		-0.38669904		0.34805456		0		0		0.0585707

		195		0.195		1.612830375		-1.515106215		-0.406784		0.36712256		0		0		0.05806272

		196		0.196		1.62941464		-1.5311815		-0.42737744		0.38669904		0		0		0.05755474

		197		0.197		1.646083735		-1.547341615		-0.44847936		0.406784		0		0		0.05704676

		198		0.198		1.66283766		-1.56358656		-0.47008976		0.42737744		0		0		0.05653878

		199		0.199		1.679676415		-1.579916335		-0.49220864		0.44847936		0		0		0.0560308

		200		0.2		1.6966		-1.59633094		-0.514836		0.47008976		0		0		0.05552282

		201		0.201		1.713608415		-1.612830375		-0.53797184		0.49220864		0		0		0.05501484

		202		0.202		1.73070166		-1.62941464		-0.56161616		0.514836		0		0		0.05450686

		203		0.203		1.747879735		-1.646083735		-0.58576896		0.53797184		0		0		0.05399888

		204		0.204		1.76514264		-1.66283766		-0.61043024		0.56161616		0		0		0.0534909

		205		0.205		1.782490375		-1.679676415		-0.6356		0.58576896		0		0		0.05298292

		206		0.206		1.79992294		-1.6966		-0.66127824		0.61043024		0		0		0.05247494

		207		0.207		1.817440335		-1.713608415		-0.68746496		0.6356		0		0		0.05196696

		208		0.208		1.83504256		-1.73070166		-0.71416016		0.66127824		0		0		0.05145898

		209		0.209		1.852729615		-1.747879735		-0.74136384		0.68746496		0		0		0.050951

		210		0.21		1.8705015		-1.76514264		-0.769076		0.71416016		0		0		0.05044302

		211		0.211		1.888358215		-1.782490375		-0.79729664		0.74136384		0		0		0.04993504

		212		0.212		1.90629976		-1.79992294		-0.82602576		0.769076		0		0		0.04942706

		213		0.213		1.924326135		-1.817440335		-0.85526336		0.79729664		0		0		0.04891908

		214		0.214		1.94243734		-1.83504256		-0.88500944		0.82602576		0		0		0.0484111

		215		0.215		1.960633375		-1.852729615		-0.915264		0.85526336		0		0		0.04790312

		216		0.216		1.97891424		-1.8705015		-0.94602704		0.88500944		0		0		0.04739514

		217		0.217		1.997279935		-1.888358215		-0.97729856		0.915264		0		0		0.04688716

		218		0.218		2.01573046		-1.90629976		-1.00907856		0.94602704		0		0		0.04637918

		219		0.219		2.034265815		-1.924326135		-1.04136704		0.97729856		0		0		0.0458712

		220		0.22		2.052886		-1.94243734		-1.074164		1.00907856		0		0		0.04536322

		221		0.221		2.071591015		-1.960633375		-1.10746944		1.04136704		0		0		0.04485524

		222		0.222		2.09038086		-1.97891424		-1.14128336		1.074164		0		0		0.04434726

		223		0.223		2.109255535		-1.997279935		-1.17560576		1.10746944		0		0		0.04383928

		224		0.224		2.12821504		-2.01573046		-1.21043664		1.14128336		0		0		0.0433313

		225		0.225		2.147259375		-2.034265815		-1.245776		1.17560576		0		0		0.04282332

		226		0.226		2.16638854		-2.052886		-1.28162384		1.21043664		0		0		0.04231534

		227		0.227		2.185602535		-2.071591015		-1.31798016		1.245776		0		0		0.04180736

		228		0.228		2.20490136		-2.09038086		-1.35484496		1.28162384		0		0		0.04129938

		229		0.229		2.224285015		-2.109255535		-1.39221824		1.31798016		0		0		0.0407914

		230		0.23		2.2437535		-2.12821504		-1.4301		1.35484496		0		0		0.04028342

		231		0.231		2.263306815		-2.147259375		-1.46849024		1.39221824		0		0		0.03977544

		232		0.232		2.28294496		-2.16638854		-1.50738896		1.4301		0		0		0.03926746

		233		0.233		2.302667935		-2.185602535		-1.54679616		1.46849024		0		0		0.03875948

		234		0.234		2.32247574		-2.20490136		-1.58671184		1.50738896		0		0		0.0382515

		235		0.235		2.342368375		-2.224285015		-1.627136		1.54679616		0		0		0.03774352

		236		0.236		2.36234584		-2.2437535		-1.66806864		1.58671184		0		0		0.03723554

		237		0.237		2.382408135		-2.263306815		-1.70950976		1.627136		0		0		0.03672756

		238		0.238		2.40255526		-2.28294496		-1.75145936		1.66806864		0		0		0.03621958

		239		0.239		2.422787215		-2.302667935		-1.79391744		1.70950976		0		0		0.0357116

		240		0.24		2.443104		-2.32247574		-1.836884		1.75145936		0		0		0.03520362

		241		0.241		2.463505615		-2.342368375		-1.88035904		1.79391744		0		0		0.03469564

		242		0.242		2.48399206		-2.36234584		-1.92434256		1.836884		0		0		0.03418766

		243		0.243		2.504563335		-2.382408135		-1.96883456		1.88035904		0		0		0.03367968

		244		0.244		2.52521944		-2.40255526		-2.01383504		1.92434256		0		0		0.0331717

		245		0.245		2.545960375		-2.422787215		-2.059344		1.96883456		0		0		0.03266372

		246		0.246		2.56678614		-2.443104		-2.10536144		2.01383504		0		0		0.03215574

		247		0.247		2.587696735		-2.463505615		-2.15188736		2.059344		0		0		0.03164776

		248		0.248		2.60869216		-2.48399206		-2.19892176		2.10536144		0		0		0.03113978

		249		0.249		2.629772415		-2.504563335		-2.24646464		2.15188736		0		0		0.0306318

		250		0.25		2.6509375		-2.52521944		-2.294516		2.19892176		0		0		0.03012382

		251		0.251		2.672187415		-2.545960375		-2.34307584		2.24646464		0		0		0.02961584

		252		0.252		2.69352216		-2.56678614		-2.39214416		2.294516		0		0		0.02910786

		253		0.253		2.714941735		-2.587696735		-2.44172096		2.34307584		0		0		0.02859988

		254		0.254		2.73644614		-2.60869216		-2.49180624		2.39214416		0		0		0.0280919

		255		0.255		2.758035375		-2.629772415		-2.5424		2.44172096		0		0		0.02758392

		256		0.256		2.77970944		-2.6509375		-2.59350224		2.49180624		0		0		0.02707594

		257		0.257		2.801468335		-2.672187415		-2.64511296		2.5424		0		0		0.02656796

		258		0.258		2.82331206		-2.69352216		-2.69723216		2.59350224		0		0		0.02605998

		259		0.259		2.845240615		-2.714941735		-2.74985984		2.64511296		0		0		0.025552

		260		0.26		2.867254		-2.73644614		-2.802996		2.69723216		0		0		0.02504402

		261		0.261		2.889352215		-2.758035375		-2.85664064		2.74985984		0		0		0.02453604

		262		0.262		2.91153526		-2.77970944		-2.91079376		2.802996		0		0		0.02402806

		263		0.263		2.933803135		-2.801468335		-2.96545536		2.85664064		0		0		0.02352008

		264		0.264		2.95615584		-2.82331206		-3.02062544		2.91079376		0		0		0.0230121

		265		0.265		2.978593375		-2.845240615		-3.076304		2.96545536		0		0		0.02250412

		266		0.266		3.00111574		-2.867254		-3.13249104		3.02062544		0		0		0.02199614

		267		0.267		3.023722935		-2.889352215		-3.18918656		3.076304		0		0		0.02148816

		268		0.268		3.04641496		-2.91153526		-3.24639056		3.13249104		0		0		0.02098018

		269		0.269		3.069191815		-2.933803135		-3.30410304		3.18918656		0		0		0.0204722

		270		0.27		3.0920535		-2.95615584		-3.362324		3.24639056		0		0		0.01996422

		271		0.271		3.115000015		-2.978593375		-3.42105344		3.30410304		0		0		0.01945624

		272		0.272		3.13803136		-3.00111574		-3.48029136		3.362324		0		0		0.01894826

		273		0.273		3.161147535		-3.023722935		-3.54003776		3.42105344		0		0		0.01844028

		274		0.274		3.18434854		-3.04641496		-3.60029264		3.48029136		0		0		0.0179323

		275		0.275		3.207634375		-3.069191815		-3.661056		3.54003776		0		0		0.01742432

		276		0.276		3.23100504		-3.0920535		-3.72232784		3.60029264		0		0		0.01691634

		277		0.277		3.254460535		-3.115000015		-3.78410816		3.661056		0		0		0.01640836

		278		0.278		3.27800086		-3.13803136		-3.84639696		3.72232784		0		0		0.01590038

		279		0.279		3.301626015		-3.161147535		-3.90919424		3.78410816		0		0		0.0153924

		280		0.28		3.325336		-3.18434854		-3.9725		3.84639696		0		0		0.01488442

		281		0.281		3.349130815		-3.207634375		-4.03631424		3.90919424		0		0		0.01437644

		282		0.282		3.37301046		-3.23100504		-4.10063696		3.9725		0		0		0.01386846

		283		0.283		3.396974935		-3.254460535		-4.16546816		4.03631424		0		0		0.01336048

		284		0.284		3.42102424		-3.27800086		-4.23080784		4.10063696		0		0		0.0128525

		285		0.285		3.445158375		-3.301626015		-4.296656		4.16546816		0		0		0.01234452

		286		0.286		3.46937734		-3.325336		-4.36301264		4.23080784		0		0		0.01183654

		287		0.287		3.493681135		-3.349130815		-4.42987776		4.296656		0		0		0.01132856

		288		0.288		3.51806976		-3.37301046		-4.49725136		4.36301264		0		0		0.01082058

		289		0.289		3.542543215		-3.396974935		-4.56513344		4.42987776		0		0		0.0103126

		290		0.29		3.5671015		-3.42102424		-4.633524		4.49725136		0		0		0.00980462

		291		0.291		3.591744615		-3.445158375		-4.70242304		4.56513344		0		0		0.00929664

		292		0.292		3.61647256		-3.46937734		-4.77183056		4.633524		0		0		0.00878866

		293		0.293		3.641285335		-3.493681135		-4.84174656		4.70242304		0		0		0.00828068

		294		0.294		3.66618294		-3.51806976		-4.91217104		4.77183056		0		0		0.0077727

		295		0.295		3.691165375		-3.542543215		-4.983104		4.84174656		0		0		0.00726472

		296		0.296		3.71623264		-3.5671015		-5.05454544		4.91217104		0		0		0.00675674

		297		0.297		3.741384735		-3.591744615		-5.12649536		4.983104		0		0		0.00624876

		298		0.298		3.76662166		-3.61647256		-5.19895376		5.05454544		0		0		0.00574078

		299		0.299		3.791943415		-3.641285335		-5.27192064		5.12649536		0		0		0.0052328

		300		0.3		3.81735		-3.66618294		-5.345396		5.19895376		0		0		0.00472482

		301		0.301		3.842841415		-3.691165375		-5.41937984		5.27192064		0		0		0.00421684

		302		0.302		3.86841766		-3.71623264		-5.49387216		5.345396		0		0		0.00370886

		303		0.303		3.894078735		-3.741384735		-5.56887296		5.41937984		0		0		0.00320088

		304		0.304		3.91982464		-3.76662166		-5.64438224		5.49387216		0		0		0.0026929

		305		0.305		3.945655375		-3.791943415		-5.7204		5.56887296		0		0		0.00218492

		306		0.306		3.97157094		-3.81735		-5.79692624		5.64438224		0		0		0.00167694

		307		0.307		3.997571335		-3.842841415		-5.87396096		5.7204		0.000042415		0		0.001211375

		308		0.308		4.02365656		-3.86841766		-5.95150416		5.79692624		0.00016966		0		0.00083064

		309		0.309		4.049826615		-3.894078735		-6.02955584		5.87396096		0.000381735		0		0.000534735

		310		0.31		4.0760815		-3.91982464		-6.108116		5.95150416		0.00067864		0		0.00032366

		311		0.311		4.102421215		-3.945655375		-6.18718464		6.02955584		0.001060375		0		0.000197415

		312		0.312		4.12884576		-3.97157094		-6.26676176		6.108116		0.00152694		0		0.000156





Macauley on secondary linear b

		



Shear force (N)
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Bending moment (Nm)




_1177660037.unknown

_1177660826.unknown

_1177662055.unknown

_1177663497.xls
Chart7

		34.396954219		31.251706921		29.0115147752

		27.3008806559		24.8044962211		23.0264545367

		21.6687233364		19.6873416975		18.2761090773

		18.9293734025		17.1984771095		15.9656518613

		17.1984771095		15.6258534605		14.5057573876

		15.9656518613		14.5057573876		13.4659523027

		15.0242536261		13.6504403279		12.67194628

		14.271752639		12.966747808		12.0372623668

		13.6504403279		12.4022481106		11.5132272683

		13.124894465		11.9247580055		11.0699647204

		12.67194628		11.5132272683		10.6879334255



Diplacement @ b= 6mm

Diplacement @ b= 8mm

Diplacement @ b= 10mm

Beam (bearing) depth (mm)

Beam (bearing) displacement (mm) at midpoint
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Beam displacement

		b				Depth		Diplacement @ b= 6mm				b		Depth		Diplacement @ b= 8mm				b		Depth		Diplacement @ b= 10mm

		0.006		0.05		34.396954219		0.05				0.008		31.251706921		0.05				0.01		29.0115147752		0.05

		0.006		0.1		27.3008806559		0.1				0.008		24.8044962211		0.1				0.01		23.0264545367		0.1

		0.006		0.2		21.6687233364		0.2				0.008		19.6873416975		0.2				0.01		18.2761090773		0.2

		0.006		0.3		18.9293734025		0.3				0.008		17.1984771095		0.3				0.01		15.9656518613		0.3

		0.006		0.4		17.1984771095		0.4				0.008		15.6258534605		0.4				0.01		14.5057573876		0.4

		0.006		0.5		15.9656518613		0.5				0.008		14.5057573876		0.5				0.01		13.4659523027		0.5

		0.006		0.6		15.0242536261		0.6				0.008		13.6504403279		0.6				0.01		12.67194628		0.6

		0.006		0.7		14.271752639		0.7				0.008		12.966747808		0.7				0.01		12.0372623668		0.7

		0.006		0.8		13.6504403279		0.8				0.008		12.4022481106		0.8				0.01		11.5132272683		0.8

		0.006		0.9		13.124894465		0.9				0.008		11.9247580055		0.9				0.01		11.0699647204		0.9

		0.006		1		12.67194628		1				0.008		11.5132272683		1				0.01		10.6879334255		1





Beam displacement

		



Diplacement @ b= 6mm

Diplacement @ b= 8mm

Diplacement @ b= 10mm

Beam (bearing) depth (mm)

Beam (bearing) displacement (mm) at midpoint



Macauley on secondary linear b

		

		x (mm)		Shear force (N)

		0		0

		6		0.50898

		155		0.50898

		157		-0.50802

		306		-0.50802

		312		0.00096

		x(mm)		x(m)		A		B		C		D		E		F		Total M

		1		0.001		0.000042415		0		0		0		0		0		0.000042415		0.0776197

		2		0.002		0.00016966		0		0		0		0		0		0.00016966

		3		0.003		0.000381735		0		0		0		0		0		0.000381735

		4		0.004		0.00067864		0		0		0		0		0		0.00067864

		5		0.005		0.001060375		0		0		0		0		0		0.001060375

		6		0.006		0.00152694		0		0		0		0		0		0.00152694

		7		0.007		0.002078335		-0.000042415		0		0		0		0		0.00203592

		8		0.008		0.00271456		-0.00016966		0		0		0		0		0.0025449

		9		0.009		0.003435615		-0.000381735		0		0		0		0		0.00305388

		10		0.01		0.0042415		-0.00067864		0		0		0		0		0.00356286

		11		0.011		0.005132215		-0.001060375		0		0		0		0		0.00407184

		12		0.012		0.00610776		-0.00152694		0		0		0		0		0.00458082

		13		0.013		0.007168135		-0.002078335		0		0		0		0		0.0050898

		14		0.014		0.00831334		-0.00271456		0		0		0		0		0.00559878

		15		0.015		0.009543375		-0.003435615		0		0		0		0		0.00610776

		16		0.016		0.01085824		-0.0042415		0		0		0		0		0.00661674

		17		0.017		0.012257935		-0.005132215		0		0		0		0		0.00712572

		18		0.018		0.01374246		-0.00610776		0		0		0		0		0.0076347

		19		0.019		0.015311815		-0.007168135		0		0		0		0		0.00814368

		20		0.02		0.016966		-0.00831334		0		0		0		0		0.00865266

		21		0.021		0.018705015		-0.009543375		0		0		0		0		0.00916164

		22		0.022		0.02052886		-0.01085824		0		0		0		0		0.00967062

		23		0.023		0.022437535		-0.012257935		0		0		0		0		0.0101796

		24		0.024		0.02443104		-0.01374246		0		0		0		0		0.01068858

		25		0.025		0.026509375		-0.015311815		0		0		0		0		0.01119756

		26		0.026		0.02867254		-0.016966		0		0		0		0		0.01170654

		27		0.027		0.030920535		-0.018705015		0		0		0		0		0.01221552

		28		0.028		0.03325336		-0.02052886		0		0		0		0		0.0127245

		29		0.029		0.035671015		-0.022437535		0		0		0		0		0.01323348

		30		0.03		0.0381735		-0.02443104		0		0		0		0		0.01374246

		31		0.031		0.040760815		-0.026509375		0		0		0		0		0.01425144

		32		0.032		0.04343296		-0.02867254		0		0		0		0		0.01476042

		33		0.033		0.046189935		-0.030920535		0		0		0		0		0.0152694

		34		0.034		0.04903174		-0.03325336		0		0		0		0		0.01577838

		35		0.035		0.051958375		-0.035671015		0		0		0		0		0.01628736

		36		0.036		0.05496984		-0.0381735		0		0		0		0		0.01679634

		37		0.037		0.058066135		-0.040760815		0		0		0		0		0.01730532

		38		0.038		0.06124726		-0.04343296		0		0		0		0		0.0178143

		39		0.039		0.064513215		-0.046189935		0		0		0		0		0.01832328

		40		0.04		0.067864		-0.04903174		0		0		0		0		0.01883226

		41		0.041		0.071299615		-0.051958375		0		0		0		0		0.01934124

		42		0.042		0.07482006		-0.05496984		0		0		0		0		0.01985022

		43		0.043		0.078425335		-0.058066135		0		0		0		0		0.0203592

		44		0.044		0.08211544		-0.06124726		0		0		0		0		0.02086818

		45		0.045		0.085890375		-0.064513215		0		0		0		0		0.02137716

		46		0.046		0.08975014		-0.067864		0		0		0		0		0.02188614

		47		0.047		0.093694735		-0.071299615		0		0		0		0		0.02239512

		48		0.048		0.09772416		-0.07482006		0		0		0		0		0.0229041

		49		0.049		0.101838415		-0.078425335		0		0		0		0		0.02341308

		50		0.05		0.1060375		-0.08211544		0		0		0		0		0.02392206

		51		0.051		0.110321415		-0.085890375		0		0		0		0		0.02443104

		52		0.052		0.11469016		-0.08975014		0		0		0		0		0.02494002

		53		0.053		0.119143735		-0.093694735		0		0		0		0		0.025449

		54		0.054		0.12368214		-0.09772416		0		0		0		0		0.02595798

		55		0.055		0.128305375		-0.101838415		0		0		0		0		0.02646696

		56		0.056		0.13301344		-0.1060375		0		0		0		0		0.02697594

		57		0.057		0.137806335		-0.110321415		0		0		0		0		0.02748492

		58		0.058		0.14268406		-0.11469016		0		0		0		0		0.0279939

		59		0.059		0.147646615		-0.119143735		0		0		0		0		0.02850288

		60		0.06		0.152694		-0.12368214		0		0		0		0		0.02901186

		61		0.061		0.157826215		-0.128305375		0		0		0		0		0.02952084

		62		0.062		0.16304326		-0.13301344		0		0		0		0		0.03002982

		63		0.063		0.168345135		-0.137806335		0		0		0		0		0.0305388

		64		0.064		0.17373184		-0.14268406		0		0		0		0		0.03104778

		65		0.065		0.179203375		-0.147646615		0		0		0		0		0.03155676

		66		0.066		0.18475974		-0.152694		0		0		0		0		0.03206574

		67		0.067		0.190400935		-0.157826215		0		0		0		0		0.03257472

		68		0.068		0.19612696		-0.16304326		0		0		0		0		0.0330837

		69		0.069		0.201937815		-0.168345135		0		0		0		0		0.03359268

		70		0.07		0.2078335		-0.17373184		0		0		0		0		0.03410166

		71		0.071		0.213814015		-0.179203375		0		0		0		0		0.03461064

		72		0.072		0.21987936		-0.18475974		0		0		0		0		0.03511962

		73		0.073		0.226029535		-0.190400935		0		0		0		0		0.0356286

		74		0.074		0.23226454		-0.19612696		0		0		0		0		0.03613758

		75		0.075		0.238584375		-0.201937815		0		0		0		0		0.03664656

		76		0.076		0.24498904		-0.2078335		0		0		0		0		0.03715554

		77		0.077		0.251478535		-0.213814015		0		0		0		0		0.03766452

		78		0.078		0.25805286		-0.21987936		0		0		0		0		0.0381735

		79		0.079		0.264712015		-0.226029535		0		0		0		0		0.03868248

		80		0.08		0.271456		-0.23226454		0		0		0		0		0.03919146

		81		0.081		0.278284815		-0.238584375		0		0		0		0		0.03970044

		82		0.082		0.28519846		-0.24498904		0		0		0		0		0.04020942

		83		0.083		0.292196935		-0.251478535		0		0		0		0		0.0407184

		84		0.084		0.29928024		-0.25805286		0		0		0		0		0.04122738

		85		0.085		0.306448375		-0.264712015		0		0		0		0		0.04173636

		86		0.086		0.31370134		-0.271456		0		0		0		0		0.04224534

		87		0.087		0.321039135		-0.278284815		0		0		0		0		0.04275432

		88		0.088		0.32846176		-0.28519846		0		0		0		0		0.0432633

		89		0.089		0.335969215		-0.292196935		0		0		0		0		0.04377228

		90		0.09		0.3435615		-0.29928024		0		0		0		0		0.04428126

		91		0.091		0.351238615		-0.306448375		0		0		0		0		0.04479024

		92		0.092		0.35900056		-0.31370134		0		0		0		0		0.04529922

		93		0.093		0.366847335		-0.321039135		0		0		0		0		0.0458082

		94		0.094		0.37477894		-0.32846176		0		0		0		0		0.04631718

		95		0.095		0.382795375		-0.335969215		0		0		0		0		0.04682616

		96		0.096		0.39089664		-0.3435615		0		0		0		0		0.04733514

		97		0.097		0.399082735		-0.351238615		0		0		0		0		0.04784412

		98		0.098		0.40735366		-0.35900056		0		0		0		0		0.0483531

		99		0.099		0.415709415		-0.366847335		0		0		0		0		0.04886208

		100		0.1		0.42415		-0.37477894		0		0		0		0		0.04937106

		101		0.101		0.432675415		-0.382795375		0		0		0		0		0.04988004

		102		0.102		0.44128566		-0.39089664		0		0		0		0		0.05038902

		103		0.103		0.449980735		-0.399082735		0		0		0		0		0.050898

		104		0.104		0.45876064		-0.40735366		0		0		0		0		0.05140698

		105		0.105		0.467625375		-0.415709415		0		0		0		0		0.05191596

		106		0.106		0.47657494		-0.42415		0		0		0		0		0.05242494

		107		0.107		0.485609335		-0.432675415		0		0		0		0		0.05293392

		108		0.108		0.49472856		-0.44128566		0		0		0		0		0.0534429

		109		0.109		0.503932615		-0.449980735		0		0		0		0		0.05395188

		110		0.11		0.5132215		-0.45876064		0		0		0		0		0.05446086

		111		0.111		0.522595215		-0.467625375		0		0		0		0		0.05496984

		112		0.112		0.53205376		-0.47657494		0		0		0		0		0.05547882

		113		0.113		0.541597135		-0.485609335		0		0		0		0		0.0559878

		114		0.114		0.55122534		-0.49472856		0		0		0		0		0.05649678

		115		0.115		0.560938375		-0.503932615		0		0		0		0		0.05700576

		116		0.116		0.57073624		-0.5132215		0		0		0		0		0.05751474

		117		0.117		0.580618935		-0.522595215		0		0		0		0		0.05802372

		118		0.118		0.59058646		-0.53205376		0		0		0		0		0.0585327

		119		0.119		0.600638815		-0.541597135		0		0		0		0		0.05904168

		120		0.12		0.610776		-0.55122534		0		0		0		0		0.05955066

		121		0.121		0.620998015		-0.560938375		0		0		0		0		0.06005964

		122		0.122		0.63130486		-0.57073624		0		0		0		0		0.06056862

		123		0.123		0.641696535		-0.580618935		0		0		0		0		0.0610776

		124		0.124		0.65217304		-0.59058646		0		0		0		0		0.06158658

		125		0.125		0.662734375		-0.600638815		0		0		0		0		0.06209556

		126		0.126		0.67338054		-0.610776		0		0		0		0		0.06260454

		127		0.127		0.684111535		-0.620998015		0		0		0		0		0.06311352

		128		0.128		0.69492736		-0.63130486		0		0		0		0		0.0636225

		129		0.129		0.705828015		-0.641696535		0		0		0		0		0.06413148

		130		0.13		0.7168135		-0.65217304		0		0		0		0		0.06464046

		131		0.131		0.727883815		-0.662734375		0		0		0		0		0.06514944

		132		0.132		0.73903896		-0.67338054		0		0		0		0		0.06565842

		133		0.133		0.750278935		-0.684111535		0		0		0		0		0.0661674

		134		0.134		0.76160374		-0.69492736		0		0		0		0		0.06667638

		135		0.135		0.773013375		-0.705828015		0		0		0		0		0.06718536

		136		0.136		0.78450784		-0.7168135		0		0		0		0		0.06769434

		137		0.137		0.796087135		-0.727883815		0		0		0		0		0.06820332

		138		0.138		0.80775126		-0.73903896		0		0		0		0		0.0687123

		139		0.139		0.819500215		-0.750278935		0		0		0		0		0.06922128

		140		0.14		0.831334		-0.76160374		0		0		0		0		0.06973026

		141		0.141		0.843252615		-0.773013375		0		0		0		0		0.07023924

		142		0.142		0.85525606		-0.78450784		0		0		0		0		0.07074822

		143		0.143		0.867344335		-0.796087135		0		0		0		0		0.0712572

		144		0.144		0.87951744		-0.80775126		0		0		0		0		0.07176618

		145		0.145		0.891775375		-0.819500215		0		0		0		0		0.07227516

		146		0.146		0.90411814		-0.831334		0		0		0		0		0.07278414

		147		0.147		0.916545735		-0.843252615		0		0		0		0		0.07329312

		148		0.148		0.92905816		-0.85525606		0		0		0		0		0.0738021

		149		0.149		0.941655415		-0.867344335		0		0		0		0		0.07431108

		150		0.15		0.9543375		-0.87951744		0		0		0		0		0.07482006

		151		0.151		0.967104415		-0.891775375		0		0		0		0		0.07532904

		152		0.152		0.97995616		-0.90411814		0		0		0		0		0.07583802

		153		0.153		0.992892735		-0.916545735		0		0		0		0		0.076347

		154		0.154		1.00591414		-0.92905816		0		0		0		0		0.07685598

		155		0.155		1.019020375		-0.941655415		0		0		0		0		0.07736496

		156		0.156		1.03221144		-0.9543375		-0.00025424		0		0		0		0.0776197

		157		0.157		1.045487335		-0.967104415		-0.00101696		0		0		0		0.07736596

		158		0.158		1.05884806		-0.97995616		-0.00228816		0.00025424		0		0		0.07685798

		159		0.159		1.072293615		-0.992892735		-0.00406784		0.00101696		0		0		0.07635

		160		0.16		1.085824		-1.00591414		-0.006356		0.00228816		0		0		0.07584202

		161		0.161		1.099439215		-1.019020375		-0.00915264		0.00406784		0		0		0.07533404

		162		0.162		1.11313926		-1.03221144		-0.01245776		0.006356		0		0		0.07482606

		163		0.163		1.126924135		-1.045487335		-0.01627136		0.00915264		0		0		0.07431808

		164		0.164		1.14079384		-1.05884806		-0.02059344		0.01245776		0		0		0.0738101

		165		0.165		1.154748375		-1.072293615		-0.025424		0.01627136		0		0		0.07330212

		166		0.166		1.16878774		-1.085824		-0.03076304		0.02059344		0		0		0.07279414

		167		0.167		1.182911935		-1.099439215		-0.03661056		0.025424		0		0		0.07228616

		168		0.168		1.19712096		-1.11313926		-0.04296656		0.03076304		0		0		0.07177818

		169		0.169		1.211414815		-1.126924135		-0.04983104		0.03661056		0		0		0.0712702

		170		0.17		1.2257935		-1.14079384		-0.057204		0.04296656		0		0		0.07076222

		171		0.171		1.240257015		-1.154748375		-0.06508544		0.04983104		0		0		0.07025424

		172		0.172		1.25480536		-1.16878774		-0.07347536		0.057204		0		0		0.06974626

		173		0.173		1.269438535		-1.182911935		-0.08237376		0.06508544		0		0		0.06923828

		174		0.174		1.28415654		-1.19712096		-0.09178064		0.07347536		0		0		0.0687303

		175		0.175		1.298959375		-1.211414815		-0.101696		0.08237376		0		0		0.06822232

		176		0.176		1.31384704		-1.2257935		-0.11211984		0.09178064		0		0		0.06771434

		177		0.177		1.328819535		-1.240257015		-0.12305216		0.101696		0		0		0.06720636

		178		0.178		1.34387686		-1.25480536		-0.13449296		0.11211984		0		0		0.06669838

		179		0.179		1.359019015		-1.269438535		-0.14644224		0.12305216		0		0		0.0661904

		180		0.18		1.374246		-1.28415654		-0.1589		0.13449296		0		0		0.06568242

		181		0.181		1.389557815		-1.298959375		-0.17186624		0.14644224		0		0		0.06517444

		182		0.182		1.40495446		-1.31384704		-0.18534096		0.1589		0		0		0.06466646

		183		0.183		1.420435935		-1.328819535		-0.19932416		0.17186624		0		0		0.06415848

		184		0.184		1.43600224		-1.34387686		-0.21381584		0.18534096		0		0		0.0636505

		185		0.185		1.451653375		-1.359019015		-0.228816		0.19932416		0		0		0.06314252

		186		0.186		1.46738934		-1.374246		-0.24432464		0.21381584		0		0		0.06263454

		187		0.187		1.483210135		-1.389557815		-0.26034176		0.228816		0		0		0.06212656

		188		0.188		1.49911576		-1.40495446		-0.27686736		0.24432464		0		0		0.06161858

		189		0.189		1.515106215		-1.420435935		-0.29390144		0.26034176		0		0		0.0611106

		190		0.19		1.5311815		-1.43600224		-0.311444		0.27686736		0		0		0.06060262

		191		0.191		1.547341615		-1.451653375		-0.32949504		0.29390144		0		0		0.06009464

		192		0.192		1.56358656		-1.46738934		-0.34805456		0.311444		0		0		0.05958666

		193		0.193		1.579916335		-1.483210135		-0.36712256		0.32949504		0		0		0.05907868

		194		0.194		1.59633094		-1.49911576		-0.38669904		0.34805456		0		0		0.0585707

		195		0.195		1.612830375		-1.515106215		-0.406784		0.36712256		0		0		0.05806272

		196		0.196		1.62941464		-1.5311815		-0.42737744		0.38669904		0		0		0.05755474

		197		0.197		1.646083735		-1.547341615		-0.44847936		0.406784		0		0		0.05704676

		198		0.198		1.66283766		-1.56358656		-0.47008976		0.42737744		0		0		0.05653878

		199		0.199		1.679676415		-1.579916335		-0.49220864		0.44847936		0		0		0.0560308

		200		0.2		1.6966		-1.59633094		-0.514836		0.47008976		0		0		0.05552282

		201		0.201		1.713608415		-1.612830375		-0.53797184		0.49220864		0		0		0.05501484

		202		0.202		1.73070166		-1.62941464		-0.56161616		0.514836		0		0		0.05450686

		203		0.203		1.747879735		-1.646083735		-0.58576896		0.53797184		0		0		0.05399888

		204		0.204		1.76514264		-1.66283766		-0.61043024		0.56161616		0		0		0.0534909

		205		0.205		1.782490375		-1.679676415		-0.6356		0.58576896		0		0		0.05298292

		206		0.206		1.79992294		-1.6966		-0.66127824		0.61043024		0		0		0.05247494

		207		0.207		1.817440335		-1.713608415		-0.68746496		0.6356		0		0		0.05196696

		208		0.208		1.83504256		-1.73070166		-0.71416016		0.66127824		0		0		0.05145898

		209		0.209		1.852729615		-1.747879735		-0.74136384		0.68746496		0		0		0.050951

		210		0.21		1.8705015		-1.76514264		-0.769076		0.71416016		0		0		0.05044302

		211		0.211		1.888358215		-1.782490375		-0.79729664		0.74136384		0		0		0.04993504

		212		0.212		1.90629976		-1.79992294		-0.82602576		0.769076		0		0		0.04942706

		213		0.213		1.924326135		-1.817440335		-0.85526336		0.79729664		0		0		0.04891908

		214		0.214		1.94243734		-1.83504256		-0.88500944		0.82602576		0		0		0.0484111

		215		0.215		1.960633375		-1.852729615		-0.915264		0.85526336		0		0		0.04790312

		216		0.216		1.97891424		-1.8705015		-0.94602704		0.88500944		0		0		0.04739514

		217		0.217		1.997279935		-1.888358215		-0.97729856		0.915264		0		0		0.04688716

		218		0.218		2.01573046		-1.90629976		-1.00907856		0.94602704		0		0		0.04637918

		219		0.219		2.034265815		-1.924326135		-1.04136704		0.97729856		0		0		0.0458712

		220		0.22		2.052886		-1.94243734		-1.074164		1.00907856		0		0		0.04536322

		221		0.221		2.071591015		-1.960633375		-1.10746944		1.04136704		0		0		0.04485524

		222		0.222		2.09038086		-1.97891424		-1.14128336		1.074164		0		0		0.04434726

		223		0.223		2.109255535		-1.997279935		-1.17560576		1.10746944		0		0		0.04383928

		224		0.224		2.12821504		-2.01573046		-1.21043664		1.14128336		0		0		0.0433313

		225		0.225		2.147259375		-2.034265815		-1.245776		1.17560576		0		0		0.04282332

		226		0.226		2.16638854		-2.052886		-1.28162384		1.21043664		0		0		0.04231534

		227		0.227		2.185602535		-2.071591015		-1.31798016		1.245776		0		0		0.04180736

		228		0.228		2.20490136		-2.09038086		-1.35484496		1.28162384		0		0		0.04129938

		229		0.229		2.224285015		-2.109255535		-1.39221824		1.31798016		0		0		0.0407914

		230		0.23		2.2437535		-2.12821504		-1.4301		1.35484496		0		0		0.04028342

		231		0.231		2.263306815		-2.147259375		-1.46849024		1.39221824		0		0		0.03977544

		232		0.232		2.28294496		-2.16638854		-1.50738896		1.4301		0		0		0.03926746

		233		0.233		2.302667935		-2.185602535		-1.54679616		1.46849024		0		0		0.03875948

		234		0.234		2.32247574		-2.20490136		-1.58671184		1.50738896		0		0		0.0382515

		235		0.235		2.342368375		-2.224285015		-1.627136		1.54679616		0		0		0.03774352

		236		0.236		2.36234584		-2.2437535		-1.66806864		1.58671184		0		0		0.03723554

		237		0.237		2.382408135		-2.263306815		-1.70950976		1.627136		0		0		0.03672756

		238		0.238		2.40255526		-2.28294496		-1.75145936		1.66806864		0		0		0.03621958

		239		0.239		2.422787215		-2.302667935		-1.79391744		1.70950976		0		0		0.0357116

		240		0.24		2.443104		-2.32247574		-1.836884		1.75145936		0		0		0.03520362

		241		0.241		2.463505615		-2.342368375		-1.88035904		1.79391744		0		0		0.03469564

		242		0.242		2.48399206		-2.36234584		-1.92434256		1.836884		0		0		0.03418766

		243		0.243		2.504563335		-2.382408135		-1.96883456		1.88035904		0		0		0.03367968

		244		0.244		2.52521944		-2.40255526		-2.01383504		1.92434256		0		0		0.0331717

		245		0.245		2.545960375		-2.422787215		-2.059344		1.96883456		0		0		0.03266372

		246		0.246		2.56678614		-2.443104		-2.10536144		2.01383504		0		0		0.03215574

		247		0.247		2.587696735		-2.463505615		-2.15188736		2.059344		0		0		0.03164776

		248		0.248		2.60869216		-2.48399206		-2.19892176		2.10536144		0		0		0.03113978

		249		0.249		2.629772415		-2.504563335		-2.24646464		2.15188736		0		0		0.0306318

		250		0.25		2.6509375		-2.52521944		-2.294516		2.19892176		0		0		0.03012382

		251		0.251		2.672187415		-2.545960375		-2.34307584		2.24646464		0		0		0.02961584

		252		0.252		2.69352216		-2.56678614		-2.39214416		2.294516		0		0		0.02910786

		253		0.253		2.714941735		-2.587696735		-2.44172096		2.34307584		0		0		0.02859988

		254		0.254		2.73644614		-2.60869216		-2.49180624		2.39214416		0		0		0.0280919

		255		0.255		2.758035375		-2.629772415		-2.5424		2.44172096		0		0		0.02758392

		256		0.256		2.77970944		-2.6509375		-2.59350224		2.49180624		0		0		0.02707594

		257		0.257		2.801468335		-2.672187415		-2.64511296		2.5424		0		0		0.02656796

		258		0.258		2.82331206		-2.69352216		-2.69723216		2.59350224		0		0		0.02605998

		259		0.259		2.845240615		-2.714941735		-2.74985984		2.64511296		0		0		0.025552

		260		0.26		2.867254		-2.73644614		-2.802996		2.69723216		0		0		0.02504402

		261		0.261		2.889352215		-2.758035375		-2.85664064		2.74985984		0		0		0.02453604

		262		0.262		2.91153526		-2.77970944		-2.91079376		2.802996		0		0		0.02402806

		263		0.263		2.933803135		-2.801468335		-2.96545536		2.85664064		0		0		0.02352008

		264		0.264		2.95615584		-2.82331206		-3.02062544		2.91079376		0		0		0.0230121

		265		0.265		2.978593375		-2.845240615		-3.076304		2.96545536		0		0		0.02250412

		266		0.266		3.00111574		-2.867254		-3.13249104		3.02062544		0		0		0.02199614

		267		0.267		3.023722935		-2.889352215		-3.18918656		3.076304		0		0		0.02148816

		268		0.268		3.04641496		-2.91153526		-3.24639056		3.13249104		0		0		0.02098018

		269		0.269		3.069191815		-2.933803135		-3.30410304		3.18918656		0		0		0.0204722

		270		0.27		3.0920535		-2.95615584		-3.362324		3.24639056		0		0		0.01996422

		271		0.271		3.115000015		-2.978593375		-3.42105344		3.30410304		0		0		0.01945624

		272		0.272		3.13803136		-3.00111574		-3.48029136		3.362324		0		0		0.01894826

		273		0.273		3.161147535		-3.023722935		-3.54003776		3.42105344		0		0		0.01844028

		274		0.274		3.18434854		-3.04641496		-3.60029264		3.48029136		0		0		0.0179323

		275		0.275		3.207634375		-3.069191815		-3.661056		3.54003776		0		0		0.01742432

		276		0.276		3.23100504		-3.0920535		-3.72232784		3.60029264		0		0		0.01691634

		277		0.277		3.254460535		-3.115000015		-3.78410816		3.661056		0		0		0.01640836

		278		0.278		3.27800086		-3.13803136		-3.84639696		3.72232784		0		0		0.01590038

		279		0.279		3.301626015		-3.161147535		-3.90919424		3.78410816		0		0		0.0153924

		280		0.28		3.325336		-3.18434854		-3.9725		3.84639696		0		0		0.01488442

		281		0.281		3.349130815		-3.207634375		-4.03631424		3.90919424		0		0		0.01437644

		282		0.282		3.37301046		-3.23100504		-4.10063696		3.9725		0		0		0.01386846

		283		0.283		3.396974935		-3.254460535		-4.16546816		4.03631424		0		0		0.01336048

		284		0.284		3.42102424		-3.27800086		-4.23080784		4.10063696		0		0		0.0128525

		285		0.285		3.445158375		-3.301626015		-4.296656		4.16546816		0		0		0.01234452

		286		0.286		3.46937734		-3.325336		-4.36301264		4.23080784		0		0		0.01183654

		287		0.287		3.493681135		-3.349130815		-4.42987776		4.296656		0		0		0.01132856

		288		0.288		3.51806976		-3.37301046		-4.49725136		4.36301264		0		0		0.01082058

		289		0.289		3.542543215		-3.396974935		-4.56513344		4.42987776		0		0		0.0103126

		290		0.29		3.5671015		-3.42102424		-4.633524		4.49725136		0		0		0.00980462

		291		0.291		3.591744615		-3.445158375		-4.70242304		4.56513344		0		0		0.00929664

		292		0.292		3.61647256		-3.46937734		-4.77183056		4.633524		0		0		0.00878866

		293		0.293		3.641285335		-3.493681135		-4.84174656		4.70242304		0		0		0.00828068

		294		0.294		3.66618294		-3.51806976		-4.91217104		4.77183056		0		0		0.0077727

		295		0.295		3.691165375		-3.542543215		-4.983104		4.84174656		0		0		0.00726472

		296		0.296		3.71623264		-3.5671015		-5.05454544		4.91217104		0		0		0.00675674

		297		0.297		3.741384735		-3.591744615		-5.12649536		4.983104		0		0		0.00624876

		298		0.298		3.76662166		-3.61647256		-5.19895376		5.05454544		0		0		0.00574078

		299		0.299		3.791943415		-3.641285335		-5.27192064		5.12649536		0		0		0.0052328

		300		0.3		3.81735		-3.66618294		-5.345396		5.19895376		0		0		0.00472482

		301		0.301		3.842841415		-3.691165375		-5.41937984		5.27192064		0		0		0.00421684

		302		0.302		3.86841766		-3.71623264		-5.49387216		5.345396		0		0		0.00370886

		303		0.303		3.894078735		-3.741384735		-5.56887296		5.41937984		0		0		0.00320088

		304		0.304		3.91982464		-3.76662166		-5.64438224		5.49387216		0		0		0.0026929

		305		0.305		3.945655375		-3.791943415		-5.7204		5.56887296		0		0		0.00218492

		306		0.306		3.97157094		-3.81735		-5.79692624		5.64438224		0		0		0.00167694

		307		0.307		3.997571335		-3.842841415		-5.87396096		5.7204		0.000042415		0		0.001211375

		308		0.308		4.02365656		-3.86841766		-5.95150416		5.79692624		0.00016966		0		0.00083064

		309		0.309		4.049826615		-3.894078735		-6.02955584		5.87396096		0.000381735		0		0.000534735

		310		0.31		4.0760815		-3.91982464		-6.108116		5.95150416		0.00067864		0		0.00032366

		311		0.311		4.102421215		-3.945655375		-6.18718464		6.02955584		0.001060375		0		0.000197415

		312		0.312		4.12884576		-3.97157094		-6.26676176		6.108116		0.00152694		0		0.000156
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Macauley on secondary linear b

		

		x (mm)		Shear force (N)

		0		0

		6		0.50898

		155		0.50898

		157		-0.50802

		306		-0.50802

		312		0.00096

		x (m)		A		B		C		D		Total M		x (mm)		Nm

		0		0.4946		0		0		0		-0.4946		0		-494.6

		0.001		0.4946		0.00183		0		0		-0.49277		1		-492.77

		0.002		0.4946		0.00732		0		0		-0.48728		2		-487.28

		0.003		0.4946		0.01647		0		0		-0.47813		3		-478.13

		0.004		0.4946		0.02928		0		0		-0.46532		4		-465.32				x(m)		A		B		C		D		E		Total M				x(m)		A		B		C		D		E		F		Total M

		0.005		0.4946		0.04575		0		0		-0.44885		5		-448.85				0		0		0		0		0		0		0				0.001		0.000042415		0		0		0		0		0		0.000042415		0.0776197

		0.006		0.4946		0.06588		0		0		-0.42872		6		-428.72				0.01		0.0042415		-0.00067864		-0.01017		0		0		-0.00660714				0.002		0.00016966		0		0		0		0		0		0.00016966

		0.007		0.4946		0.08967		0.00183		0		-0.40676		7		-406.76				0.02		0.016966		-0.00831334		-0.02034		0		0		-0.01168734				0.003		0.000381735		0		0		0		0		0		0.000381735

		0.008		0.4946		0.11712		0.00732		0		-0.3848		8		-384.8				0.03		0.0381735		-0.02443104		-0.03051		0		0		-0.01676754				0.004		0.00067864		0		0		0		0		0		0.00067864

		0.009		0.4946		0.14823		0.01647		0		-0.36284		9		-362.84				0.04		0.067864		-0.04903174		-0.04068		0		0		-0.02184774				0.005		0.001060375		0		0		0		0		0		0.001060375

		0.01		0.4946		0.183		0.02928		0		-0.34088		10		-340.88				0.05		0.1060375		-0.08211544		-0.05085		0		0		-0.02692794				0.006		0.00152694		0		0		0		0		0		0.00152694

		0.011		0.4946		0.22143		0.04575		0		-0.31892		11		-318.92				0.06		0.152694		-0.12368214		-0.06102		0		0		-0.03200814				0.007		0.002078335		-0.000042415		0		0		0		0		0.00203592

		0.012		0.4946		0.26352		0.06588		0		-0.29696		12		-296.96				0.07		0.2078335		-0.17373184		-0.07119		0		0		-0.03708834				0.008		0.00271456		-0.00016966		0		0		0		0		0.0025449

		0.013		0.4946		0.30927		0.08967		0		-0.275		13		-275				0.08		0.271456		-0.23226454		-0.08136		0		0		-0.04216854				0.009		0.003435615		-0.000381735		0		0		0		0		0.00305388

		0.014		0.4946		0.35868		0.11712		0		-0.25304		14		-253.04				0.09		0.3435615		-0.29928024		-0.09153		0		0		-0.04724874				0.01		0.0042415		-0.00067864		0		0		0		0		0.00356286

		0.015		0.4946		0.41175		0.14823		0		-0.23108		15		-231.08				0.1		0.42415		-0.37477894		-0.1017		0		0		-0.05232894				0.011		0.005132215		-0.001060375		0		0		0		0		0.00407184

		0.016		0.4946		0.46848		0.183		0		-0.20912		16		-209.12				0.11		0.5132215		-0.45876064		-0.11187		0		0		-0.05740914				0.012		0.00610776		-0.00152694		0		0		0		0		0.00458082

		0.017		0.4946		0.52887		0.22143		0		-0.18716		17		-187.16				0.12		0.610776		-0.55122534		-0.12204		0		0		-0.06248934				0.013		0.007168135		-0.002078335		0		0		0		0		0.0050898

		0.018		0.4946		0.59292		0.26352		0		-0.1652		18		-165.2				0.13		0.7168135		-0.65217304		-0.13221		0		0		-0.06756954				0.014		0.00831334		-0.00271456		0		0		0		0		0.00559878

		0.019		0.4946		0.66063		0.30927		0.000685		-0.143925		19		-143.925				0.14		0.831334		-0.76160374		-0.14238		0		0		-0.07264974				0.015		0.009543375		-0.003435615		0		0		0		0		0.00610776

		0.02		0.4946		0.732		0.35868		0.00274		-0.12402		20		-124.02				0.15		0.9543375		-0.87951744		-0.15255		0		0		-0.07772994				0.016		0.01085824		-0.0042415		0		0		0		0		0.00661674

		0.021		0.4946		0.80703		0.41175		0.006165		-0.105485		21		-105.485				0.16		1.085824		-1.00591414		-0.16272		0		0		-0.08281014				0.017		0.012257935		-0.005132215		0		0		0		0		0.00712572

		0.022		0.4946		0.88572		0.46848		0.01096		-0.08832		22		-88.32				0.17		1.2257935		-1.14079384		-0.17289		0		0		-0.08789034				0.018		0.01374246		-0.00610776		0		0		0		0		0.0076347

		0.023		0.4946		0.96807		0.52887		0.017125		-0.072525		23		-72.525				0.18		1.374246		-1.28415654		-0.18306		0		0		-0.09297054				0.019		0.015311815		-0.007168135		0		0		0		0		0.00814368

		0.024		0.4946		1.05408		0.59292		0.02466		-0.0581		24		-58.1				0.19		1.5311815		-1.43600224		-0.19323		0		0		-0.09805074				0.02		0.016966		-0.00831334		0		0		0		0		0.00865266

		0.025		0.4946		1.14375		0.66063		0.033565		-0.045045		25		-45.045				0.2		1.6966		-1.59633094		-0.2034		0		0		-0.10313094				0.021		0.018705015		-0.009543375		0		0		0		0		0.00916164

		0.026		0.4946		1.23708		0.732		0.04384		-0.03336		26		-33.36				0.21		1.8705015		-1.76514264		-0.21357		0		0		-0.10821114				0.022		0.02052886		-0.01085824		0		0		0		0		0.00967062

		0.027		0.4946		1.33407		0.80703		0.055485		-0.023045		27		-23.045				0.22		2.052886		-1.94243734		-0.22374		0		0		-0.11329134				0.023		0.022437535		-0.012257935		0		0		0		0		0.0101796

		0.028		0.4946		1.43472		0.88572		0.0685		-0.0141		28		-14.1				0.23		2.2437535		-2.12821504		-0.23391		0		0		-0.11837154				0.024		0.02443104		-0.01374246		0		0		0		0		0.01068858

		0.029		0.4946		1.53903		0.96807		0.082885		-0.006525		29		-6.525				0.24		2.443104		-2.32247574		-0.24408		0		0		-0.12345174				0.025		0.026509375		-0.015311815		0		0		0		0		0.01119756

		0.03		0.4946		1.647		1.05408		0.09864		-0.00032		30		-0.32				0.25		2.6509375		-2.52521944		-0.25425		0		0		-0.12853194				0.026		0.02867254		-0.016966		0		0		0		0		0.01170654

		0.031		0.4946		1.75863		1.14375		0.115765		0.004515		31		4.515				0.26		2.867254		-2.73644614		-0.26442		0		0		-0.13361214				0.027		0.030920535		-0.018705015		0		0		0		0		0.01221552

		0.032		0.4946		1.87392		1.23708		0.13426		0.00798		32		7.98				0.27		3.0920535		-2.95615584		-0.27459		0		0		-0.13869234				0.028		0.03325336		-0.02052886		0		0		0		0		0.0127245

		0.033		0.4946		1.99287		1.33407		0.154125		0.010075		33		10.075				0.28		3.325336		-3.18434854		-0.28476		0		0		-0.14377254				0.029		0.035671015		-0.022437535		0		0		0		0		0.01323348

		0.034		0.4946		2.11548		1.43472		0.17536		0.0108		34		10.8				0.29		3.5671015		-3.42102424		-0.29493		0		0		-0.14885274				0.03		0.0381735		-0.02443104		0		0		0		0		0.01374246

		0.035		0.4946		2.24175		1.53903		0.197965		0.010155		35		10.155				0.3		3.81735		-3.66618294		-0.3051		0		0		-0.15393294				0.031		0.040760815		-0.026509375		0		0		0		0		0.01425144

		0.036		0.4946		2.37168		1.647		0.22194		0.00814		36		8.14				0.31		4.0760815		-3.91982464		-0.31527		0.00067864		0		-0.1583345				0.032		0.04343296		-0.02867254		0		0		0		0		0.01476042

		0.037		0.4946		2.50527		1.75863		0.247285		0.004755		37		4.755				0.32		4.343296		-4.18194934		-0.32544		0.00831334		-0.00271456		-0.15849456				0.033		0.046189935		-0.030920535		0		0		0		0		0.0152694

		0.038		0.4946		2.64252		1.87392		0.274		0		38		0				0.33		4.6189935		-4.45255704		-0.33561		0.02443104		-0.01374246		-0.15848496				0.034		0.04903174		-0.03325336		0		0		0		0		0.01577838

																				0.34		4.903174		-4.73164774		-0.34578		0.04903174		-0.03325336		-0.15847536				0.035		0.051958375		-0.035671015		0		0		0		0		0.01628736

																																				0.036		0.05496984		-0.0381735		0		0		0		0		0.01679634

																																				0.037		0.058066135		-0.040760815		0		0		0		0		0.01730532

																																				0.038		0.06124726		-0.04343296		0		0		0		0		0.0178143

																																				0.039		0.064513215		-0.046189935		0		0		0		0		0.01832328

																																				0.04		0.067864		-0.04903174		0		0		0		0		0.01883226

																																				0.041		0.071299615		-0.051958375		0		0		0		0		0.01934124

																																				0.042		0.07482006		-0.05496984		0		0		0		0		0.01985022

																																				0.043		0.078425335		-0.058066135		0		0		0		0		0.0203592

																																				0.044		0.08211544		-0.06124726		0		0		0		0		0.02086818

																																				0.045		0.085890375		-0.064513215		0		0		0		0		0.02137716

																																				0.046		0.08975014		-0.067864		0		0		0		0		0.02188614

																																				0.047		0.093694735		-0.071299615		0		0		0		0		0.02239512

																																				0.048		0.09772416		-0.07482006		0		0		0		0		0.0229041

																																				0.049		0.101838415		-0.078425335		0		0		0		0		0.02341308

																																				0.05		0.1060375		-0.08211544		0		0		0		0		0.02392206

																																				0.051		0.110321415		-0.085890375		0		0		0		0		0.02443104

																																				0.052		0.11469016		-0.08975014		0		0		0		0		0.02494002

																																				0.053		0.119143735		-0.093694735		0		0		0		0		0.025449

																																				0.054		0.12368214		-0.09772416		0		0		0		0		0.02595798

																																				0.055		0.128305375		-0.101838415		0		0		0		0		0.02646696

																																				0.056		0.13301344		-0.1060375		0		0		0		0		0.02697594

																																				0.057		0.137806335		-0.110321415		0		0		0		0		0.02748492

																																				0.058		0.14268406		-0.11469016		0		0		0		0		0.0279939

																																				0.059		0.147646615		-0.119143735		0		0		0		0		0.02850288

																																				0.06		0.152694		-0.12368214		0		0		0		0		0.02901186

																																				0.061		0.157826215		-0.128305375		0		0		0		0		0.02952084

																																				0.062		0.16304326		-0.13301344		0		0		0		0		0.03002982

																																				0.063		0.168345135		-0.137806335		0		0		0		0		0.0305388

																																				0.064		0.17373184		-0.14268406		0		0		0		0		0.03104778

																																				0.065		0.179203375		-0.147646615		0		0		0		0		0.03155676

																																				0.066		0.18475974		-0.152694		0		0		0		0		0.03206574

																																				0.067		0.190400935		-0.157826215		0		0		0		0		0.03257472

																																				0.068		0.19612696		-0.16304326		0		0		0		0		0.0330837

																																				0.069		0.201937815		-0.168345135		0		0		0		0		0.03359268

																																				0.07		0.2078335		-0.17373184		0		0		0		0		0.03410166

																																				0.071		0.213814015		-0.179203375		0		0		0		0		0.03461064

																																				0.072		0.21987936		-0.18475974		0		0		0		0		0.03511962

																																				0.073		0.226029535		-0.190400935		0		0		0		0		0.0356286

																																				0.074		0.23226454		-0.19612696		0		0		0		0		0.03613758

																																				0.075		0.238584375		-0.201937815		0		0		0		0		0.03664656

																																				0.076		0.24498904		-0.2078335		0		0		0		0		0.03715554

																																				0.077		0.251478535		-0.213814015		0		0		0		0		0.03766452

																																				0.078		0.25805286		-0.21987936		0		0		0		0		0.0381735

																																				0.079		0.264712015		-0.226029535		0		0		0		0		0.03868248

																																				0.08		0.271456		-0.23226454		0		0		0		0		0.03919146

																																				0.081		0.278284815		-0.238584375		0		0		0		0		0.03970044

																																				0.082		0.28519846		-0.24498904		0		0		0		0		0.04020942

																																				0.083		0.292196935		-0.251478535		0		0		0		0		0.0407184

																																				0.084		0.29928024		-0.25805286		0		0		0		0		0.04122738

																																				0.085		0.306448375		-0.264712015		0		0		0		0		0.04173636

																																				0.086		0.31370134		-0.271456		0		0		0		0		0.04224534

																																				0.087		0.321039135		-0.278284815		0		0		0		0		0.04275432

																																				0.088		0.32846176		-0.28519846		0		0		0		0		0.0432633

																																				0.089		0.335969215		-0.292196935		0		0		0		0		0.04377228

																																				0.09		0.3435615		-0.29928024		0		0		0		0		0.04428126

																																				0.091		0.351238615		-0.306448375		0		0		0		0		0.04479024

																																				0.092		0.35900056		-0.31370134		0		0		0		0		0.04529922

																																				0.093		0.366847335		-0.321039135		0		0		0		0		0.0458082

																																				0.094		0.37477894		-0.32846176		0		0		0		0		0.04631718

																																				0.095		0.382795375		-0.335969215		0		0		0		0		0.04682616

																																				0.096		0.39089664		-0.3435615		0		0		0		0		0.04733514

																																				0.097		0.399082735		-0.351238615		0		0		0		0		0.04784412

																																				0.098		0.40735366		-0.35900056		0		0		0		0		0.0483531

																																				0.099		0.415709415		-0.366847335		0		0		0		0		0.04886208

																																				0.1		0.42415		-0.37477894		0		0		0		0		0.04937106

																																				0.101		0.432675415		-0.382795375		0		0		0		0		0.04988004

																																				0.102		0.44128566		-0.39089664		0		0		0		0		0.05038902

																																				0.103		0.449980735		-0.399082735		0		0		0		0		0.050898

																																				0.104		0.45876064		-0.40735366		0		0		0		0		0.05140698

																																				0.105		0.467625375		-0.415709415		0		0		0		0		0.05191596

																																				0.106		0.47657494		-0.42415		0		0		0		0		0.05242494

																																				0.107		0.485609335		-0.432675415		0		0		0		0		0.05293392

																																				0.108		0.49472856		-0.44128566		0		0		0		0		0.0534429

																																				0.109		0.503932615		-0.449980735		0		0		0		0		0.05395188

																																				0.11		0.5132215		-0.45876064		0		0		0		0		0.05446086

																																				0.111		0.522595215		-0.467625375		0		0		0		0		0.05496984

																																				0.112		0.53205376		-0.47657494		0		0		0		0		0.05547882

																																				0.113		0.541597135		-0.485609335		0		0		0		0		0.0559878

																																				0.114		0.55122534		-0.49472856		0		0		0		0		0.05649678

																																				0.115		0.560938375		-0.503932615		0		0		0		0		0.05700576

																																				0.116		0.57073624		-0.5132215		0		0		0		0		0.05751474

																																				0.117		0.580618935		-0.522595215		0		0		0		0		0.05802372

																																				0.118		0.59058646		-0.53205376		0		0		0		0		0.0585327

																																				0.119		0.600638815		-0.541597135		0		0		0		0		0.05904168

																																				0.12		0.610776		-0.55122534		0		0		0		0		0.05955066

																																				0.121		0.620998015		-0.560938375		0		0		0		0		0.06005964

																																				0.122		0.63130486		-0.57073624		0		0		0		0		0.06056862

																																				0.123		0.641696535		-0.580618935		0		0		0		0		0.0610776

																																				0.124		0.65217304		-0.59058646		0		0		0		0		0.06158658

																																				0.125		0.662734375		-0.600638815		0		0		0		0		0.06209556

																																				0.126		0.67338054		-0.610776		0		0		0		0		0.06260454

																																				0.127		0.684111535		-0.620998015		0		0		0		0		0.06311352

																																				0.128		0.69492736		-0.63130486		0		0		0		0		0.0636225

																																				0.129		0.705828015		-0.641696535		0		0		0		0		0.06413148

																																				0.13		0.7168135		-0.65217304		0		0		0		0		0.06464046

																																				0.131		0.727883815		-0.662734375		0		0		0		0		0.06514944

																																				0.132		0.73903896		-0.67338054		0		0		0		0		0.06565842

																																				0.133		0.750278935		-0.684111535		0		0		0		0		0.0661674

																																				0.134		0.76160374		-0.69492736		0		0		0		0		0.06667638

																																				0.135		0.773013375		-0.705828015		0		0		0		0		0.06718536

																																				0.136		0.78450784		-0.7168135		0		0		0		0		0.06769434

																																				0.137		0.796087135		-0.727883815		0		0		0		0		0.06820332

																																				0.138		0.80775126		-0.73903896		0		0		0		0		0.0687123

																																				0.139		0.819500215		-0.750278935		0		0		0		0		0.06922128

																																				0.14		0.831334		-0.76160374		0		0		0		0		0.06973026

																																				0.141		0.843252615		-0.773013375		0		0		0		0		0.07023924

																																				0.142		0.85525606		-0.78450784		0		0		0		0		0.07074822

																																				0.143		0.867344335		-0.796087135		0		0		0		0		0.0712572

																																				0.144		0.87951744		-0.80775126		0		0		0		0		0.07176618

																																				0.145		0.891775375		-0.819500215		0		0		0		0		0.07227516

																																				0.146		0.90411814		-0.831334		0		0		0		0		0.07278414

																																				0.147		0.916545735		-0.843252615		0		0		0		0		0.07329312

																																				0.148		0.92905816		-0.85525606		0		0		0		0		0.0738021

																																				0.149		0.941655415		-0.867344335		0		0		0		0		0.07431108

																																				0.15		0.9543375		-0.87951744		0		0		0		0		0.07482006

																																				0.151		0.967104415		-0.891775375		0		0		0		0		0.07532904

																																				0.152		0.97995616		-0.90411814		0		0		0		0		0.07583802

																																				0.153		0.992892735		-0.916545735		0		0		0		0		0.076347

																																				0.154		1.00591414		-0.92905816		0		0		0		0		0.07685598

																																				0.155		1.019020375		-0.941655415		0		0		0		0		0.07736496

																																				0.156		1.03221144		-0.9543375		-0.00025424		0		0		0		0.0776197

																																				0.157		1.045487335		-0.967104415		-0.00101696		0		0		0		0.07736596

																																				0.158		1.05884806		-0.97995616		-0.00228816		0.00025424		0		0		0.07685798

																																				0.159		1.072293615		-0.992892735		-0.00406784		0.00101696		0		0		0.07635

																																				0.16		1.085824		-1.00591414		-0.006356		0.00228816		0		0		0.07584202

																																				0.161		1.099439215		-1.019020375		-0.00915264		0.00406784		0		0		0.07533404

																																				0.162		1.11313926		-1.03221144		-0.01245776		0.006356		0		0		0.07482606

																																				0.163		1.126924135		-1.045487335		-0.01627136		0.00915264		0		0		0.07431808

																																				0.164		1.14079384		-1.05884806		-0.02059344		0.01245776		0		0		0.0738101

																																				0.165		1.154748375		-1.072293615		-0.025424		0.01627136		0		0		0.07330212

																																				0.166		1.16878774		-1.085824		-0.03076304		0.02059344		0		0		0.07279414

																																				0.167		1.182911935		-1.099439215		-0.03661056		0.025424		0		0		0.07228616

																																				0.168		1.19712096		-1.11313926		-0.04296656		0.03076304		0		0		0.07177818

																																				0.169		1.211414815		-1.126924135		-0.04983104		0.03661056		0		0		0.0712702

																																				0.17		1.2257935		-1.14079384		-0.057204		0.04296656		0		0		0.07076222

																																				0.171		1.240257015		-1.154748375		-0.06508544		0.04983104		0		0		0.07025424

																																				0.172		1.25480536		-1.16878774		-0.07347536		0.057204		0		0		0.06974626

																																				0.173		1.269438535		-1.182911935		-0.08237376		0.06508544		0		0		0.06923828

																																				0.174		1.28415654		-1.19712096		-0.09178064		0.07347536		0		0		0.0687303

																																				0.175		1.298959375		-1.211414815		-0.101696		0.08237376		0		0		0.06822232

																																				0.176		1.31384704		-1.2257935		-0.11211984		0.09178064		0		0		0.06771434

																																				0.177		1.328819535		-1.240257015		-0.12305216		0.101696		0		0		0.06720636

																																				0.178		1.34387686		-1.25480536		-0.13449296		0.11211984		0		0		0.06669838

																																				0.179		1.359019015		-1.269438535		-0.14644224		0.12305216		0		0		0.0661904

																																				0.18		1.374246		-1.28415654		-0.1589		0.13449296		0		0		0.06568242

																																				0.181		1.389557815		-1.298959375		-0.17186624		0.14644224		0		0		0.06517444

																																				0.182		1.40495446		-1.31384704		-0.18534096		0.1589		0		0		0.06466646

																																				0.183		1.420435935		-1.328819535		-0.19932416		0.17186624		0		0		0.06415848

																																				0.184		1.43600224		-1.34387686		-0.21381584		0.18534096		0		0		0.0636505

																																				0.185		1.451653375		-1.359019015		-0.228816		0.19932416		0		0		0.06314252

																																				0.186		1.46738934		-1.374246		-0.24432464		0.21381584		0		0		0.06263454

																																				0.187		1.483210135		-1.389557815		-0.26034176		0.228816		0		0		0.06212656

																																				0.188		1.49911576		-1.40495446		-0.27686736		0.24432464		0		0		0.06161858

																																				0.189		1.515106215		-1.420435935		-0.29390144		0.26034176		0		0		0.0611106

																																				0.19		1.5311815		-1.43600224		-0.311444		0.27686736		0		0		0.06060262

																																				0.191		1.547341615		-1.451653375		-0.32949504		0.29390144		0		0		0.06009464

																																				0.192		1.56358656		-1.46738934		-0.34805456		0.311444		0		0		0.05958666

																																				0.193		1.579916335		-1.483210135		-0.36712256		0.32949504		0		0		0.05907868

																																				0.194		1.59633094		-1.49911576		-0.38669904		0.34805456		0		0		0.0585707

																																				0.195		1.612830375		-1.515106215		-0.406784		0.36712256		0		0		0.05806272

																																				0.196		1.62941464		-1.5311815		-0.42737744		0.38669904		0		0		0.05755474

																																				0.197		1.646083735		-1.547341615		-0.44847936		0.406784		0		0		0.05704676

																																				0.198		1.66283766		-1.56358656		-0.47008976		0.42737744		0		0		0.05653878

																																				0.199		1.679676415		-1.579916335		-0.49220864		0.44847936		0		0		0.0560308

																																				0.2		1.6966		-1.59633094		-0.514836		0.47008976		0		0		0.05552282

																																				0.201		1.713608415		-1.612830375		-0.53797184		0.49220864		0		0		0.05501484

																																				0.202		1.73070166		-1.62941464		-0.56161616		0.514836		0		0		0.05450686

																																				0.203		1.747879735		-1.646083735		-0.58576896		0.53797184		0		0		0.05399888

																																				0.204		1.76514264		-1.66283766		-0.61043024		0.56161616		0		0		0.0534909

																																				0.205		1.782490375		-1.679676415		-0.6356		0.58576896		0		0		0.05298292

																																				0.206		1.79992294		-1.6966		-0.66127824		0.61043024		0		0		0.05247494

																																				0.207		1.817440335		-1.713608415		-0.68746496		0.6356		0		0		0.05196696

																																				0.208		1.83504256		-1.73070166		-0.71416016		0.66127824		0		0		0.05145898

																																				0.209		1.852729615		-1.747879735		-0.74136384		0.68746496		0		0		0.050951

																																				0.21		1.8705015		-1.76514264		-0.769076		0.71416016		0		0		0.05044302

																																				0.211		1.888358215		-1.782490375		-0.79729664		0.74136384		0		0		0.04993504

																																				0.212		1.90629976		-1.79992294		-0.82602576		0.769076		0		0		0.04942706

																																				0.213		1.924326135		-1.817440335		-0.85526336		0.79729664		0		0		0.04891908

																																				0.214		1.94243734		-1.83504256		-0.88500944		0.82602576		0		0		0.0484111

																																				0.215		1.960633375		-1.852729615		-0.915264		0.85526336		0		0		0.04790312

																																				0.216		1.97891424		-1.8705015		-0.94602704		0.88500944		0		0		0.04739514

																																				0.217		1.997279935		-1.888358215		-0.97729856		0.915264		0		0		0.04688716

																																				0.218		2.01573046		-1.90629976		-1.00907856		0.94602704		0		0		0.04637918

																																				0.219		2.034265815		-1.924326135		-1.04136704		0.97729856		0		0		0.0458712

																																				0.22		2.052886		-1.94243734		-1.074164		1.00907856		0		0		0.04536322

																																				0.221		2.071591015		-1.960633375		-1.10746944		1.04136704		0		0		0.04485524

																																				0.222		2.09038086		-1.97891424		-1.14128336		1.074164		0		0		0.04434726

																																				0.223		2.109255535		-1.997279935		-1.17560576		1.10746944		0		0		0.04383928

																																				0.224		2.12821504		-2.01573046		-1.21043664		1.14128336		0		0		0.0433313

																																				0.225		2.147259375		-2.034265815		-1.245776		1.17560576		0		0		0.04282332

																																				0.226		2.16638854		-2.052886		-1.28162384		1.21043664		0		0		0.04231534

																																				0.227		2.185602535		-2.071591015		-1.31798016		1.245776		0		0		0.04180736

																																				0.228		2.20490136		-2.09038086		-1.35484496		1.28162384		0		0		0.04129938

																																				0.229		2.224285015		-2.109255535		-1.39221824		1.31798016		0		0		0.0407914

																																				0.23		2.2437535		-2.12821504		-1.4301		1.35484496		0		0		0.04028342

																																				0.231		2.263306815		-2.147259375		-1.46849024		1.39221824		0		0		0.03977544

																																				0.232		2.28294496		-2.16638854		-1.50738896		1.4301		0		0		0.03926746

																																				0.233		2.302667935		-2.185602535		-1.54679616		1.46849024		0		0		0.03875948

																																				0.234		2.32247574		-2.20490136		-1.58671184		1.50738896		0		0		0.0382515

																																				0.235		2.342368375		-2.224285015		-1.627136		1.54679616		0		0		0.03774352

																																				0.236		2.36234584		-2.2437535		-1.66806864		1.58671184		0		0		0.03723554

																																				0.237		2.382408135		-2.263306815		-1.70950976		1.627136		0		0		0.03672756

																																				0.238		2.40255526		-2.28294496		-1.75145936		1.66806864		0		0		0.03621958

																																				0.239		2.422787215		-2.302667935		-1.79391744		1.70950976		0		0		0.0357116

																																				0.24		2.443104		-2.32247574		-1.836884		1.75145936		0		0		0.03520362

																																				0.241		2.463505615		-2.342368375		-1.88035904		1.79391744		0		0		0.03469564

																																				0.242		2.48399206		-2.36234584		-1.92434256		1.836884		0		0		0.03418766

																																				0.243		2.504563335		-2.382408135		-1.96883456		1.88035904		0		0		0.03367968

																																				0.244		2.52521944		-2.40255526		-2.01383504		1.92434256		0		0		0.0331717

																																				0.245		2.545960375		-2.422787215		-2.059344		1.96883456		0		0		0.03266372

																																				0.246		2.56678614		-2.443104		-2.10536144		2.01383504		0		0		0.03215574

																																				0.247		2.587696735		-2.463505615		-2.15188736		2.059344		0		0		0.03164776

																																				0.248		2.60869216		-2.48399206		-2.19892176		2.10536144		0		0		0.03113978

																																				0.249		2.629772415		-2.504563335		-2.24646464		2.15188736		0		0		0.0306318

																																				0.25		2.6509375		-2.52521944		-2.294516		2.19892176		0		0		0.03012382

																																				0.251		2.672187415		-2.545960375		-2.34307584		2.24646464		0		0		0.02961584

																																				0.252		2.69352216		-2.56678614		-2.39214416		2.294516		0		0		0.02910786

																																				0.253		2.714941735		-2.587696735		-2.44172096		2.34307584		0		0		0.02859988

																																				0.254		2.73644614		-2.60869216		-2.49180624		2.39214416		0		0		0.0280919

																																				0.255		2.758035375		-2.629772415		-2.5424		2.44172096		0		0		0.02758392

																																				0.256		2.77970944		-2.6509375		-2.59350224		2.49180624		0		0		0.02707594

																																				0.257		2.801468335		-2.672187415		-2.64511296		2.5424		0		0		0.02656796

																																				0.258		2.82331206		-2.69352216		-2.69723216		2.59350224		0		0		0.02605998

																																				0.259		2.845240615		-2.714941735		-2.74985984		2.64511296		0		0		0.025552

																																				0.26		2.867254		-2.73644614		-2.802996		2.69723216		0		0		0.02504402

																																				0.261		2.889352215		-2.758035375		-2.85664064		2.74985984		0		0		0.02453604

																																				0.262		2.91153526		-2.77970944		-2.91079376		2.802996		0		0		0.02402806

																																				0.263		2.933803135		-2.801468335		-2.96545536		2.85664064		0		0		0.02352008

																																				0.264		2.95615584		-2.82331206		-3.02062544		2.91079376		0		0		0.0230121

																																				0.265		2.978593375		-2.845240615		-3.076304		2.96545536		0		0		0.02250412

																																				0.266		3.00111574		-2.867254		-3.13249104		3.02062544		0		0		0.02199614

																																				0.267		3.023722935		-2.889352215		-3.18918656		3.076304		0		0		0.02148816

																																				0.268		3.04641496		-2.91153526		-3.24639056		3.13249104		0		0		0.02098018

																																				0.269		3.069191815		-2.933803135		-3.30410304		3.18918656		0		0		0.0204722

																																				0.27		3.0920535		-2.95615584		-3.362324		3.24639056		0		0		0.01996422

																																				0.271		3.115000015		-2.978593375		-3.42105344		3.30410304		0		0		0.01945624

																																				0.272		3.13803136		-3.00111574		-3.48029136		3.362324		0		0		0.01894826

																																				0.273		3.161147535		-3.023722935		-3.54003776		3.42105344		0		0		0.01844028

																																				0.274		3.18434854		-3.04641496		-3.60029264		3.48029136		0		0		0.0179323

																																				0.275		3.207634375		-3.069191815		-3.661056		3.54003776		0		0		0.01742432

																																				0.276		3.23100504		-3.0920535		-3.72232784		3.60029264		0		0		0.01691634

																																				0.277		3.254460535		-3.115000015		-3.78410816		3.661056		0		0		0.01640836

																																				0.278		3.27800086		-3.13803136		-3.84639696		3.72232784		0		0		0.01590038

																																				0.279		3.301626015		-3.161147535		-3.90919424		3.78410816		0		0		0.0153924

																																				0.28		3.325336		-3.18434854		-3.9725		3.84639696		0		0		0.01488442

																																				0.281		3.349130815		-3.207634375		-4.03631424		3.90919424		0		0		0.01437644

																																				0.282		3.37301046		-3.23100504		-4.10063696		3.9725		0		0		0.01386846

																																				0.283		3.396974935		-3.254460535		-4.16546816		4.03631424		0		0		0.01336048

																																				0.284		3.42102424		-3.27800086		-4.23080784		4.10063696		0		0		0.0128525

																																				0.285		3.445158375		-3.301626015		-4.296656		4.16546816		0		0		0.01234452

																																				0.286		3.46937734		-3.325336		-4.36301264		4.23080784		0		0		0.01183654

																																				0.287		3.493681135		-3.349130815		-4.42987776		4.296656		0		0		0.01132856

																																				0.288		3.51806976		-3.37301046		-4.49725136		4.36301264		0		0		0.01082058

																																				0.289		3.542543215		-3.396974935		-4.56513344		4.42987776		0		0		0.0103126

																																				0.29		3.5671015		-3.42102424		-4.633524		4.49725136		0		0		0.00980462

																																				0.291		3.591744615		-3.445158375		-4.70242304		4.56513344		0		0		0.00929664

																																				0.292		3.61647256		-3.46937734		-4.77183056		4.633524		0		0		0.00878866

																																				0.293		3.641285335		-3.493681135		-4.84174656		4.70242304		0		0		0.00828068

																																				0.294		3.66618294		-3.51806976		-4.91217104		4.77183056		0		0		0.0077727

																																				0.295		3.691165375		-3.542543215		-4.983104		4.84174656		0		0		0.00726472

																																				0.296		3.71623264		-3.5671015		-5.05454544		4.91217104		0		0		0.00675674

																																				0.297		3.741384735		-3.591744615		-5.12649536		4.983104		0		0		0.00624876

																																				0.298		3.76662166		-3.61647256		-5.19895376		5.05454544		0		0		0.00574078

																																				0.299		3.791943415		-3.641285335		-5.27192064		5.12649536		0		0		0.0052328

																																				0.3		3.81735		-3.66618294		-5.345396		5.19895376		0		0		0.00472482

																																				0.301		3.842841415		-3.691165375		-5.41937984		5.27192064		0		0		0.00421684

																																				0.302		3.86841766		-3.71623264		-5.49387216		5.345396		0		0		0.00370886

																																				0.303		3.894078735		-3.741384735		-5.56887296		5.41937984		0		0		0.00320088

																																				0.304		3.91982464		-3.76662166		-5.64438224		5.49387216		0		0		0.0026929

																																				0.305		3.945655375		-3.791943415		-5.7204		5.56887296		0		0		0.00218492

																																				0.306		3.97157094		-3.81735		-5.79692624		5.64438224		0		0		0.00167694

																																				0.307		3.997571335		-3.842841415		-5.87396096		5.7204		0.000042415		0		0.001211375

																																				0.308		4.02365656		-3.86841766		-5.95150416		5.79692624		0.00016966		0		0.00083064

																																				0.309		4.049826615		-3.894078735		-6.02955584		5.87396096		0.000381735		0		0.000534735

																																				0.31		4.0760815		-3.91982464		-6.108116		5.95150416		0.00067864		0		0.00032366

																																				0.311		4.102421215		-3.945655375		-6.18718464		6.02955584		0.001060375		0		0.000197415

																																				0.312		4.12884576		-3.97157094		-6.26676176		6.108116		0.00152694		0		0.000156
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