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Abstract
The development of touch trigger probes has continued to develop since the technology’s introduction in the 1970’s. Touch trigger probes are now becoming common place on CNC machining centres and further development into these specific probes has continued to close the gap between the accuracy CNC machining centres and CNC CMMs. This has made in-process inspection more feasible and common. However, as these developments continue it raises the issue of lost manufacturing time due to in-process inspections taking place on a CNC machining centre.
But taking advantage of the advancement in probing technology and CNC controller computing power it would be possible to automatically alter inspection probing frequencies based on process capability indexes to optimise manufacturing throughput as process capabilities improve.
The potential advantages of changing probing frequencies of CNC machining centres based on PCIs and enabling a CNC controller to automatically determine probing frequencies to optimise throughput while maintaining quality levels can offer manufacturing companies a cost-effective solution of optimising manufacturing throughput and gain real-time production feedback as well as serving as a basis for further automation.
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The purpose of this research is to investigate whether a CNC machining centre can automatically increase or decrease inspection probing frequencies based of process capability index data (PCI), collected, and calculated by the CNC itself.
The demand for low-cost high-quality products is driving manufacturing costs lower, and in turn, efficiencies higher not only in manufacturing process but also for inspection times and methods. This demand and the advent of I4.0 technologies offer manufacturing facilities numerous options and avenues in the drive for higher efficiencies and lower costs. However, this can come at a cost and may often require new, and often expensive, equipment. This puts a small manufacturing company or a company with small profit margins at a disadvantage as they may not be able to keep pace with technological advancements. Measuring in process PCI is not new in CNC related manufacturing processes. Renishaw has commercially available software that will use an already installed touch probe and provide dimensional and PCI information. The only downside is that this software only works with newer CNC’s that run on Windows based controllers. To take advantage of these features a manufacturer would need to invest in new machinery.
This leaves older, albeit still perfectly operational CNCs at a disadvantage. If a small company is to remain competitive with others, then it may look at upgrading its equipment to take advantage of such software. This can potentially further reduce its already small profit margins. Alternatively, the view may be taken that the expenditure would not be justified, and the company would continue to operate with older machinery, potentially risking its long-term future and competitiveness by not adopting newer practises and technology.
The outcome of this study may result in a cost-effective solution for automating probing cycle frequencies not only on newer machinery, but also older CNC controllers. No additional software would be required as a macro-B sub-program stored on the CNC controller would be used to manage the calculations which will in turn set certain conditions in which a metal cutting program would read and act accordingly. 
Currently available probing cycles make use of stored variables that are common on all industrial CNC machines. These variables will often be displayed with a ‘#’ preceding a number, such as #100. These variables are used for workpiece datum settings through to cutting tool offsets. Probing cycles make use of these variables for storing data and reusing the information to automate offsets without the need for human interaction. By identifying the variables that a probing cycle uses it is possible to reuse this independent data in calculations to calculate a PCI.
With the correct setting of stored variables, execution of already determined calculations and the correct formatting and placement of variables within a G-code program it will be possible to create a dependent condition within a CNC controller whereby it will be able to increase or decrease probing frequencies based on PCI values calculated and collected by the CNC. This will allow a CNC to automatically optimise inspection frequency and throughput without the need for human intervention.
This study will determine a method required to create a condition in which a CNC will be able to automatically react to changes in the PCI data of a given task. This study will not focus on improving probing and inspection accuracy of CNC touch probes nor shall this study be used as a justification for the removal of pre-existing inspection methodologies and techniques. This study will also not set out how to deliver new probing cycles and will aim to use commercially available hardware and software where possible. This study will also not set out nor define metal cutting techniques or methods.
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In-process CNC touch probing
Initially released to market in 1973 by Renishaw PLC, the touch trigger probe was designed for inspection on Olympus engines destined for use in Concorde aircraft. Although developed much later, CNC mounted touch probes operate in the same manner.
Most common uses for CNC mounted touch probes involve setting and updating workpiece datums as well as updating cutting tool offsets. However, in-process CNC machine probing for dimensional inspection is gaining more importance. This is due in part to not having to remove workpieces from the CNC and transferred to a CMM or other inspection method. Should a workpiece be dimensionally incorrect the part can be recut quickly and more accurately than if the workpiece needed to be remounted to the CNC, potentially reducing scrap levels, and helping keep production costs down. This is becoming more important not only as domestic competition drives machining efficiencies up and costs down, but as international competition from low-cost countries risks the offshoring of manufacturing.
There are limitations to CNC touch probe inspection. A CNC will be subject to heat expansion due to heat generated by the internal pumps and motors. This together with a larger working envelope can cause inaccuracies in probed data. Analysis between CNC touch probe and CMM has been conducted. The experimental analysis shows that the performance characteristics of machine tool affect not only the accuracy of machined features, but also the in-process inspection using a touch probe, hence cautionary measures need to be taken, rather than relying solely on the touch probe measurements for part quality assurance (Tseng, et al., 2005). During this analysis, Tseng, et al measured a cylindrical feature of a known size in both the X and Y axis. This then allowed a direct comparison between the recorded results and clearly show any difference between the two. Tseng, et al found that there was a difference in recorded results between the X and Y axis. This could be attributed to machine wear on the lead screws resulting in out-of-date backlash variables. However, Tseng, et al conducted a ball bar test on the CNC prior to use to update variables and eliminate as much error due to backlash as possible. Though a difference was found in measured points between X and Y axis’ the difference was less than 0.1mm. The CNC touch probe was also able to detect tool wear due to the size of the cylindrical feature decreasing the further down through the Z axis measured points was taken. This was also backed up by inspecting the parts on a CMM which also showed a reduction is the size of the feature. Although not perfect, a CNC touch probe can perform inspection operations, but caution needs to be used as tolerance bands decrease.
Although not expanding on the use of CNC touch probes further than what is currently in use in manufacturing. Tseng, et al did highlight the short comings when relaying on CNC touch probes. However, using feedback from the recorded data obtained by the probe could have been used by the CNC controller to counter the differences found in the probed values on the X and Y axis and give a result closer to that obtained by the CMM. A similar analysis was conducted by Holub, et al in 2018 where a workpiece of a known size was probed using a CNC touch trigger probe and confirmed using a laser interferometer. Holub, et al found that without corrections to the calculations used in CNC probing cycles, that a CNC would not be capable of accurately measuring a workpiece. This was due to thermal expansion which Tseng, et al also noted during their analysis. Holub, et al found that once the calculations were corrected that a CNC became capable with a Cpk of 1.42. Part of this correction was the calibration of the probe prior to inspection which increased cycle times. A disadvantage of this methodological approach is that it requires a calibration measurement before each inspection measurement of the next workpiece. Despite this disadvantage, overall time, and cost savings for all types of machines can be assumed (Holub, et al., 2018).
Tseng, et al also did not take the use of CNC touch probes beyond basic inspection and missed an opportunity to create a closed-loop control system to minimise the differences found during the analysis. Holub, et al solution involved regular calibration which would have assisted in Tseng, et al reducing the differences found between CNC and CMM inspection.
 In an article from the International Journal of Automation Technology from 2014, Yasuhiro Takaya suggested using closed-lopped systems to improve positional control and improved machining accuracy. In-process and on-machine measurements constitute the simplest method for achieving high accuracy and small uncertainty values, as well as reducing the measurement procedures (Takaya, 2014). Although Takaya did not focus his work solely on CNC machines, the principles remain the same. Takaya looks at the benefits of closed-loop in-process inspection in a variety of setups and applications. A key takeaway from this work is the time taken to perform this type of inspection and the increased computation times required to apply the data to the process. The extended measuring process becomes time-consuming because of the higher number of variables to be measured, the measurement procedures, and the complicated work setting (Takaya, 2014). This causes an issue as machining time is taken up by inspection that could be done post-machining while allowing machining to continue albeit, without feedback that could prevent reject parts.
In his Master of Science thesis, Process Capability in a Computer Integrated Manufacturing Cell, Andrew Austin sets out to prove if a closed-loop system could increase the process capability of an automated cell containing a CNC machine making use of an installed CNC touch probe as an in-process measuring device. Austin found that by using the CNC touch probe the CNC was better able to correctly position itself within the workspace and relative to the raw material. This resulted in an increase to the process capability of the cell. Austin also noted that there was difference in probed data between X and Y axis like Tseng, et al, but attributed this to only machining one side of the test piece prior to introducing said piece into the cell.
Conclusion
The use of CNC mounted touch probes offer manufactures a simple solution for in-process inspection in CNC machining centres. Although a CNC will never be as accurate as a CMM, with proper feedback and calibration a closed-loop system consisting of the CNC and the touch probe can not only yield accurate inspection results but can also aid in managing process capability. Although it should be noted that the specification limits of a workpiece must be considered before discounting the use of a CMM in place of a CNC machining centre. This is standard practice throughout manufacturing industries and gauge R&Rs are commonplace but in this instance the CNC should also be considered as a gauge.
The ability of a CNC machining centre to yield accurate inspection results offers manufactures cost saving opportunities. This may allow companies to save on having to buy additional or new equipment should a CNC with a touch probe be found capable of fulfilling the task. But this potential saving comes at a cost to manufacturing throughput. When a CNC running inspecting cycles it cannot be machining. A manufacturer would need to weigh this factor. As the accuracy of CNC touch probes increases and more research is undertaken to improve them, it could become harder and harder to reconcile losing manufacturing time over investing in new measuring equipment.

This issue could be solved using Takaya’s and Austin’s closed-loop suggestion but by setting conditions to determine how often the parts are inspected helping to limit the time lost to inspections. This can be done by manually collecting inspection data and altering machine variables. A manufacturer would only need to introduce statistical process controls (SPC), to the manufacturing processes. Based on the recorded Cpk of a manufacturing line or process, an engineer or programmer could then alter variables in the machine that would alter inspection cycle frequency. 
Controlling this condition via information gathered on the CNC would remove the need for human interaction and free up personnel for activities that cannot be easily or cost effectively automated. By creating a closed-loop inspection and SPC system on the CNC machining centre, Takaya’s and Austin’s methodologies can be further expanded and allow a CNC machine to not only check what it is manufacturing is correct but also optimise its own throughput by deciding how often to inspect.
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The ability of the CNC controller to calculate accurate PCI values is key in offering a low-cost, automated solution to balancing throughput and inspection. If a controller cannot produce an accurate PCI value, then there will be a need to add external calculating facilities to an existing CNC machine which can start to increase costs.
The research into PCI based in-process probing frequencies will be conducted in four phases:
Phase 1-Selecting an appropriate PCI
Process capability indices (PCI) are statistical tools typically used in manufacturing to determine if process can meet the desired specifications. The most basic PCI is capability (Cp) and is defined by:

USL = Upper Specification Limit
LSL= Lower Specification Limit
σ = Standard deviation of recorded data
This PCI looks at how closely grouped recorded data is. The lower the deviation in the results, the higher the Cp value will be. Cp does not consider where in the specification limits the data sits. As a result, using only Cp can give the impression that a process is in control when in fact all parts are produced towards either specification limit. To consider the processes output within a specification envelope, Cpk would need to be used:

Where µ refers to the mean of the recorded data.
Cpk is a common PCI and is often used as a justification for validating manufacturing processes. Cpk can give more information regarding a process than just Cp as the distribution of the data is directly affected by the specification limits. For example, if a process yields a Cp of 1.33 then it is likely that Cpk would be lower unless the distribution of the data is equal around the centre of the specification envelope.
There are different PCI available. James Kwiecien covers these in his doctoral thesis, Process Capability Calculations with Nonnormal Data in the Medical Devic Manufacturing Industry, from 2017. Despite the number of PCI available and all their variations Cpk is often the most found in manufacturing. Because of this, Cpk will be the first PCI to trial.
Phase 2-Determine controller ability
To determine a controller’s ability to calculate an accurate PCI, a simple program will be created containing various sets of representative dimensional data and the required calculations necessary to perform PCI calculations. The results of this program will then be compared using the same dimensional data with a PCI calculated using MiniTab or excel to determine the overall accuracy of the CNC controller. If the CNC controller is capable of accurately calculating a PCI, Phase 3 can then be started. Should a CNC controller not be able to perform an accurate PCI calculation then an investigation into how to overcome this will take place. This may involve having to select a different PCI that the CNC controller is able to calculate accurately. Processing speed will be an issue in calculating a PCI, but it will be secondary to the overall accuracy of the calculation. Processing speed will vary depending on CNC controller type, age, and specification but should not be a deciding factor on the use of a PCI.
Phase 3-Determine probing ability and accuracy
Using a touch probe controlled using a G-code macro program, a CNC machining centre will probe a fixture containing thirty small plastic cylinders (Appendix A), that represents a workpiece, to determine if a macro program can receive and update data from the touch probe. These cylinders will be serialised and grouped via a corresponding PCI value of Cpk <1.0, Cpk >1.2 & Cpk >1.6. Each set will be measured using a CMM and the resulting PCI will be calculated before being run on the CNC. The cylinders will then be probed by the CNC and the difference between each individual cylinder measurement recorded and the resulting PCI calculated. These results will then be compared against the results from the CMM, and the differences compared. The results will not be identical but the variance between the two measuring systems will be important to determine the suitability of the CNC machine. If the difference is too great, then another CNC machining centre will be used. Should the difference between CNC and CMM results are still unacceptable then the probing cycles will be investigated and a calibration method similar to Holub, et al during their analysis will be investigated to determine if this approach will bring the results closer together.

 A flow chart will then be created detailing the workings of the G-code and the macro-B sub-program. This will be used to determine the positions of key logic statements. A basic layout of “IF” commands will then be placed in key points of a program to determine if the CNC controller can react. This will determine the type of logic required to make the main G-code program react to the independent data generated in the macro-B sub-program. If additional sub-programs are required, they will be determined at this phase, designed, and developed before progressing onto phase 4.
Phase 4-Working proto-type
A non-cutting, working G-code program and macro-B program(s) will be created and run on a CNC machining centre that will probe the same cylinders used in phase 3. The three sets of cylinders will this time be randomly selected to give a varying PCI. As with phase 3, the configuration will first be measured on a CMM, and the PCI calculated prior to being run on the CNC. The CNC will then begin probing and the recorded dimensions and PCI’s will be compared with data calculated by the CMM. The G-code program will be continually run but there will be program pause commands to allow certain cylinders to be swapped out for others to alter the overall PCI. This should trigger the CNC to alter the probing cycle frequencies and show that the CNC can react to data it has collected. The CNC will then be monitored to observe a change in probing frequencies. The cycle time will be recorded in which the probing remains at 1:1. This cycle time will then be compared with recorded cycle times where the probing frequencies are able to adjust. The comparison should then show that if given the relevant information and an appropriate closed-loop system developed a CNC machining centre will be able to optimise its throughput based on the quality levels it is able to achieve.
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This study will yield quantitative results in the form of workpiece measurements, PCI values and comparisons between different measuring systems. Comparisons will be made between measurements from both X and Y axis like those of Tseng, et al and the work conducted in their analysis.
These quantitative results will then help form the basis of a macro-B program. This program will perform all the required calculations and set all required variable values that will determine probing frequencies. The key driver of whether probing cycle frequencies can be altered automatically will be “IF” statements placed in key locations throughout a G-code program. At the completion of this research, the positioning of the required ‘IF’ statements will be identified and a methodology created for implementation. There will also be quantitative results relating to differences in cycle time between those with and without adaptive probing frequencies to show, if any, potential gains to manufacturing throughput.
[bookmark: _Toc102339733]Evaluation
At the completion of this research a cost-effective method of allowing CNC machines to balance throughput and quality levels will be established. This method will be applicable to both old and newer machines to add a degree of automation to even the most basic of machine shops. Enabling a CNC machine to determine probing frequencies based on in-process recorded PCI will remove the need for a company’s quality and manufacturing personnel to manually monitor a machine and alter program settings according to data recorded externally from the process. This could form a base for further automation. If the CNC can inspect and manage its own throughput efficiencies, then that will only leave an operator with the task of cycling the machine to begin. A company may see this as an opportunity to introduce automated machine tending. This may be of particular importance to small manufacturing companies that may not have strong enough internal procedures or controls to consider large scale automated manufacturing lines. By offering a low-cost solution for creating closed-loop machining and inspection it could shed light on other capabilities of CNC machining centres and on other low-cost automation solutions that may be currently available on the market.
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