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ABSTRACT 

 

 

PAUL EDWARD ANDERSON Sub-scale machining of large components 

(Under the direction of DR. JOHN ZIEGERT) 

 

 

This research examines the feasibility of machining components with precise 

tolerances using machines smaller than the completed part. This can conceptually be 

achieved in two ways. 1.) move a part around a machine, machining a portion of the part 

at a time, resulting in a completed part; and 2.) move a machine/multiple machines 

around a part, machining a portion of the part at a time, resulting in a completed part. At 

each step, a laser tracker was used to measure the spatial relationship between the part 

and machine coordinate systems (CS); and custom software was developed to read the 

part coordinates from the NC part program and replace them with the values 

corresponding to the new part/machine spatial relationship. 

Several series of parts were machined to allow the determination of additional 

error from the laser tracker to the manufacturing process, and the precision of transitional 

areas between machined sections. A final test included machining a set of parts larger 

than the machine’s working area to determine tolerances the machining process is 

capable of and demonstrate the project objectives have been met. Initial test parts showed 

part feature errors significantly larger than initially expected. A search for the cause of 

errors led to process improvements which showed the importance of proper measurement 

techniques to reduce influences from machine tool geometric errors and the importance 

of proper fixturing. After correcting for machine tool geometric errors and using proper 

fixturing techniques, part feature location errors were reduced to an expected value. A 

variability analysis of the sub-scale machining process was performed to compare 
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experimental and theoretical part feature errors. The variability analysis showed expected 

part feature errors on the order of experimental values. Sub-scale machining is capable of 

producing 2D parts with feature location errors on the order of the uncertainty of the 

reference metrology device. 

Initial test parts showed the capabilities of sub-scale machining when used to 

make essentially two (2) dimensional parts. An analysis of the sub-scale machining 

process was performed to understand the capabilities of sub-scale machine as an 

operation to produce large three-dimensional parts with features on multiple sides. It is 

expected that sub-scale machining can produce features on multisided parts with 

orientation errors on the order of a few tenths of a milliradian. 
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CHAPTER 1: BACKGROUND AND MOTIVATION 

 

 

Research Motivation 

Industries that produce large products composed of metals show a trend of 

replacing complicated assemblies with fewer monolithic components [1].  Monolithic 

components are beneficial over assemblies due to reduced assembly time, reduced part 

count (reduced inventory costs), improved part strength and often reduced weight while 

maintaining or increasing part accuracy. Advancements in high-speed machining with 

significantly increased material removal rates allows for reduced part cycle times, further 

increasing the cost-effectiveness of monolithic components. 

The need for larger monolithic components leads to a need for larger machining 

centers capable of handling these large components. Normal practice in machining of 

close tolerance components is to utilize a machine tool whose working volume is larger 

than the component being machined. As the size of the component increases, larger 

machines are required, leading to significantly higher costs to acquire, install (due to 

special foundations) and operate. Due to the high cost of acquisition, redundant capability 

is rarely available and unplanned downtime can dramatically affect production schedules. 

The fixture nature of these large machines leads to a reduced overall flexibility in 

manufacturing operations.
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Figure 1: Largest five-axis gantry mill in North America built by Ingersoll Machine Tools. (28 

feet wide, 240 feet long, 10 feet under the gantry) [2]. 

 

 

 

Manufacturing large components presents the challenges mentioned and several 

more. First, the size of the components make them difficult and hazardous to transport 

and work with. Second, special metrology methods are typically required as traditional 

metrology techniques may not be scalable to such a large dimension due to increased cost 

and decreased accuracy. Large, heavy components have long thermal time constants, 

potentially leading to large temperature variations in the part and significant dimensional 

errors. Thermal issues are often a significant source of both machine and part in-accuracy 

and are the biggest obstacle in precision manufacturing [3]. Sub-scale machining intends 

to address many of the cost, flexibility and accuracy issues. 

Sub-scale machining refers to a process whereby large monolithic components are 

machined in a sequence of smaller regions by machine tools whose work volume is 
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smaller than the part, thus requiring that the part, or machine, to be repositioned multiple 

times to complete the operation. Sub-scale machining can potentially call for the 

simultaneous operation of multiple machines on a part, reducing cycle time.  Sub-scale 

machining is of potential value to aircraft, automotive, turbine, shipbuilding, and large 

earth moving equipment industries as they stand to reap the most benefit from the 

advancement of this manufacturing process. These industries manufacture a wide variety 

of large components which require precise tolerances to ensure reliable and efficient 

operation of the assembled systems [4]. 

Project Scope 

The purpose of this study is to a.) develop methods to quickly and easily 

determine the relative position and orientation of the part and machine coordinate 

systems following repositioning, b.) develop algorithms to automatically post-process the 

NC part program to reflect the new position and orientation, c.) determine the achievable 

accuracy of precision-tolerance machined components using machines having working 

areas smaller than the completed part, d.) conduct a variability analysis to understand the 

errors in the process and suggest improvements and e.) explore using sub-scale 

machining in 3D operations. 

A series of parts were machined to determine the basic tolerance holding 

capability of the machine tool used for the study, and the additional error induced by 

adding the laser tracker to the manufacturing process. As a final test, a set of parts larger 

than the working area of the machine were made to determine tolerances the process is 

capable of achieving and demonstrate the project objectives could be met. A variability 
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analysis was completed following the NIST Guide to the Expression of Measurement 

Uncertainty (GUM) to compare and confirm experimental results. 

The first phase of the project encompassed development of a post-processing 

algorithm. The second phase was a proof of concept with two dimensional parts 

coincident with an analysis of the process to determine areas where improvements can be 

made. A variability analysis was performed to determine whether errors seen in part 

features were reasonable. The third and final phase of the project was an analysis of 

extending the sub-scale machining process into three dimensional parts with multi-side 

machining. 

Literature Review 

Recent advancements in portable spatial metrology devices including laser 

trackers, structured light, fringe projection, photogrammetry, Lidar, and iGPS allow large 

scale metrology to be performed rapidly and accurately [5]. These recent advancements 

in spatial metrology coupled with fiducials attached to the part are what makes the sub-

scale machining process an effective method of producing large, accurate, monolithic 

components. 

Fiducial based machining and the use of reference features on the part for the 

purpose of registration and alignment has been used in the past and is used in modern day 

machining. The semiconductor industry uses fiducials for accurate placement of 

components on circuit boards and lens manufacturers use fiducials to orient lenses across 

machines [6]. The SMEMA Fiducial Mark Standard 3.1 is the current standard for the use 

and design of fiducials in the printed circuit board industry. The standard defines a 

fiducial as a “printed board artwork feature (or features) that is created in the same 
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process as the printed circuit board conductive pattern and that provides a common 

measureable point for the component with respect to a land pattern or land patterns” [7]. 

The fiducials can be used to compensate for translational and rotational offsets as well as 

non-linear distortions, such as temperature distortions. Fiducial markers are also used in 

the map making industry where fiducial marks are placed on the upper surface of the 

inside cone of an aerial camera [8]. The fiducials are then used for stitching the 

photographs together to complete the map of an area. 

Woody [9] was able to use fiducial markers on monolithic components to correct 

for thermal distortions and part disorientation which led to more accurate part feature 

locations. The process Woody described included measuring the location of fiducials in a 

metrology environment. Then, using an on-machine measurement device, the fiducials 

were measured in the manufacturing environment. The two (2) fiducial measurements 

were compared and the NC code was compensated to achieve more accurate part 

features. Sub-scale Machining uses a similar approach. 

In Sub-scale Machining, a laser tracker is used to rapidly measure the spatial 

relationship between the part and machine CSs following initial positioning and 

repositioning of the part. Laser trackers use distance measuring interferometry (DMI) or 

absolute distance measurement (ADM) plus two angle encoders to measure the spatial 

coordinates of a specially designed target called a Spherically Mounted Retroreflector 

(SMR).  An SMR consists of a hollow corner-cube retroreflector mounted inside of a 

precision steel sphere with the apex of the retroreflector nominally coincident with the 

sphere center. Tolerances for concentricity of the sphere and retroreflector radius of 

curvature and apex is less than 0.00012” [10]. SMRs are normally attached to objects 
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using specially designed SMR nests that magnetically hold the sphere in a 3-point 

kinematic mount to ensure repeatable positioning [11]. Laser trackers are a large volume, 

high accuracy metrology instrument and are widely used in multiple industries. Linear 

measurement distances of laser trackers are on the order of several tens of meters with 

uncertainty on the order of tens of micrometers [12]. The laser tracker used during this 

project has a quoted volumetric uncertainty of 15 µm + 6 µm/m inside a volume of 2.5 m 

x 5 m x 10 m [13]. ASME standard B89.4.19 is the standard for performance evaluation 

tests and geometric misalignments in laser trackers [14]. 

Laser trackers have been used for the inspection of large mechanical components 

[15], used to assist in the alignment of optical components and assemblies such as turbine 

generators and particle accelerators [12], [16] and used for surface measurements of large 

lenses to assist in the early stages of manufacturing, such as the off-axis lenses for the 

Giant Magellan Telescope [17]. 

 



CHAPTER 2: MEASURING COORDINATE SYSTEMS 

 

 

To develop the Sub-scale Machining process, a Haas Vertical Milling Machine 

(VMM), type XYFZ, was used to machine test parts, a Leica laser tracker was used as the 

stand-alone metrology system, a commercially available CAD and CAM package was 

used to model and develop tool paths and a Matlab script developed to use as the post-

processing algorithm. The test parts were modeled to mimic components that may be 

used on large earth-moving equipment and were scaled to fit within the capabilities of the 

UNCC machine shop. A Zeiss tactile CMM was used to measure the features of test parts 

and determine errors in the feature locations.

The SMR nests are fixed to the part in a pseudo random fashion and remain 

attached to the part throughout the entire machining process. The SMR nests act as 

fiducials and provide common measurement points throughout the manufacturing of the 

component. All measurements were made before any milling began. SMRs were 

removed from the work piece and the laser tracker covered during milling to prevent 

stray chips from possibly damaging equipment and to keep coolant mist off critical 

components. 
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Figure 2: Typical machine and laser tracker setup. 

 

 

 

Before the laser tracker was used, it was allowed to warm up and go through its 

initializing routine. The laser tracker’s weather station instruments were placed so that 

they measured the conditions of the air path between the laser tracker and machine. Two-

faced tests were performed to ensure the laser tracker was operating properly [18] and 

fiducial locations were checked to ensure a clear line of sight. The Haas VMC was put 

through a warm-up procedure before beginning milling operations to bring the machine 

close to a steady operating state. 

The laser tracker was used to measure the location and orientation of the part and 

machine CSs relative to the laser tracker’s own internal CS. These measurements were 
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then used to compute the HTM relating the part and machine CS’s. In order to define a 

CS, the orientation and origin must be known. The part and machine CSs are established 

by collecting coordinates of a series of points on the part and machine. 

Realizing the Machine Coordinate System 

To establish the machine’s CS, a SMR is fixed to the machine’s XY table. The 

machine is commanded to move in the X axis only throughout the entire X axis range, 

pausing every two (2) inches to allow a point to be measured by the laser tracker. A point 

is measured by the laser tracker while the machine is static because static measurements 

by the laser tracker are more accurate than when measured dynamically [19]. Then, the 

machine is commanded to move in the Y axis only, pausing every inch to allow a point to 

be measured. Lines are fit to these points using a least-squares algorithm [20]. The X axis 

line fit is considered to be the machine’s X axis. The Y axis is not perfectly perpendicular 

to the X line due to imperfections in the machine’s construction. The Y axis is therefore 

used to define the machine’s XY plane. The cross product of the unit vectors along the X 

and Y axes define the machine’s Z axis, and a cross product of the Z and X axis unit 

vectors define the machine Y axis, creating a right handed CS. The spindle location is 

used as the origin of the machine CS. To establish the location of the machine spindle a 

fixture was developed to intentionally offset the SMR by approximately 2.5 inches from 

the center of rotation. The fixture is then rotated in the spindle while the laser tracker 

records the movement of the SMR. The movement of the SMR nominally represents a 

circle. A least-squares (LSQ) circle is fit to the points and the origin of the circle is 

defined as the location of the spindle therefore, the location of the machine CS functional 

point. 
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Realizing the Part Coordinate System 

The definition of the part’s CS is a similar process. At least three (3) fiducial 

locations are required in order to define the parts orientation and location since there are 

no movable axes on the part. The placement of the fiducials on the part requires pre-

planned locations. The fiducial locations have the requirements of ensuring the completed 

part will fit on the rough stock, being out of the way of tool paths to prevent tooling 

collisions, being within the line of site of the laser tracker and staying attached to the part 

throughout the machining process in order to maintain a consistent definition of the part 

CS. With magnetic SMR nests, a cover for the nests is useful when machining a ferrous 

material. Chips build on the nests due the magnet and could cause an undesired false 

measurement point if a chip remains between the contact point of the SMR and nest. 

When ensuring the fiducials can be seen by the laser tracker, it is important to consider 

that the laser tracker is portable and can be moved throughout the process. The planning 

of the fiducial locations was performed in the CAD/CAM software and extra care was 

taken to ensure no collision would occur during rapid machine movements. It is 

important to consider that the paths for rapid movement will change from the rapid 

movement paths shown in the CAM software since the coordinates of the machine 

commands will be changed. Setting the rapid path height above any SMR nests and 

fixturing is recommended. A one to one scale paper template was used place the fiducials 

on the stock since fiducial placement accuracy of a few millimeters was sufficient. The 

part’s X axis is defined as the vector between fiducial location 1 and 2, where fiducial 1 

is defined as the part’s origin. The part’s Z axis is then defined as the normal vector to the 

best-fit plane of all the fiducial locations. If and when possible, more than three (3) 
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fiducial locations are used to reduce error in the definition of the part Z axis [21]. Finally, 

the cross product of the part Z and X unit vectors defined the part Y axis, creating a right-

handed CS. A sample of fiducial layouts on a part is shown in Figure 3. 

 

 

 

 

Figure 3: Fiducial locations in yellow with part axis definitions show in blue. 

 

 

 

Unit vectors along the axes of the CSs are used to build two homogeneous 

transformation matrices. One is a HTM to transform from the part to the laser tracker CS 

seen in Equation 1; and the other to transform from the machine to the laser tracker CS, 

Equation 2. The two HTMs are then multiplied by to obtain the final HTM that 

transforms a point from the part to the machine CS, Equation 3. The post-processing 

algorithm used this HTM to transform points extracted from the NC code defined in the 
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part CS and define them in the machine CS, Equation 4. A flow chart of the HTM 

development process is shown in Figure 4. 

 

 

 

 

Figure 4: Flow chart of HTM development process. 
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Matlab Post-Processing Algorithm 

In order to compensate for the random orientation of the parts, an adjusted NC 

code is needed to machine the nominal part. The Leica laser tracker operated through a 

software interface called Spatial Analyzer (SA). SA makes the points collected from the 

laser tracker useful by allowing them to be exported as text files in terms of the laser 

tracker’s Cartesian CS. The Matlab post-processing algorithm or script reads the text files 

exported from SA and calculates the HTM to transform a point from the part CS into the 

machine CS. It is important that the units of the point coordinate measurements exported 

from SA match the units of the machine commands in the NC file. 

NC code is typically written for all axis moves nominally described in the part CS 

assuming the part and machine CSs are aligned. The post-processing algorithm developed 

here imports the NC code and reads the NC code similar to a machine controller. The NC 

code rows are read from top to bottom and in each row is read from left to right. The 

post-processing algorithm looks for and identifies linear interpolation commands, both 

forms of circular interpolation commands, remembers modal commands such as G90 and 

G91 (absolute and relative distance commands), understands that commands given after 

modal commands are given with respect to that mode until another modal command is 

read. With that information, the post-processing algorithm extracts the motions 

commands in the axis directions and transforms them into machine coordinates using the 

HTM calculated dependent upon the mode of the command. Once all coordinate 

information is transformed into machine coordinates, a new NC file is saved in the 

directory. The post-processing algorithm also recognizes useful NC code syntax such a 
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line numbers and comments and writes them to the new NC file to maintain their 

usefulness. 

 

 

 

 

Figure 5: Matlab post-processing algorithm flow chart showing progression of calculations and 

transformation of part coordinate information. 

 

 

 

 

Figure 6: Original and altered NC code sample showing the part origin (-7,-5) in machine CS and 

the orientation rotated at 45 degrees CCW. 
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HTMs allow for point compensation due to all six (6) degrees of freedom (DOF). 

This causes an issue when working with the Haas VMC because the Haas VMC is a 3-

axis machine allowing for compensation in only three (3) DOF; two (2) linear DOF and 

one (1) rotational DOF. A machine with 5-axis control would be needed to compensate 

for all six (6) DOF. 

In the case of the Haas VMC used, compensation could only be made in the X 

and Y linear axes and for rotations about the Z axis leaving rotations about the X and Y 

axes and offsets in the Z axis unaccounted for by the post-processing algorithm. Offsets 

in the Z axis were managed by manually setting the tool length offsets in the machine 

controller. Rotations unaccounted for about the X and Y would cause a bias in the length 

of the parts, causing the parts to always be machined shorter than nominal. Table 1 shows 

the error that was caused by the rotations about the X and Y axes of the machines. The 

maximum error shows up when machining Section 3. The magnitude of the errors are 

considering insignificant compared to the other expected in the part feature locations. 

 

 

 



16 

Table 1: Errors caused by rotations about them machine’s X and Y axes that cannot be accounted 

for by the Haas VMC and post-processing alorithm. 

 

Techniques for placing SMR Nests on a part 

For this project, SMR nests are placed on the part stock in a pseudo-random 

fashion and act as the fiducials for laser tracker measurements. There are many factors 

when choosing the number of fiducials to use and the location of the fiducials. Many 

fiducials are desirable as the measurement of fiducials allows the part surface form to be 

preserved and reduce the chance of a measurement outlier causing undesirable error in 

part feature location through an averaging affect. Although, many fiducials can be time 

and monetarily prohibitive. Fewer fiducials are cheaper and require less time to measure 

but increase the chances of a measurement outlier causing undesirable errors. 

Experienced judgment is used to determine the number of fiducials required. 

In sub-scale machining all fiducials have an effect on the realization of the part 

CS but fiducial [SMR] 1 & 2 have the largest effect. Fiducial 1 defines the part CS origin 

and the vector between Fiducial 1 & 2 determines the orientation of the part CS about it’s 

X axis and the others define the part Z vector. Misalignment of the part’s X vector and 

Zpart to 

Xmach 

[rad]

Zpart to 

Ymach  

[rad]

Zpart to 

Z mach  

[rad]

ZX Mag  

[rad]

Resultant Error 

over 750 mm 

[µm]

Sec 1 -0.0001 0.0010 1.0000 0.0010 0.4

Sec 2 -0.0006 0.0003 1.0000 0.0006 0.2

Sec 3 0.0023 -0.0034 1.0000 0.0041 6.3

Sec 1 0.0003 0.0008 1.0000 0.0008 0.3

Sec 2 -0.0004 0.0009 1.0000 0.0009 0.3

Sec 3 0.0021 -0.0030 1.0000 0.0037 5.0

Sec 1 0.0000 0.0001 1.0000 0.0001 0.0

Sec 2 0.0002 0.0002 1.0000 0.0002 0.0

Sec 3 0.0019 -0.0027 1.0000 0.0033 4.1

Sec 1 0.0002 0.0007 1.0000 0.0007 0.2

Sec 2 0.0005 -0.0001 1.0000 0.0005 0.1

Sec 3 0.0025 -0.0027 1.0000 0.0037 5.1

PS4-1

PS4-2

PS4-3

PS4-4
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origin can cause the nominal part form to be outside the rough stock allotted for the 

machining operation. When considering how to place the fiducials 1 &2 on the part, the 

technique should be matched to the amount of rough stock that has been allotted around 

the nominal profile of the part. For Part Series (PS) 1 – 3, a paper template constructed 

from a 1-to-1 scale drawing plot and was used to place the all SMR nests on the part 

stock. The nominal part shape for PSs 1 - 3 was approximately 18” long and 

approximately 1” of stock was left all around the nominal finished part form. This 

required the SMR nests to be placed within a few millimeters of their planned location. 

For PS4, the part was significantly longer and less rough stock was allotted around the 

perimeter of the finished form. The placement accuracy of SMR nest 1 & 2 for PS4 were 

much more critical to ensure the nominal part fit on the rough stock. A fixture to place 

SMR nests 1 & 2 was machined to place the SMR nests within a millimeter or less of 

their nominal position, as shown in Figure 7. The remaining nests were placed with a 

paper template because their main requirement was to be out of the way of tool paths. A 

fixture of similar purpose could be constructed for any machining setup. 
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Figure 7: Fixture used for placing SMR nest 1 & 2 on PS4. 

 

 

 

Aspect ratio of fiducial locations is important in realizing the part CS. Ideally 

fiducials should be placed as far apart as possible. Placing all fiducials in a line should be 

avoided, as the aspect ratio for a line approaches zero. Fiducials placed in a line could 

result in error in the realization of the part’s CS. For PS4, the fiducials were arranged on 

the part with three (3) fiducials in each section and so that at least six (6) fiducials were 

directly above the machine tool’s table and the aspect ratio was approximately one-to-

one. 

 



CHAPTER 3: CAPABILITY OF SUB-SCALE MACHINING 

 

 

A series of parts, PS1 - PS4, were machined in order to quantify the tolerance 

capability of the sub-scale machining process. The series of parts began with a traditional 

machining setup where the part and machine axes are aligned manually. Each step 

incorporated a small step towards the completed sub-scale machining process. The final 

part series was a set of parts machined using the post processing algorithm, and that were 

larger than the machine’s working area to show proof of concept.  Figure 8 shows the 

design of the parts. One corner of each part was used to create the part datum, and all 

features were measured relative to those datum surfaces.  CMM errors are considered 

insignificant as the errors being analyzed are larger than the expected measurement 

uncertainty of the CMM.

 

 

 

 

Figure 8: Schematic showing parts used to determine feature errors. The left diagram was the part 

used for PS4 and the right diagram was the part used for PS1, PS2, & PS3. 
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Part Series 1 (PS1) 

PS1 consisted of five (5) parts and was machined traditionally where the part and 

machine axes were mechanically aligned and the part was machined in one fixturing 

each. The errors of features in PS 1 describe the capabilities of the Haas VMM and was 

used as a baseline for determining whether or not adding the laser tracker to the 

machining process increased the magnitude of errors in the part feature locations. A 

maximum true position error of approximately 100 micrometers for PS1 describes the 

approximate capability of the Haas VMM, as shown in Figure 9. This value is likely an 

over-estimate as the proper tooling and machining parameters were still being altered 

during this series to determine the best combination. 

 

 

 

 

Figure 9: PS1 pocket true position error. 
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Part Series 2 (PS2) 

PS2 consisted of ten (10) parts and was the first set of parts to incorporate the 

laser tracker into the machining process. PS2 was machined in one fixturing but was 

arbitrarily placed within the machine’s working area. Fiducials placed on the part allowed 

the laser tracker to measure its orientation and the post-processing algorithm was used to 

alter the NC code to account for the misalignment of the part and machine axes. No 

increase of errors of part features is expected in PS2 due to the entire part being machined 

in one fixturing. PS2’s errors are on the same order of magnitude as PS1 with the 

exception of one part which is considered an outlier, Figure 10. This shows that the laser 

tracker does not introduce additional error into the process if the part is machined in one 

fixturing. 

 

 

 

 

Figure 10: PS2 pocket true position error. 
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Part Series 3 (PS3) 

PS3 consisted of five (5) parts and was the first set of parts to be machined in 

multiple fixturings. The same geometry and features were used as PS1 & PS2 but the part 

was split approximately in half and each half machined in separate fixturings. The NC 

code was split into two programs, one for the right and one for the left portion of the part 

as defined by the blue line in Figure 5. The right portion of the part was milled first and 

also creates the datum surfaces used to define the part’s CS when measured on the CMM. 

Since pockets C2 & C3 were machined in the same fixturing as the features used to 

define the part’s CS on the CMM, only the HAAS machine’s errors should contribute to 

their positioning errors. The errors from “re-finding” the part’s orientation after the 

second fixturing will show up in pocket C3. Pockets C1 & C2 show a true position error 

approximately equal to the pockets on PS1 & PS2, as expected. Pocket C3 shows a 

significant increase in true position error that is much larger than expected based on the 

manufacturer’s estimates of the laser tracker accuracy, Figure 11. 
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Figure 11: PS3 pocket true position error. 

 

 

 

Part Series 4 (PS4) 

PS4 consisted of four (4) parts and was the first set of parts to be machined that 

was not capable of fitting within the machine’s working area. Similar to PS3, PS4 was 

machined in multiple sections but this time the part was split into three (3) sections 

instead of two (2). PS4 was the proof of concept that sub-scale machining is possible. An 

increase in errors of part features in expected in PS4 since the part is machined in three 

separate fixturings. Figure 12, Figure 13 and Figure 14 show the approximate orientation 

and amount of part hangover when mounted to the Haas VMC. It was a concern that 

overhanging portion of the part when machining section three (3) would affect the 

realization of the part CS. A Solidworks FEA simulation shows the maximum deflection 

of the largest overhanging portion to be approximately 100 µm. It was determined that 

this over hanging portion should have little effect on the realization of the part CS. The 
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intent of the multiple fiducial locations was to minimize any errors caused by 

overhanging portions or not flat parts. 

 

 

 

 

Figure 12: Approximate orientation and location of PS4 when milling section 1. The amount of 

overhang in the position is approximately 8.5 inches. 

 

 

 

 

Figure 13: Approximate orientation and location of PS4 when milling section 2. The amount of 

overhang in the position is approximately 11.5 inches. 
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Figure 14: Approximate orientation and location of PS4 when milling section 3. The amount of 

overhang in the position is approximately 16.5 inches. 

 

 

 

Figure 15 shows the true position errors for the pockets for PS4. Pockets C4 & C5 

were milled in the same portion of the part as the features that were used to define the 

origin on the CMM, showing a true position error approximately equal those in PS1. 

Pockets C6, C7, C8, & C9 show an increase of 4 times in true position error from “re-

finding” the part in the second and third fixturings. 
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Figure 15: PS4 pocket true position error. 

 

 

 

Search for Errors 

The large errors seen in the pockets machined after re-fixturing prompted a search 

for their source. In order to determine other possible sources of error, several checks were 

made. Repeatability tests were performed to check the performance of the Haas VMM’s 

homing capability, a repeatability test was performed on the fixture used to find the 

machine’s spindle location and machine axis squareness measured. It was determined that 

the Haas VMM used to produce the test parts had an X-Z axis squareness error of 

approximately 50 arc seconds causing the angle between the X and Z axes to be acute. 

Previous measurements of the machine spindle to find the machine origin were taken 

with the machine’s Z axis in the upper limits of the range for convenience, approximately 

430 millimeters above the plane which the milling of the part took place. When the 

spindle location is measured at the upper extreme of the Z axis and the spindle lowered 

for milling, the spindle shifts approximately -100 µm in the machines X direction, 

Equation 5. It was determined that all measurements of the machine and part CS should 
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be taken as close to the same plane as possible to avoid any effects from machine 

squareness errors. 

 430 𝑚𝑚 × 50 arcsec = 104 µ𝑚 (5) 

Since the spindle location was measured with the Haas VMC’s Z axis in the same 

position when the sections of PS4 were machined, the vector in which the error occurred 

can be subtracted out of the pocket locations as measured by the Ziess CMM. When the 

error vectors are subtracted from the measured values, the position error of the pockets on 

PS4 more closely align with the expected magnitude of part feature errors, Figure 16. 

 

Figure 16: PS4 true position errors after subtraction of 100 micrometer error caused by X-Z 

squareness error. 

 

 

 

To avoid the timely process of re-machining PS4 to determine the error in the 

process after realizing and finding a solution to the significant geometry errors in the 

Haas VMC, SMR nests were attached to one of the parts from PS4 and the location of the 

part features in the part CS were measured on the Zeiss tactile CMM, creating an artifact. 

Precision spheres simulated the SMRs while being measured on the Zeiss to allow proper 
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measurement of the fiducial and part feature locations. The CS the part features were 

related to are the same as the part CS as described in Chapter 3. This allowed the pockets 

to be found in the machine CS using the post-processing algorithm and probed using a 

dial indicator mounted in the machine spindle. Circular run-out (CR) was used as the 

metric to determine positioning accuracy. 

 

 

 

 

Figure 17: PS4 part artifact with 1.5" precision spheres to replace the SMR while being measured 

on Zeiss CMM. 

 

 

 

With all the CS measurements being taken in approximately the same plane, CR 

values when tramming pockets on the Haas VMC were still a factor of 4 higher than 

expected. Table 2 shows the values for three (3) trials when attempting to locate the part 

artifact pockets in the machine CS with a dial indicator on the Haas VMC. 
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Table 2: CR values for three (3) trials when measuring part artifact pocket locations on Haas 

VMC. 

 

 

 

 

The material used for PS4 released residual stresses when machined causing an 

undesired flatness deviation of approximately 400 µm. The flatness of the material affects 

the definition of the part CS. The incorporation of more than three (3) fiducial locations 

was intended to increase accuracy in situations like this. Although in the case of the 

machining of PS4, only portions of the part were fixtured and held flat during the 

machining of each section. This caused the part shape and the location of the fiducials to 

change with the machining of each section. Therefore, the definition of the part CS was 

different each time. Experiments have shown that if Section 1 isn’t properly fixtured, the 

definition of the part CS becomes flawed causing a significant error in the definition of 

the feature locations when transformed in to the machine CS. Section 1 contains the two 

most critical fiducial locations. The fiducial that defines the part origin, SMR1, and the 

fiducials that define the part CS X axis, SMR1 & SMR2. To confirm, the part artifact was 

fixtured to a machine tool where the entire part fit within the machine’s working area and 

the part pulled “flat” to the machine’s table. When finding the part features in the 

machine CS, a maximum of 125 µm of CR was measured. On the same machine, without 

section 1 properly fixtured, CR values of up to 400 µm were measured as seen in Table 3. 

Trial 1 CR [mm] Trial 2 CR [mm] Trial 3 CR [mm]

C4 0.152 0.152 0.152

C5 0.127 0.127 0.127

C6 0.229 0.203 0.229

C7 0.203 0.178 0.203

C8 0.406 0.406 0.406

C9 0.356 0.381 0.381
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Table 3: Pocket CR with and without having Section 1 of PS4 properly fixtured. 

 

 

 

 

To understand the difference between the part when it is clamped “flat” and when 

it is in its free state, a repeatability test was performed where the Section 3 remained 

fixtured to the table and Section 1 was fixtured flat and then left in a free state. The 

difference in the two measurements arise when the HTM from the part to machine is 

examined. Table 4 shows the part to machine HTM for when the part is held “flat” and 

when only Section 3 is fixtured. There is an 86 µm difference in the origin of the part CS. 

This leads to an approximately 125 µm difference in pocket location in the machine CS 

as shown in Table 5. 

 

 

 

C4 C5 C6 C7 C8 C9

Sec 1 not 

fixtured 

CR [mm]

0.178 0.152 0.305 0.279 0.381 0.356

Sec 1 

fixtured 

CR [mm]

0.051 0.025 0.051 0.076 0.127 0.127



31 

Table 4: Comparison of properly clamped part to machine HTM and not properly clamped part to 

machine HTM. 

 

 

 

 
Table 5: Comparison of Pocket 5 & 6 transformed coordinates. 

 

 

MAG [mm]

0.017 -1.000 0.002 -31.332 0.076 0.086 0.017 -1.000 0.001 -31.408

1.000 0.017 -0.001 -213.740 -0.041 1.000 0.017 -0.001 -213.699

0.002 0.002 1.000 -100.251 0.001 0.001 1.000 -111.504

0 0 0 1 0 0 0 1

MAG [mm]

0.017 -1.000 0.002 -31.331 0.077 0.087

1.000 0.017 -0.001 -213.740 -0.041

0.002 0.002 1.000 -108.472

0 0 0 1

MAG [mm]

0.017 -1.000 0.002 -31.333 0.075 0.088

1.000 0.017 -0.001 -213.746 -0.046

0.002 0.002 1.000 -103.313

0 0 0 1

Trial 1 Partially Fixtured Trial 2 Fully Fixtured

Trial 4 Partially Fixtured

Trial 3 Partially Fixtured

Partially - Fully Fixtured

X [mm] Y [mm] X [mm] Y [mm] X [mm] Y [mm] MAG [mm]

247.636 328.594 247.769 328.523 0.133 -0.071 0.151

247.747 328.535 0.111 -0.059 0.126

247.736 328.535 0.100 -0.059 0.116

X [mm] Y [mm] X [mm] Y [mm] X [mm] Y [mm] MAG [mm]

323.827 327.478 323.960 327.399 0.133 -0.079 0.155

323.938 327.415 0.111 -0.063 0.128

323.927 327.416 0.100 -0.063 0.118

Partially - Fully Fixtured

C9

Fully Fixtured Partially Fixtured

C8

Fully Fixtured Partially Fixtured Partially - Fully Fixtured



CHAPTER 4: VARIABILITY ANALYSIS 

 

 

Sub-scale machining works by transforming points from one CS to another 

through a series of measurements of each CS with a stand-alone metrology system. To 

understand the errors involved in the sub-scale machining process a variability analysis 

was performed. The variability analysis used techniques for quantifying expected 

variations similar to an uncertainty analysis following techniques outlined in the NIST 

JCGM 100:2008 Guide to the Expression of Uncertainty in Measurement (GUM) [22]. 

There are two (2) main variation contributors analyzed. The variation contributors 

include measurements made by the laser tracker which leads to errors in the realization of 

the part and machine CSs and the machine’s ability to position its spindle.

Variability in Realization of Part and Machine CS with Laser Tracker 

As described in previous chapters, a Leica laser tracker was used to measure 

points on the machine and part that are used to describe the machine and part CSs. These 

points were fit to substitute geometry such as planes, lines, and circles in order to 

describe the location and orientation of certain features of the part and machine. The 

calculated location and orientation of these features were used to calculate the 

transformation matrix that would allow points to be transformed from the part CS to the 

machine CS despite random orientation and location of the part. 

Due to the complicated nature of the process used to realize the part to machine 

HTM and the large possibility of missing correlations, a Monte Carlo (MC) simulation 
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was developed to study the variation of the transformed part feature locations. Inputs into 

the MC simulation were a real measurement scenario with points taken in the machine 

shop with random variation added to each point collected by the laser tracker [23]. The 

MC simulation was iterated one (1) million times and followed the same mathematical 

procedures of the port-processing algorithm. The MC output described the standard 

variation of the transformation of part features to machine CS [23]. A flow chart of the 

Monte Carlo process is shown in Figure 18. 

 

 

 

 

Figure 18: Monte Carlo simulation flow diagram. 

 

 

 

A random uniform distribution 50/SQRT(3) micrometers wide was applied to the 

X, Y & Z values of each point collected throughout the measurement process. The output 

of the MC simulation yielded an approximate Gaussian distribution for the X and Y error 

vectors where the standard deviation is equal to the 68% of the expected variation, see 

Figure 19. The covariance and correlation coefficient was calculated to determine if the X 
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and Y variations were correlated. The definitions of standard deviation, covariance and 

correlation coefficient are described in Equations 6, 7 & 8 respectively. The MC 

simulation was repeated for each pocket in PS4 as each part feature was expected to see 

different variation. Variance (𝜎𝑥
2) for the X and Y coordinates in terms of the part CS 

were calculated for each pocket along with covariance (𝜎𝑥𝑦) and correlation coefficient 

(𝑟). A correlation coefficient close to one (1) or negative one (-1) shows a positive or 

negative linear correlation and a correlation coefficient close to zero shows little to no 

correlation. The results from the Monte Carlo simulation are shown in Table 6, where 

“Part Origin” is the machined feature on the part measured by the tactile CMM. 

 

 

𝜎𝑥
2 = 

1

𝑁 − 1
∑(𝑥𝑖 − �̅�)2

𝑁

𝑖=1

  (6)  

 

 

𝜎𝑥𝑦 = 
1

𝑁 − 1
 ∑(𝑥𝑖 − �̅�)(𝑦𝑖 − �̅�)

𝑁

𝑖=1

 (7)  

 

 𝑟 =
𝜎𝑥𝑦

𝜎𝑥𝜎𝑦
 (8) 
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Figure 19: Histogram of X (left) and Y (right) values of the part CS origin in the machine CS as 

determined by a Monte Carlo simulation. The lines are the calculated best fit histograms as determined by 

Matlab. 

 

 

 

Table 6: Results from the Monte Carlo simulation showing X axis and Y axis 

variance for each pocket with XY covariance and correlation coefficient. 

 
 

 

 

The results from the Monte Carlo simulation show that the X and Y components 

of the error vector are correlated. The correlation of the X and Y vectors change from 

pocket to pocket and become more correlated as the pocket becomes further from the part 

Laser Tracker Var. LT XY CoVar. LT XY Cor. Coef.

σ2 [µm2] σXY [µm2] r
Part Origin X 84

Part Origin Y 178

C4 X 83

C4 Y 132

C5 X 83

C5 Y 140

C6 X 89

C6 Y 233

C7 X 111

C7 Y 297

C8 X 183

C8 Y 340

C9 X 250

C9 Y 341
193

151

74

31

7

-1

13

0.60

0.10

-0.01

0.06

0.21

0.41

0.66
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CS origin. The correlation between the X and Y components become obvious when the 

errors are plotted. The increase in correlation can be seen when comparing the plot of 

pocket C4 that has a correlation coefficient near zero to pocket C9 which has a 

correlation coefficient of 0.66, Figure 20. 

 

 

 
Figure 20: Pocket C4 Monte Carlo results shown on left with minimal correlation and Pocket C9 

Monte Carlo results on right showing correlation. 

 

 

 

 

To confirm the MC simulation, ten measurements of the part CS origin in the 

machine’s CS were performed and compared to the output from the MC simulation. The 

expanded variation in X was determined to be ±17 micrometers and the variation in Y 

was determined to be ±25 micrometers at a 95% confidence interval (k = 2), as 

determined by the MC simulation. The results of the repeated tests are shown in Figure 

21. 
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Figure 21: Part in machine CS repeatability results. 

 

 

 

The error vectors were analyzed in terms of magnitude and direction as well. It 

was predicted that the correlation between the X and Y error vectors would arise in the 

histogram of the error vector orientation. Figure 22 & Figure 23 show the histograms of 

the error magnitude and direction for pocket C9 determined from the Monte Carlo 

simulation. Two (2) peaks that are pi radians apart in Figure 23 show that error vectors 

have a tendency to occur most often in those directions. 

Since error magnitudes of vectors cannot be zero, the histogram of the error 

vector magnitudes resembles a Rayleigh distribution [24]. A Rayleigh distribution is a 

continuous probability distribution function for positive, random values. The typical 

methods for calculating the variance of a Rayleigh distribution require the assumption 
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that X & Y values be normal, of equal variance and uncorrelated. The X & Y values for 

the Monte Carlo simulation have been shown to be approximately normal but not of 

equal variance and uncorrelated. Therefore, the variance of the error magnitude is 

calculated from a best fit Rayleigh distribution using the Matlab function 

std(fitdist(R','Rayleigh')) where R is the row vector of error magnitudes. 

 

 

 
Figure 22: Histogram of Pocket C9 error magnitudes determined from Monte Carlo simulation 

with best fit Rayleigh profile. 
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Figure 23: Histogram of Pocket C9 error directions determined from Monte Carlo simulation. 

 

 

 

 

Variability in Machine Tool Positioning 

The second major variability contributor to sub-scale machining is the ability of 

the machine tool to position its spindle and create features. A “Type A” evaluation of the 

Haas VMM used in this project was performed by machining a set of parts using 

conventional machining methods with machine and part axes aligned, PS1. The parts 

were then measured on a Zeiss bridge-type CMM [22]. The uncertainties in the 

measurement of the part features by the Zeiss CMM were considered insignificant, thus 

ignored. Figure 24 shows the X errors in the part features and Figure 25 shows the Y 

errors in the part features. 
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Figure 24: X position errors of parts machined for “Type A” variability analysis of machine 

positioning. 

 

 

 

 

Figure 25: Y position errors of parts machined for “Type A” variability analysis of machine 

positioning. 

 

 

 

The estimate of the population variance of the errors for the X axis is 361 

micrometers2 and 324 micrometers2 for the Y axis calculated using Equation 6. The 

variance of the error equals the variability in the data set [25]. The covariance of the 
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machine X and Y errors is determined to be 169 micrometers2 resulting in a correlation 

coefficient of 0.70. The variability in the machine tool is assumed to be constant 

throughout the working area of the machine. The error vectors were converted to 

magnitude and orientation and the statistical methods used to calculate the mean and 

variance of the MC simulation were used to calculate the mean and variance of the 

machine tool errors. The machine tool error magnitude mean was determined to be 24 

micrometers with a variance of 169 micrometers2. 

Combined Laser Tracker and Machine Tool Variability 

When a part feature is machined or located using the sub-scale machining 

process, two major variability contributors are the variability from the laser tracker 

realizing the part and machine CSs and the machine tool positioning variability. To 

calculate error values in which to compare with experimental values obtained in the 

machine shop, the mean error magnitudes of the laser tracker (𝑞𝐿𝑇) and machine tool 

(𝑞𝑀) were combined to achieve the mean error magnitude (𝑞), Equation 9. The variance 

of the laser tracker and machine tool add to achieve the variance of the total mean error 

magnitude (𝜎𝑞
2) assuming the machine tool and laser tracker error are uncorrelated, 

Equation 10 [26]. The total mean error magnitude is then multiplied by two (2) to obtain 

the error’s equivalent in terms of CR (𝑞𝐶𝑅), Equation 11. The variance of the equivalent 

CR (𝜎𝑞𝐶𝑅
2 ) is equal to twice the variance of the total mean error magnitude variance. 

 

 𝑞 =  𝑞𝐿𝑇 + 𝑞𝑀  (9) 

 

 𝜎𝑞
2 = 𝜎𝑞𝐿𝑇

2 + 𝜎𝑞𝑀
2  (10) 
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 𝑞𝐶𝑅 = 2𝑞 (11) 

 

 𝜎𝑞𝐶𝑅
2 = 2𝜎𝑞

2 (9) 

 
Table 7: Laser tracker and machine tool error vector magnitude mean and Rayleigh variance. 

 

 

 

 
Table 8: Total error magnitude mean, total error magnitude variance, equivalent CR mean and 

equivalent CR variance. 

 

LT Error Mag. Mean LT Error Mag. Var. Mach. Error Mag. Mean Mach. Error Mag. Var.

qLT [µm] σ2
qLT [µm2] qM [µm] σ2

qM [µm2]

13

13

15

21

20

18

127

112

88

69

48

46

56

24

24

24

24

24

24

24

C4

Part Origin

C9

C8

C7

C6

C5

16

169

169

169

169

169

169

169

Sum LT & Mach. 

Mean Error Mag.

Sum LT & Mach. Mean 

Error Equiv. CR

Sum LT & Mach. 

Mean Error Var.

Sum LT & Mach. Mean 

Error Equiv. CR Var.

q [µm] qCR [µm] σ2
q [µm2] σ2

qCR [µm2]

9045

44 88

8342

40 79

7437

37 74

7738

C4

Part Origin

C9

C8

C7

C6

C5

296

281

257

238

217

215

225

591

563

513

476

434

430

450
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Table 9: Mean equivalent CR and measured CR with respective 95% confidence intervals. 

 
 

 

 

To make the variability values comparable to a metric that was measured 

in the machine shop, the variability values were converted into an equivalent CR 

assuming the form error of the circular pocket is much less than the position error 

of it center. CR measures cumulative values of coaxiality, and form error [27]. In 

this experiment, the coaxiality of the machine spindle and circular pocket axes are 

measured with the circularity of the pocket unseparated, within the same 

measurement. In an ideal situation with zero form error/circularity, CR will only 

measure twice the position error. The PS4 artifact has circularity values of 

approximately 25 micrometers. Therefore, the circularity could add or subtract 25 

micrometers to the measured CR values. 

Sum LT & Mach. Mean 

Error Equiv. CR

Error Mag. Equiv. 

CR 2*STD.
Measured CR Av. Measured CR 2*Std.

qCR [µm] 2σqCR [µm] CRmeas [µm] 2σCRmeas [µm]

N/A

72

77

41

29

66

49

70

102

N/A

76

63

89

108

42

41

42

44

45

47

49

C4

Part Origin

C9

C8

C7

C6

C5

90

88

83

79

74

74

77
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With proper measurement technique and part fixturing, all pockets on the 

PS4 artifact were measured four 4 times to achieve spread of CR values to 

compare to the variability analysis results for equivalent CR. The four 4 measured 

CR values were averaged and the sample variance calculated, Table 8. The 

standard deviation of the equivalent CR and measured CR values were calculated 

where the standard deviation is equal to the square root of the variance. The 95% 

confidence interval of each value was calculated. The 95% confidence interval is 

equal to plus/minus two (2) times the standard deviation. 

Table 8 shows the possible values for CR determined from the variability 

analysis and CR values measured experimentally. The 95% confidence intervals 

of the equivalent and measured CR values have overlapping quantities confirming 

the variability analysis and experimental results, Figure 26. For example, the 

variability analysis shows that 95% of CR measurements for pocket C9 will fall 

between 41 micrometers and 139 micrometers of CR. The average measured CR 

for pocket C9 is 108 micrometers which is within the 95% confidence interval of 

the variability analysis. 
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Figure 26: Plot showing the mean error and 95% confidence intervals of the variability analysis 

and measured CR values. 

 

 



CHAPTER 5: EXTENSION TO 3D MACHINING 

 

 

The previous chapters discuss using sub-scale machining for creating essentially 

two-dimensional parts. Chapter 2 discusses how the 3 axis Haas VMM cannot 

compensate for all six (6) DOF of misalignment between the part and machine.  To 

account for part and machine misalignment in all six (6) degrees of freedom, a machine 

with five (5) controlled axes is required. Previous 2D experiments have dealt with 

distances between holes, a 3D extension of Sub-scale machining would allow machines 

to work on multiple sides of a part and aim to improve the accuracy of features in terms 

of concentricity, angularity, parallelism and perpendicularity. Although no parts were 

machined and measured, an analysis has been performed to determine what sort of errors 

are expected when using a laser tracker as the stand alone metrology system in a 3D sub-

scale machining operation.

To evaluate the ability of the laser tracker to measure differences in orientation, a 

plate with six (6) fiducial locations was used to define a plane. The plane was rotated 

about one (1) axis of the plate with the angle of tilt measured using an angle measuring 

interferometer and laser tracker. The plate was measured at three (3) different angles and 

measured five (5) times with the laser tracker at each angle. Initially the plate was lying 

flat on the table, the angle interferometer was set to zero (0) and the plate was measured 

five (5) times with the laser tracker. The plate was fixtured about the pivot point and at 

the end propped up using toe clamps. The toe clamps were lightly tightened to hold the 
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plate in place when removing the SMR from the magnetic SMR nests, Figure 27. With 

this setup, the angle interferometer is not significantly influenced by rotations and 

translations in other DOF that may occur when changing the plate’s angle, reducing 

undesired rotations and translations that the interferometer would not measure but would 

arise in the laser tracker measurements. 

 

 

 

 

Figure 27: Angle measurement setup. The dimensions of the plate are approximately 14 by 7 

inches. 

 

 

 

The plate was tilted to approximately 0.4, 0.8 and 1.2 degrees. The angle of the 

plate determined by the angle interferometer was recorded before and after the 

measurements with the laser tracker were made. The before and after measurements of 

the angle interferometer were averaged to determine best estimate angle interferometer 

measurements. The before and after angle interferometer measurements varied by a max 

of four (4) arc seconds, Table 10. 
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Table 10: Before and after and average (best estimate) angle interferometer measurements. 

 

 

 

 

The angle of the plate as measured by the laser tracker was determined by the 

angle between the normal vector of the best fit plane formed by the SMR targets with the 

plate at an angled positions and the average of the plate normal vectors of the 5 plate 

measurements at the initial position, Table 11. 

 

 

 
Table 11: Angle of plate as determined by the laser tracker. 

 

 

 

 

The difference between the laser tracker and angle interferometer angle was 

calculated, Table 12. Table 12, shows the difference between the interferometer and laser 

tracker measurements to be a few tenths of a milliradian. Similar results are seen when 

examining lines machined in two separate setups in the initial part series. Figure 28 is a 

measurement of the top line on one of the parts in PS3 where the top line was machine in 

Interferometer Meas. Start Interferometer Meas. End Interformeter Av. Interformeter Av.

[arcsec] [arcsec] [arcsec] [deg]

Pos1 0 0 0 0.00

Pos2 1445 1443 1444 0.40

Pos3 2833 2829 2831 0.79

Pos4 4176 4175 4176 1.16

LT Pos 2 LT Pos 3 LT Pos 4

[mrad] [mrad] [mrad]

Trial 1 7.24 13.95 20.49

Trial 2 7.23 13.97 20.52

Trial 3 7.23 13.95 20.51

Trial 4 7.22 13.96 20.49

Trial 5 7.23 13.94 20.50
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separate setups. The line was measured on a tactile CMM and linear LSQ line fit to the 

left side and the right side of the straight line. The angle between the straight lines is 

determined to be the angle between the two setups. The other 4 parts in PS3 show the 

angle between the setups to be 0.56, 0.09, 0.37 and 0.41 milliradians. 

 

 

 
Table 12: Difference between angle interferometer and laser tracker measurements. 

 

 

 

 

 

Figure 28: Straight line machined in two separate setups with best fit linear line subtracted from 

all points and angle between first and second section showing disorientation of CS between both setups. 

 

 

 

LT Pos 2 - Interferometer Pos 2 LT Pos 3 - Interferometer Pos 3 LT Pos 4 - Interferometer Pos 4

[mrad] [mrad] [mrad]

Trial 1 0.24 0.22 0.24

Trial 2 0.23 0.25 0.28

Trial 3 0.23 0.23 0.26

Trial 4 0.22 0.24 0.25

Trial 5 0.23 0.22 0.26
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With these particular setups, the errors in orientation realization are on the order 

of a few tenths of a milliradian. Orientation error will contribute to position error as well, 

where position error will increase as the distance from what is defined as the origin 

increases. For a multi-sided machining operation, angularity, parallelism and 

perpendicularity tolerance on the order of a few tenths of a milliradian is expected to be 

met. 

 



CHAPTER 6: CONCLUSION AND FUTURE WORK 

 

 

The experiments and analysis of sub-scale machining have shown that sub-scale 

machining is possible and produces 2D parts with feature location errors on the order of 

the uncertainty of the metrology device used to align and register the part and machine 

CSs. This study has shown that it is important to measure all machine and part features in 

approximately the same plane as milling will take place to reduce influences from 

machine geometry errors. It is also important to ensure that the part maintains the same 

shape throughout the machining process because changes in the parts shape lead to 

changes in the realization of the part CS causing large part feature location errors. Sub-

scale machining can also be used for the machining of 3D components using the same 

measurement methods. Through a series of experiments, it is determined that part 

features can be held to orientation tolerances of a few tenths of a milliradian.

To continue the exploration of Sub-scale Machining, experimental results from a 

multisided 3D machining operation would validate the theoretical evaluation. When part 

dimensions are on the order of several meters or more, compensation for part temperature 

can be incorporated in the post-processing algorithm using methods described in the FCS 

to achieve more accurate feature locations assuming the time between part temperature 

measurements, post-processing and machining is relatively short. The limitations of sub-

scale machining are the measurement capability of the large scale metrology system, 

machine tool accuracy and thermal environment. 
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To make a process like sub-scale machining possible, there are many challenges 

that need to be addressed. Foreseen challenges include a.) logistics of managing locating 

and fixturing multiple machine tools on the shop floor, b.) providing the machine tool 

with necessary resources such as pressurized air, coolant and electricity in a flexible and 

rapid manor, c.) managing of the chips and coolant as to not interfere with working 

machine tool and the placement of future machine tools, d.) tool changes and tool 

management, e.) operation of relatively sensitive metrology equipment in a volatile 

manufacturing environment, f.) planning of fiducial locations to ensure no fiducials are in 

tool paths, damaged or removed and remain within the visibility of the metrology 

instrument(s), g.) selection of fiducial type because magnet fiducials collect ferrous chips 

requiring cleaning after each machining operation, h.) the decomposition of the large 

component into sections to allow tool paths to be programed and i.) development of the 

fixturing process to minimize effects from released residual stresses. 

For the experiments in this project, the large components were broken down into 

sections that were known to fit within the Haas VMCs working area and each section 

placed in a pseudo random location within the working area when machined. There was 

still a small possibility that the section that was planned to be machined has portions 

outside of the Haas VMC’s working area causing a machine axis over-travel error. This 

would cause the operator to have to reposition the part on the machine’s table, wasting 

the time spent in the initial measurements and setup. To make the sub-scale machining 

process more efficient, an ideal situation would be to randomly place the part within the 

machine tool’s working area and have software recognize what portion of the part the 

machine tool can reach. Then, write the nominal NC code and alter the code for axis 
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misalignment to avoid the possibility of misplacing the machine on the work piece. The 

software could keep track of what portions of the part were not complete and direct the 

placement of machine tools to achieve minimal part cycle times. 
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APPENDIX A: MATLAB POST-PROCESSING CODE 

 

 

Transforming_g_code.m (Main Script) 

%The purpose of this script is to alter the NC code with point 

coordinates 
%in the part coordinate sytem and tranform them into coordinates in the 
%machine coordinate system. 

  
clc; 
clearvars -except partcode 

  
%Calculate transofrmation matrices 
pTt = tracker_to_part; 
mTt = tracker_to_machine; 
[mTp, mRp] = part_to_machine(pTt, mTt); 

  
%Determining the size of the NC code array. 
[m,n]=size(partcode); 

  
%Opens a files for the new part code to be written to. Erases all 

previous 
%text if the file already exists. 
fid = fopen('newpartcode.nc','wt'); 

  
%Creating an array with an extra empty row. 
pc=[partcode cell(m,1)]; 

  
%Initializes the array of same size for the new part code. 
pcn=cell(m,n+1); 

  

  
prg_typ=1; %Initialize program type 
for i=1:m %For loop through rows 

     
    p_done=(i/length(partcode)*100); %Print program type on main screen 
    fprintf('Row %d of %d or %3.0f%% done \n',i,length(partcode), 

p_done); 

     
    j=1; %Initialize j 
    %This for loop looks through each row for a G90, G91 or G28 command 
    %which signifies whether the programming coordinates are 

incremental, 
    %absolute or relatve it the machine home. 
    for k=1:n 
        aa=strfind(pc{i,k},'G90'); %Searching for G90, absolute 

coordinate programming 
        bb=strfind(pc{i,k},'G91'); %Searching for G91, incremental 

coordinate programming 
        cc=strfind(pc{i,k},'G28'); %Searching for for G28 commands 
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        if aa==1 
            prg_typ='abs'; 
        elseif bb==1 
            prg_typ='inc'; 
        elseif cc==1 
            prg_typ='mach'; 
        else 
            if prg_typ==1 %Rename program type 
                prg_typ=prg_typ; 
            else 
                prg_typ=prg_typ; 
            end 
        end 

         
    end 

     
    %Search for X,Y,I, & J coordinates and transform based on 

coordinate 
    %mode. 
    while j<=n %For loop through columns 

         
        if strcmp(prg_typ,'abs')==1 %If the current coordinates are in 

absolute mode 

             
            str=pc{i,j}; %Naming the string of interest. 
            str2=pc{i,j+1}; %Name the forward string of interest. 

             
            %strfind returns the starting character indice of the 

desired string 
            a=strfind(str,'X'); %Search for a X character in the 

string. 
            b=strfind(str,'Y'); %Search for a Y character in the 

string. 
            c=strfind(str2,'Y'); %Search for a Y character in the next 

column. Used when an X and Y charater is used in a row. 
            d=strfind(str, 'I'); %Search for a I character for G2 and 

G3 commands. 
            e=strfind(str2, 'J'); %Search for a J character for G2 and 

G3 commands. 
            f=strfind(str2, 'F'); %Search for an F character in the 

current string. 

             
            if a==1 & c==1 %If an X and Y character are detected. 

Isolate respective values, apply transformation, write new values. 

                 
                x_char=numel(str); %Count the number of characters in 

the X string. 
                y_char=numel(str2); %Count the characters in the Y 

string. 
                x=str2num(str(2:x_char)); %Converting the X string 

number to a value. 
                y=str2num(str2(2:y_char)); %Converting the Y string 

number to a value. 
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                [xnew,ynew]=transform(x,y,mTp); %Applies transformation 

matrix. 

                 
                pcn{i,j}=strcat('X',num2str(xnew,'%10.4f')); %Creates X 

pre-fixed string with new X values rounded to 4 decimal places. 
                pcn{i,j+1}=strcat('Y',num2str(ynew,'%10.4f')); %Creates 

Y pre-fixed string with new Y values rounded to 4 decimal places. 

                 
                j=j+2; 

                 
            elseif a==1 & isempty(b)==1 %If an X coordinate is found 

but no Y coordinate, the previous Y coordinate needs to be used. The 

previous Y values should still be stored as variable "y" 
                y=y; %The y value is still equal to the previous y 

value. 
                x_char=numel(str); %Count the number of characters in 

the X string. 
                x=str2num(str(2:x_char)); %Converting the X string 

number to a value. 

                 
                [xnew,ynew]=transform(x,y,mTp); %Applies transformation 

matrix. 

                 
                if isempty(str2)==0 
                    pcn{i,j}=strcat('X',num2str(xnew,'%10.4f')); 

%Creates X pre-fixed string with new X values rounded to 4 decimal 

places. 
                    pcn{i,j+1}=strcat('Y',num2str(ynew,'%10.4f')); 

%Creates Y pre-fixed string with new Y values rounded to 4 decimal 

places. 
                    pcn{i,j+2}=str2; 
                    j=j+3; 
                else 
                    pcn{i,j}=strcat('X',num2str(xnew,'%10.4f')); 

%Creates X pre-fixed string with new X values rounded to 4 decimal 

places. 
                    pcn{i,j+1}=strcat('Y',num2str(ynew,'%10.4f')); 

%Creates Y pre-fixed string with new Y values rounded to 4 decimal 

places. 
                    j=j+2; 
                end 

                 
            elseif b==1 & isempty(a)==1 %If a Y coordinate is found but 

no X coordinate, the previous X coordinate needs to be used. The 

previous X value should still be the variable "x" 
                x=x; %The x value is still equal to the previous x 

value. 
                y_char=numel(str); %Count the characters in the Y 

string. 
                y=str2num(str(2:y_char)); %Converting the Y string 

number to a value. 

                 
                [xnew,ynew]=transform(x,y,mTp); %Applies transformation 

matrix. 
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                if isempty(str2)==0 
                    pcn{i,j}=strcat('X',num2str(xnew,'%10.4f')); 

%Creates X pre-fixed string with new X values rounded to 4 decimal 

places. 
                    pcn{i,j+1}=strcat('Y',num2str(ynew,'%10.4f')); 

%Creates Y pre-fixed string with new Y values rounded to 4 decimal 

places. 
                    pcn{i,j+2}=str2; 
                    j=j+3; 
                else 
                    pcn{i,j}=strcat('X',num2str(xnew,'%10.4f')); 

%Creates X pre-fixed string with new X values rounded to 4 decimal 

places. 
                    pcn{i,j+1}=strcat('Y',num2str(ynew,'%10.4f')); 

%Creates Y pre-fixed string with new Y values rounded to 4 decimal 

places. 
                    j=j+2; 
                end 

                 
            elseif d==1 & e==1 %If an I an J command is found for a G2 

or G3 command 
                i_char=numel(str); %Count the number of characters in 

the X string. 
                j_char=numel(str2); %Count the characters in the Y 

string. 
                ic=str2num(str(2:i_char)); %Converting the X string 

number to a value. 
                jc=str2num(str2(2:j_char)); %Converting the Y string 

number to a value. 
                [Inew,Jnew]=ij_trans(ic,jc, mRp); %Call the function to 

transform I and J 
                pcn{i,j}=strcat('I',num2str(Inew,'%10.4f')); %Creates I 

pre-fixed string with new I values rounded to 4 decimal places. 
                pcn{i,j+1}=strcat('J',num2str(Jnew,'%10.4f')); %Creates 

J pre-fixed string with new J values rounded to 4 decimal places. 
                j=j+2; 
            else 
                pcn{i,j}=partcode{i,j}; 
                j=j+1; 
            end 

             
        elseif strcmp(prg_typ,'inc')==1 %If the current coordinates are 

in incremental mode 
            str=pc{i,j}; %Naming the string of interest. 
            str2=pc{i,j+1}; %Name the forward string of interest. 

             
            %strfind returns the starting character indice of the 

desired string 
            a=strfind(str,'X'); %Search for a X character in the 

string. 
            b=strfind(str,'Y'); %Search for a Y character in the 

string. 
            c=strfind(str2,'Y'); %Search for a Y character in the next 

column. Used when an X and Y charater is used in a row. 
            d=strfind(str, 'I'); %Search for a I character for G2 and 

G3 commands. 
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            e=strfind(str2, 'J'); %Search for a J character for G2 and 

G3 commands. 
            f=strfind(str, 'G54'); %Search for a G54 command. If a G90 

command is found before G54, which it typically is, the X and Y 

coordinates need to be transformed instead of only rotated. 

             
            if a==1 & c==1 %If an X and Y character are detected. 

Isolate respective values, apply transformation, write new values. 

                 
                x_char=numel(str); %Count the number of characters in 

the X string. 
                y_char=numel(str2); %Count the characters in the Y 

string. 
                x=str2num(str(2:x_char)); %Converting the X string 

number to a value. 
                y=str2num(str2(2:y_char)); %Converting the Y string 

number to a value. 

                 
                [xnew,ynew]=ij_trans(x,y,mRp); %Applies transformation 

matrix. 

                 
                pcn{i,j}=strcat('X',num2str(xnew,'%10.4f')); %Creates X 

pre-fixed string with new X values rounded to 4 decimal places. 
                pcn{i,j+1}=strcat('Y',num2str(ynew,'%10.4f')); %Creates 

Y pre-fixed string with new Y values rounded to 4 decimal places. 

                 
                j=j+2; 

                 
            elseif a==1 & isempty(b)==1 %If an X coordinate is found 

but no Y coordinate, the previous Y coordinate needs to be used. The 

previous Y values should still be stored a variable "y" 
                y=0; %The y value is still equal to the previous y 

value. 
                x_char=numel(str); %Count the number of characters in 

the X string. 
                x=str2num(str(2:x_char)); %Converting the X string 

number to a value. 

                 
                [xnew,ynew]=ij_trans(x,y,mRp); %Applies transformation 

matrix. 

                 
                pcn{i,j}=strcat('X',num2str(xnew,'%10.4f')); %Creates X 

pre-fixed string with new X values rounded to 4 decimal places. 
                pcn{i,j+1}=strcat('Y',num2str(ynew,'%10.4f')); %Creates 

Y pre-fixed string with new Y values rounded to 4 decimal places. 

                 
                j=j+2; 

                 
            elseif b==1 & isempty(a)==1 %If a Y coordinate is found but 

no X coordinate, the previous X coordinate needs to be used. The 

previous X value should still be the variable "x" 
                x=0; %The x value is still equal to the previous x 

value. 
                y_char=numel(str); %Count the characters in the Y 

string. 
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                y=str2num(str(2:y_char)); %Converting the Y string 

number to a value. 

                 
                [xnew,ynew]=ij_trans(x,y,mRp); %Applies transformation 

matrix. 

                 
                pcn{i,j}=strcat('X',num2str(xnew,'%10.4f')); %Creates X 

pre-fixed string with new X values rounded to 4 decimal places. 
                pcn{i,j+1}=strcat('Y',num2str(ynew,'%10.4f')); %Creates 

Y pre-fixed string with new Y values rounded to 4 decimal places. 

                 
                j=j+2; 

                 
            elseif d==1 & e==1 %If an I an J command is found for a G2 

or G3 command 
                i_char=numel(str); %Count the number of characters in 

the X string. 
                j_char=numel(str2); %Count the characters in the Y 

string. 
                ic=str2num(str(2:i_char)); %Converting the X string 

number to a value. 
                jc=str2num(str2(2:j_char)); %Converting the Y string 

number to a value. 

                 
                [Inew,Jnew]=ij_trans(ic,jc, mRp); %Call the function to 

transform I and J 

                 
                pcn{i,j}=strcat('I',num2str(Inew,'%10.4f')); %Creates I 

pre-fixed string with new I values rounded to 4 decimal places. 
                pcn{i,j+1}=strcat('J',num2str(Jnew,'%10.4f')); %Creates 

J pre-fixed string with new J values rounded to 4 decimal places. 
                j=j+2; 

  
            else 
                pcn{i,j}=partcode{i,j}; 
                j=j+1; 
            end 

             
        elseif strcmp(prg_typ,'mach')==1 %If the current coordinates 

are in machine coordinates 
            pcn{i,j}=partcode{i,j}; 
            j=j+1; 
        else 
            pcn{i,j}=partcode{i,j}; 
            j=j+1; 
        end 

         
    end 

     
end %Column for loop end 

  

  
%Printing to new .NC file 
for ii=1:m 
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    for jj=1:n 
        if isempty(pcn{ii,jj})==1 
            break 
        else 
            fprintf(fid,'%s ',pcn{ii,jj}); 
        end 
    end 
    fprintf(fid,';\n'); %Add semicolon on end of each row 
end 

  
fclose(fid); %Closing new part code file 

  
%clearvars -except partcode 

 

transform.m 

function [xnew,ynew] = transform(x,y,mTp) 
%The purpose of this function is to transform the coordinates in the  
%part cooirdinate system into the machine coordinate system. 

  

  
cP=[x; y; 0; 1]; %Point in part CS with Z location removed due to 2d 

nature 

  
dP=mTp*cP; %Transform point into machine CS. 

  
xnew=dP(1,1); 

  
ynew=dP(2,1); 

  
end 

 

tracker_to_part.m 

function [pTt] = tracker_to_part 
%The purpose of this function is to compute the transformation matrix 

from  
%the tracker to part coordinate system. Taken from Computational 

Surface 
%and Roundness Metrology by Jay Raja. 

  
%% Determine part plane normal vector from plane fit of SMR coordinates 
load('points.txt'); 
M=points; 
n=size(M,1); 
% find centroid 
xc = sum(M(:,1))/n; 
yc = sum(M(:,2))/n; 
zc = sum(M(:,3))/n; 
% build matrix A 
for i=1:n 
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A(i,1) = M(i,1)-xc; 
A(i,2) = M(i,2)-yc; 
A(i,3) = M(i,3)-zc; 
end 
% find eigen values and eigen vector corresponding 
% to largest eigen value 
[v,d] = eig(A'*A); 
a1=[d(1,1);d(2,2);d(3,3)]; 
[y,i]= min(a1); 
a = v(1,i); %Direction cosine of Z onto X 
b = v(2,i); %Direction cosine of Z onto Y 
c = v(3,i); %Direction cosine of Z onto Z 

  
z_unit=[a b c]; 

  
%% Determine part rotation 
SMR1=points(1,:); %Coordinates of the SMR in tracker frame. 
SMR2=points(2,:); 

  
x_vec=SMR2-SMR1; %Calculate X axis vector 

  
%Determine the unit vector each axis. 
xa=x_vec(1,1)/norm(x_vec); 
xb=x_vec(1,2)/norm(x_vec); 
xc=x_vec(1,3)/norm(x_vec); 
x_unit=[xa xb xc]; 

  
y_unit=cross(z_unit,x_unit); %Calculate Y vector 

  
%% Build transformation matrix 
pTt=[x_unit(1,1) y_unit(1,1) z_unit(1,1) SMR1(1,1); x_unit(1,2) 

y_unit(1,2) 
     z_unit(1,2) SMR1(1,2); x_unit(1,3) y_unit(1,3) z_unit(1,3) 

SMR1(1,3); 
     0 0 0 1]; 

  
end 

 

tracker_to_machine.m 

function [mTt] = tracker_to_machine 
%The purpose of this function is to build the transformation matrix 

from 
%the tracker to the machine coordinates. 

  
%Load the text files exported data from Spacial Analyzer 
load('Xrun.txt'); %Load txt file with point data obtained by moving the 

machine table in the pos X direction. 
load('Yrun.txt'); %Load txt file with point data obtained by moving the 

machine table in the pos Y direction. 
load('Origin.txt'); %Load text file with location of the machine 

spindle relative to the tracker. 
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%Determine the origin or the spindle using a circle scan and 

substituting a 
%LSQ Circle. (LSCircle function from Mario Valdez) 
c_x=Origin(:,1); %Circle scan X coordinates 
c_y=Origin(:,2); %Circle scan Y coordinates 
x_guess=(max(c_x)+min(c_x))/2; 
y_guess=(max(c_y)+min(c_y))/2; 

  
%Estimate spindle location based on circle scan 
[xc,yc,R] = LSCircle(c_x,c_y,[x_guess y_guess]); 
zc=mean(Origin(:,3)); 

  
%Assign imported values arrays 
x_x=flipud(Xrun(:,1)); %X coordinates of machine X run 
x_y=flipud(Xrun(:,2)); %Y coordinates of machine X run 
x_z=flipud(Xrun(:,3)); %Z coordinates of machine X run 
y_x=flipud(Yrun(:,1)); %X coordinates of machine Y run 
y_y=flipud(Yrun(:,2)); %Y coordinates of machine Y run 
y_z=flipud(Yrun(:,3)); %Z coordinates of machine Y run 

  
%Step1: Find x_bar, y_bar, and z_bar for the x & y movements 
x_xsum=0; 
for i=1:length(x_x) 
    x_xsum=x_xsum+x_x(i); 
end 
x_xbar=x_xsum/length(x_x); 

  
x_ysum=0; 
for i=1:length(x_y) 
    x_ysum=x_ysum+x_y(i); 
end 
x_ybar=x_ysum/length(x_y); 

  
x_zsum=0; 
for i=1:length(x_z) 
    x_zsum=x_zsum+x_z(i); 
end 
x_zbar=x_zsum/length(x_z); 

  
y_xsum=0; 
for i=1:length(y_x) 
    y_xsum=y_xsum+y_x(i); 
end 
y_xbar=y_xsum/length(y_x); 

  
y_ysum=0; 
for i=1:length(y_y) 
    y_ysum=y_ysum+y_y(i); 
end 
y_ybar=y_ysum/length(y_y); 

  
y_zsum=0; 
for i=1:length(y_z) 
    y_zsum=y_zsum+y_z(i); 
end 
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y_zbar=y_zsum/length(y_z); 

  
%Formulating the matrix A 
x_A=zeros(length(x_x),3); 
y_A=zeros(length(y_x),3); 

  
for i=1:length(x_x) 
    x_A(i,:)=[x_x(i)-x_xbar, x_y(i)-x_ybar, x_z(i)-x_zbar]; 
end 

  
for i=1:length(y_x) 
    y_A(i,:)=[y_x(i)-y_xbar, y_y(i)-y_ybar, y_z(i)-y_zbar]; 
end 

  
%Using the Singular Value Decomposition to find the direction cosines 
[Ux Sx Vx]=svd(x_A); 
[Uy Sy Vy]=svd(y_A); 

  
x_vec=[Vx(1,1),Vx(2,1),Vx(3,1)]; %Build X vector 
y_vec=[Vy(1,1),Vy(2,1),Vy(3,1)]; %Build Y vector to define plane 
z_vec=cross(x_vec,y_vec); %Calculate Z vector 
y_vec2=cross(z_vec,x_vec); %Calculate Y vector 

  

  
%Creating the Transformation Matrix from tracker to machine. 
mTt=[x_vec(1,1) y_vec2(1,1) z_vec(1,1) xc; x_vec(1,2) y_vec2(1,2) 
     z_vec(1,2) yc; x_vec(1,3) y_vec2(1,3) z_vec(1,3) zc; 0 0 0 1]; 

  
end 

 

part_to_machine.m 

function [mTp, mRp] = part_to_machine (pTt, mTt) 
%The purpose of this function is to create the rotation and translative  
%   matrices dTc from the part to the machine coordinate system. 
%   These matrices are for the rotation and I and J coordinates used in 

G2 
%   G3 circular interpolation commands. 

  
mTp=mTt^-1*pTt; 

  
mRp=[mTp(1,1) mTp(1,2) mTp(1,3); mTp(2,1) mTp(2,2) mTp(2,3); 
    mTp(3,1) mTp(3,2) mTp(3,3)];  

  
end 

 

LSCircle.m 

function [xc,yc,R] = LSCircle(x,y,guess) 
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% This function calculates the Least-Squares best-fit for a circle 

using 
% the general solution.  
% Input: x,and y are each n-by-1 vectors and guess is a 1-by-2 vector. 
%        Usually you want guess = [0,0] but it depends on the circle. 
% Output: xc, yc and R are the Least-Squares estimates. 
% Initialize the error as a "large value" and for the Least-Squares  
% estimation, setting a tolerance on the interation serves a purpose 

for  
% the convergence of a solution. 

  
%Created by: Mario Valdez 

  
pts = [x y]; 
n = length(pts);                         
err = 1;                   
tol = 1e-8;  
while err > tol 
    Int_pts = pts - ones(n,1)*guess; 
    % Polar Conversion. 
    [TH,R] = cart2pol(Int_pts(:,1), Int_pts(:,2)); 
    % Least-Squares algorithm. 
    A = [cos(TH).^2, sin(TH).*cos(TH), cos(TH);... 
         sin(TH).*cos(TH), sin(TH).^2, sin(TH);... 
         cos(TH), sin(TH), ones(n,1)]; 
    b = [R.*cos(TH);R.*sin(TH);R]; 
    ATA = A'*A; 
    ATb = A'*b; 
    X = inv(ATA)*ATb; 
    % This shows how far off the initial guess of the circle was from 

the 
    % estimations. 
    err = sqrt(X(1)^2 + X(2)^2); 
    % Update our guess by adding the new (x,y) from the solution. 
    guess = guess + X(1:2)'; 
end 
% Least-Squares Parameters. 
LS_C = [guess' ; X(3)];    
xc = LS_C(1,1);  
yc = LS_C(2,1);  
R = LS_C(3,1); 

  

 

ij_trans.m 

function [Inew, Jnew] = ij_trans(ic,jc, mRp) 
%This function will transform the I and J coordinates from a G2 or G3 
%circular interpolation command. 
%Most G2 and G3 commands are written with I and J coordinates. I 

specifies 
%the X coordinate of the center of the radius relative to the start 

point 
%of the radius. J specifies the Y coordinate of the center of the 

radius 
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%relative to the start point of the radius. The center of the radius 

does not get 
%translated relative to the start point of the radius. Therefore, point 

only gets 
%rotated. 

  
%Original location of the center of the radius. 
cP=[ic; jc; 0]; 

  
%Transformed location of the center of the radius. 
dP=mRp*cP; 

  
%Assigning the new I coordinate to a variable. 
Inew=dP(1,1); 

  
%Assigning the new J coordinate to a variable. 
Jnew=dP(2,1); 

 

 



APPENDIX B: MATLAB POST-PROCESSOR DIRECTIONS FOR USE 

 

 

The Matlab post-processor for altering NC was built with the intention of making 

the process of altering the NC code as quick and easy as possible. The post-processor is 

designed to handle all scenarios of code syntax although some special cases may have 

been missed. It is important to take precautions to when first using the post-processor 

with a machine to ensure that no alter code causes a machine spindle crash or controller 

crash before using the machine to manufacture a part. The post processor is setup so that 

it would be easy to tweak to a specific machine. 

If the laser tracker is on a portable stand, ensure the floor beneath the laser tracker 

is free of chips or debris or anything that would make the stand settle or shift during use. 

Place the laser tracker in a location where chips and coolant won’t be thrown onto it 

during machining, where people passing by won’t disturb the stand or walk in front of the 

beam and where the laser tracker can see all points of measurement. 

Measuring machine and part coordinate systems with SA 

To make the points easier to export later, the points measured for the X axis, Y 

axis, machine spindle location and part should be measured using different point groups 

in SA. The point groups should be named “Xrun”, “Yrun”, “Origin” and “Points”, 

respectively. 

The first CS to be measured is the machine CS. To measure the X and Y axes of 

the machine. In order to ensure the positive direction of the X and Y axes of the machine 

CS are oriented correctly, the axes are measured while moving in their positive direction. 

For example, the Haas VMC X axis has a range from negative thirty (-30) inches to zero 
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(0) inches. Therefore, the machine coordinates measured with the laser tracker start at X 

= -30 inches and incrementally stepped, pausing every two (2) inches until X = 0 inches 

is reached. See Figure 29 for example NC code used to measure the Haas VMC X axis. 

 

 

 

 

 

 

 
Figure 29: Example NC code for measuring Haas VMC X axis in proper order. 

The same applies to the Y axis. See Figure 30 for example NC code used to 

measure the Haas VMC Y axis. Return the machine table back to the middle of it’s 

working area. Set the part CS offset corresponding to the part CS offset used in the NC 

code in the machine controller to this location. Now it is important to not move them 

machine’s table until the rest of the measurements are complete. 
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Figure 30: Example NC code for measuring Haas VMC Y axis in proper order. 

 

 

 

To measure the spindle location of the machine, the rotating fixture is held in a 

tool holder with a ½” collet. The tool holder is inserted into the spindle and the Z axis is 

lowered to approximately the same position in which most of the milling of the part will 

occur. Ensure the fixture can rotate 360 degrees freely and that the laser tracker can see 

the SMR while the fixture is rotated except for the portion that the shaft blocks the laser 

beam. Set the laser tracker to take a spatial scan with increments of 0.001”. Place the 

SMR in the SMR nest and begin taking points. Turn the machine spindle on with a 

spindle speed of 5 RPMs. It is required that the operator hand rotate the SMR in the nest 

to ensure the SMR doesn’t go outside its reflective range. Stop taking points, remove the 

SMR and return the spindle back up to tool change position. 

Set the laser tracker to take single points. Place the SMR in SMR location 1 on 

the part. Figure 3 shows the SMR location definitions used for PS4. Measure the location 

of the SMR with the laser tracker. Place the SMR in SMT location 2 and measure the 

location of the SMR with the laser tracker. It is important the SMR location 1 and 2 are 

measured in the proper order because the part CS X axis is defined using these two SMR 

locations. Continue measure the remaining SMR locations until complete. To make the 
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points collected by the laser tracker useful, the points are exported from SA into a .txt 

file. 

In SA, right click on the point group containing the points measured to define the 

machine X axis. Click “Export as ASCII file”, Figure 31. Change the export settings to 

not include target information in the exported file, Figure 32. Export the points for 

machine Y axis and name as “Yrun.txt”. Export the points for machine spindle location 

and name as “Origin.txt”. Export the points for part SMR locations and name as 

“Points.txt”, Figure 33. A sample .txt file with proper formatting is shown in Figure 34. 

In order for post-processor to recognize the .txt files with coordinate data from the 

laser tracker, all files must be located in the same directory. Cut and paste the four (4) 

text files into the desired director with the Matlab files. 
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Figure 31: "Export as ASCII File" option in Spatial Analyzer. 
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Figure 32: Export file settings in SA. 

 

 

 

 

Figure 33: Saving exported text file as "points.txt". 
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Figure 34: Sample exported text file containing point measurement data with comma delimiter in 

laser tracker CS. 

 

 

 

Transforming Part File 

To transform the NC code with the Matlab post-processor, put the desired NC 

code in the same directory as the Matlab functions and .txt files. Begin importing the 

original NC file by right-clicking on the original NC file in the Matlab home screen, 

Figure 35. The Matlab variable import menu will open. Ensure all columns and rows are 

selected, change the column delimiters to “Space”, change variable type to “Cell Array”, 

change all column types to “Text”, change variable name to “partcode” (variable name is 

case sensitive) and click “Import Selection”, Figure 36. Matlab will confirm that the NC 

code was imported. Exit Matlab variable import menu. The cell array variable created can 

be seen in the Matlab workspace, Figure 37. Right-click on the main Matlab script, 

“Transforming_g_code.m”, and click run, Figure 38. In Matlab’s command window, the 

percent complete will be displayed. Once the script in finished running, a new NC file 
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name “newpartcode.nc” will be saved in the same directory as the Matlab script, Figure 

39. “newpartcode.nc” can be renamed as desired and is ready to be use in the machine 

tool. 

 

 

 

 

Figure 35: Import data function on Matlab home screen. 

 

 

 

 

Figure 36: Matlab import data menu with points of interest. 
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Figure 37: Variable “partcode” cell array created with Matlab import data menu from original NC 

code. 
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Figure 38: Right-click and select run on the main Matlab script "Transforming_g_code.m". 

 

 

 



79 

 

 

Figure 39: Transformed NC file ready to be renamed if desired and used in a machine tool. 

 

 

 


