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Abstract 

Performing measurement systems analyses (MSA) on test instruments or gauges prior to 

experimentation is a winning strategy for making useful decisions with experimental results. In 

the simplest case, multiple operators measure a group of parts multiple times using a 

measurement tool. The results are analyzed, after which instructions are written on how to 

utilize data from the test instrument. For this simple case to work, parts cannot change form 

between successive measurements, and no other factors contribute noise to the test. MSA can 

get tricky for destructive tests and tests with factors other than operators and parts. Things get 

even more interesting when one of the factors is hard to change in the experiment. US Synthetic 

completed an MSA on a test with these complications. The purpose of the test is to evaluate 

wear resistance of polycrystalline diamond cutters used in oil and gas drilling. The experiment 

was not perfect as many assumptions had to be made. Ultimately the results were and continue 

to be useful. The approach for experiment design and analysis of a destructive test with hard-to-

change factors, along with discussion on how results are used is described. 

1. Introduction 

Polycrystalline Diamond Cutters (PDC) are responsible for roughly 70% of footage drilled for oil 

and gas around the world.  

 
Figure 1.1. PDC is made by pressing diamond grit on a carbide 
substrate at pressures of roughly 6GPa and 1500°C 
temperature. 

 

 
Figure 1.2. A PDC cutter (left) is composed of polycrystalline 
diamond table metallurgically bonded to a carbide substrate 
that is then silver brazed in to a drill bit (right). 



 

   

Hardness (hardest known material) and thermal conductivity (4X copper) make polycrystalline 

diamond an ideal material for drilling through rock deep below the earth’s surface. 

  
Figure 1.3. Drill bits with PDC cutters work by shearing rock 
while the drill bit is rotated hundreds of revolutions per 
minute under thousands to tens of thousands of pounds 
force through miles of rock. 

 

Service conditions have become more extreme as drilling companies push bits faster to meet 

cost and productivity goals. PDC capability has improved to match these demands from first use 

in 1974. Technological advances in material and processes used in the manufacture of PDC 

have extended service life through improvements in wear resistance, thermal wear resistance 

and strength.  

Lab testing is used throughout the PDC manufacturing industry to evaluate improvements 

before new product is tested in field service drilling wells. A common test involves machining 

granite blocks with PDC oriented as in a drill bit and measuring resultant PDC wear.  

 
Figure 1.4. Heavy wear testing at US Synthetic involves 
machining the top surface of a cylindrical granite rock with 
PDC oriented as it would be in a drill bit using a vertical lathe. 
The cutter (right) wear is measured at set machining pass 
intervals until the wear scar exceeds a specified limit. Wear is 
reported as volume of PDC cutter loss at the end of the test. 
Cutting parameters are 0.010 in depth of cut, 0.25 in/rev 
infeed, and rock rotating at 101 RPM. 

 



Understanding test variation is necessary to correctly utilize test results in research and product 

development experiments. A consequence of not understanding test variation is misinterpreting 

results and sending a bad or underperforming product to the customer. A bad product has a 

high cost to both cutter and drill bit manufacturers. 

The cost/day for drilling is roughly $15k on land and $150k off shore. This is a contracted rate 

for operating a drill rig. If a bit dulls/fails early, the drilling company must remove or trip the bit 

out of a hole, replace the bit and trip the new bit back into the hole. This process could take 

days if the hole is deep. Tripping incurs non-productive costs that could push actual operating 

costs above the negotiated rate and cut into profits. Early failures like this harm both drill bit and 

cutter manufacturer’s reputations and harm future business with the drilling company.  

 

 
Figure 1.5. Control cutters are used as a reference in heavy wear 
testing to see test variation. In the run chart of cutter volume 
removed, samples 29 through 45 show possible special cause 
variation. If this is test variation any other tests run with these 
controls could have biased results.  

 

Performing measurement system analysis (MSA) is a winning strategy for making useful 

decisions with experimental results and reduces risk associated with poor decisions. An MSA is 

an experiment designed to measure variation associated with a test relative to test parts. In the 

simplest case, multiple operators measure a group of parts multiple times in random order using 

a measurement tool. The data are used to calculate the variance associated with the 

instrument, operators and parts. The expectation is that the variance associated with operators 

and the test instrument is small compared to the test parts. An MSA is often performed on test 

instruments or gauges before experimental use. Data from the gauge study are used to write 

instructions for how to perform tests and use the data. Improvements to procedures, operator 

training, and/or instrument may be necessary if the MSA results prove the instrument is not 

suitable for use in its current state. 

The goals and outcomes of an MSA for heavy wear testing at US Synthetic are the same as 

described for the simple MSA. However, the test is destructive and has some complications. 

Specifically, the PDC edge is worn/destroyed in the test so repeat measurements are not 

possible. Test variation comes from the instrument used to measure wear, the vertical turret 

lathe, rock and operators. Granite rock is a natural material with inherent variation in 



composition. Understanding the contribution to test variance from rock is important. The granite 

rocks used are 3 feet tall by 1 feet in diameter, weigh roughly 3500 pounds and cost $4000 

each. The granite rocks are costly and difficult to change in a randomized experiment. Rocks 

are also destroyed in the test. Simply put, an MSA of the heavy wear test requires a different 

experiment strategy.  

An MSA of the US Synthetic heavy wear test was performed given all the complications 

described. The experiment was not perfect as many assumptions had to be made. However, the 

results were and continue to be useful.  

What follows is an explanation of experiment design, execution, analysis of results and 

explanation of how the results are used. Organization with follow the work flow for the 

experiment - experiment design, analysis, results, and implementation. JMP 13 Software will be 

used throughout. 

 

2. Experiment Design 

 

Experiment response 

PDC wear is reported as the volume of cutter material removed after a specified number of 

cutting passes (100 in this case) on the vertical lathe.   

 
Figure 2.1 Wear volume is calculated by subtracting unworn from 
worn point cloud data from a laser or white light scanner. Data from a 
laser scanner is used in this analysis. 

  

A simple MSA was performed for laser wear measurements at an earlier date. Results showed 

the laser scanner is a first class monitor by EMP (Evaluating the Measurement Process) 

classification standards. Of the total measurement variation 97% belongs to the part (intraclass 

correlation coefficient with bias ρ=0.975). The laser scanner is capable of measuring PDC wear 

variation 2 orders of magnitude smaller than expected between parts of the same construction 



in heavy wear testing. A JMP demonstration of the MSA design and explanation of results for 

the laser MSA can be found in Appendix A. The information in the appendix serves to support 

assumptions made in the heavy wear MSA and as a review of performing a simple MSA using 

the EMP method in JMP. 

 

Experiment Factors and Levels 

Factors and levels were chosen based on known sources of variation and practical 

considerations. Known sources of variation are operators, rock, and parts. For practical 

consideration, one week was available for the experiment. Only so many 100 machining pass 

tests can be performed in a week. Number of possible tests in a week are reduced by rock 

changes. Rock changes are constrained to 2 per shift for the experiment. Changing rock more 

often reduces time available to run tests and may extend testing time beyond a week. Rock 

changes also require an empty lab so rocks can be transported safely. Clearing the lab reduces 

productivity on other testing activities. Total available time and rock changes constrain factor 

levels, and total runs/tests. 

    

FACTOR LEVELS 

Operator 

 
Rock 

 
Part 

 
Table 2.1 Factors and levels for the heavy wear test MSA 

 

Three operators were chosen at random for the study. The assumption is that these three 

operators adequately represent operator contribution to variation for the entire team. A safe 

assumption for a well-trained team. 

Three rocks were used in the experiment. The assumption is that 3 rocks adequately represent 

typical rock to rock variation. A shaky assumption since granite is a natural material. 

Additionally, the 3 rocks available were likely machined from the same big block mined from the 

quarry and could be similar in properties. It is not certain that another block from another 

location in the quarry has the same properties. Rock is mined in a quarry known for consistency 

so making this assumption may not be so bad.  

Ten PDC parts of the same construction were chosen for the test. The assumption is that these 

ten parts can adequately represent part to part variation for all PDC of the same construction. 

 



Custom Design Specification 

MSA experiment design is a tricky prospect for any destructive test. Organizing an MSA 

experiment with a hard to change factor makes the heavy wear test particularly challenging 

since complete randomization is not possible. Fortunately, JMP provides split-plot experiment 

designs that offer a strategy for dealing with hard to change factors.  

Split plot designs were invented by Sir Ronald Fisher for fertilizer experiments in agriculture 

where plots of land are hard to change. In their paper, Split-Plot Designs: What, Why, and 

How, Bradley Jones and Chris Nachtheim offer the following explanation of split plot designs: 

“In simple terms, a split-plot experiment is a blocked experiment, where the blocks 

themselves serve as experimental units for a subset of the factors.  The blocks are 

referred to as whole plots, while the experimental units within blocks are called split 

plots, split units, or subplots. Corresponding to the two levels of experimental units are 

two levels of randomization. One randomization is conducted to determine the 

assignment of block-level treatments to whole plots. Then, as always in a blocked 

experiment, a randomization of treatments to split-plot experimental units occurs within 

each block or whole plot”. 

 

Split plot designs are generated using JMP’s Custom Designer by designating a factor Hard to 

change. 

 
Figure 2.2 Custom design options for response, factors and factor levels for 
the MSA. A split plot design is generated by selecting Hard from factor change 
option for Rock.  

  



Model Specification 

A previous MSA of heavy wear testing informed decisions made for experiment design and 

model selection. Interactions were present that revealed procedural issues with the test. These 

issues have since been remedied and validated. Thus, a main effects model is used.  

 
Figure 2.3 A main effects model is used in the MSA. All 2 way 
interactions are chosen in the alias terms window. The alias terms 
and will be used in design evaluation. 

 

Split Plot Design Generation 

Number of whole plots and number of runs dictate how the experiment is dived up across whole 

and split plots. They must be large enough to estimate model effects for analyzing bias. These 

parameters along with factor levels also govern repeat measures for the experiment. There 

must be enough repeats in the experiment to estimate variance components. A discussion of 

repeat measurements is included in the next section. 



 

Figure 2.4 Twelve whole plots and 120 runs were specified for 
the heavy wear MSA experiment design. These settings were 
arrived at by a little trial by trading off total numbers of runs for 
repeated measures for all factors. 

 

For the MSA, each whole plot represents a section from one of 3 rocks. Randomization is done 

on the whole plot level by changing rocks. Split plots are broken up in to 100 machining pass 

volumes of rock. Randomization at the split plot level is accomplished by randomly assigning an 

operator and a part per split plot. Organizing the experiment into 12 whole plots with 120 total 

runs accomplishes the rock change/shift requirement while still running a randomized 

experiment. Randomization provides protection from experimental bias by spreading any effects 

from nuisance factors across the experiment.  

 

 
Figure 2.5 The image shows the organization of one whole plot and its split 
plots for the heavy wear MSA. 

 

 

  



Repeat Measures Discussion 

Repeated measures are a requirement for MSA. Unfortunately, true repeat measures are not 

possible as the part changes form from run to run. To get around this in the MSA, wear is 

generated in 4 quadrants 90° apart. The assumption is that the PDC material properties are the 

same in each quadrant. A way of thinking of this is that there are 4 repeats of wear per cutter in 

the MSA. 

 
Figure 2.5 Image of 4 wear scars 90° apart  

Repeated laser scanner measurements are not only possible but cheap and quick. The laser 

scanner is also a first class monitor by EMP standards. Three repeats are made per wear flat on 

every cutter. A way of thinking of laser scanner repeats is that there are 3 repeats of volume 

loss measurement for every wear flat generated.  

Procedurally, each wear scar is generated after 100 passes by one operator then measured on 

the laser scanner 3 times by the same operator (one split plot). Of the 4 wear scars on a cutter 

at least 2 were generated by the same operator. 

The organization of wear scar measurements is accomplished with a Part ID column where The 

first character in the part ID is the cutter number and the second is the wear scar. 

 
Figure 2.6 Data table with Part ID column sorted and graph shows the organization 
of measurements in the experiment.  

 

The goal of repeated measures is to have enough data to estimate variance components. The 4 

wear scars x 3 laser measurements each will help determine repeatability. 

  



3. Execution 

The experiment execution followed the whole plot randomization strategy set by JMP except for 

the 3 repeated measures of the wear scar on the laser scanner done by each operator after 

each 100 passes or each split-plot. Wear scar was not a factor in the design. These 

measurements were not randomized due to complications in managing the experiment and 

potentially extend the experiment beyond a week. The laser scanner is a first class monitor as 

shown in Appendix A. The assumption is that operators and environment noise have negligible 

effect on wear flat measurement. The penalty for not randomizing is expected to be very low. 

The MSA experiment was organized and managed by a proctor. The proctor maintains control 

of cutters and enforces the run order. The proctor also ensures that operators are unaware or 

blind to the sample number. Proctors are very useful in experiments where bias is suspected 

like MSA.  

 

3. Analysis 

The analysis model for the MSA is a random-effects model. An easy way to explain the random-

effects model is to compare against a fixed-effects model which is more common in 

manufacturing experiments. The factor levels in fixed-effects models are set to specific values 

(X’s) to see changes in response (Y’s). This is like depressing a car’s gas pedal different 

amounts and noting speed change on the speedometer. Factor levels in random-effects models 

are sampled from a population. A whole plot is a random block or experiment grouping. The 3 

rocks are somewhat random selections from a quarry and the 3 operators are a random 

selection of many people at US Synthetic who may run the heavy wear test. Random factor 

effect specification is done in the Construct Model Effects window in the Fit Model 

specification window. 

Variance components are estimated using the restricted maximum likelihood method (REML). 

This is the default setting when random factors are specified. It is possible to obtain negative 

estimates of variance using REML. Variances should be positive. To avoid this, the Unbounded 

Variance Components option in the model specification window must be deselected. Since we 

are only interested in variance components the Estimate Only Variance Components can be 

selected. 

Figure 3.1 shows all model specification options used for this analysis. 



 
Figure 3.1 Fit model specification window show settings used for the MSA analysis. 

 

Variance component estimates are listed in the Fit Least Squares results window shown below. 

The first thing to note is that Rock has 0 variance. Recall volumes of rock are randomized in 12 

whole plots. Variance from rock should reside in whole plots. Also, no attempt has been made 

to unravel the two types of repeated measurements in the study. The assumption is that the 

sum of variance associated with repeat wear scars and repeat laser scans is the residual 

variance. 

 
Figure 3.2 Variance components analysis results. 

 

EMP gauge classification can be determined using Figure 21 from Donald Wheeler’s Good 

Data Bad Data paper (Figure 3.3) using %R&R.  

%𝑅&𝑅 =  
𝜎𝑒

𝜎𝑥
= 100 ∗ √

𝜎𝑊ℎ𝑙𝑃𝑙𝑜𝑡
2 + 𝜎𝑂𝑝𝑒𝑟

2 + 𝜎𝑅𝑒𝑠
2

𝜎𝑇𝑜𝑡𝑎𝑙
2 = 76.6% 



 

 
Figure 3.3 Donald Wheeler’s chart used to get classification from traditional R&R ratio. 

 

Dr. Wheeler’s graph shows that the heavy wear test is a 3rd class monitor. This graph is always 

fun to look at for those with experience using AAIG arbitrary gauge classifications as it highlights 

the utility of the EMP method. A 77% R&R gauge would likely be thrown out by AAIG standards. 

A better approach is to calculate the intraclass correlation coefficient from variance components 

and use Dr Wheeler’s gauge classification guidelines3 directly. The intraclass correlation is 

calculated as follows 

𝜌 =
𝜎𝑝

2

𝜎𝑥
2 =

𝜎𝑃𝑎𝑟𝑡
2

𝜎𝑇𝑜𝑡𝑎𝑙
2 =

353.3

855.3
= 0.4131 

 

This is also shown in the variance components report as the percent of total variance for part. 

An intraclass correlation coefficient of 0.41 falls in the 3rd class monitor category. 

A better approach is to use the EMP Method in JMP’s MSA platform.  

 
Figure 3.4 MSA specification widow showing options used in 
the analysis. 

 



 
Figure 3.5 EMP and variance components results 

 

Notice EMP variance components match the REML variance components from Fit Model. The 

intraclass correlation coefficient in EMP results also matches the variance components 

calculation. The methods match.  

Note that many analysis options such as bias comparisons are not available in EMP for these 

data because the experiment is not balanced or grouped evenly. 

A benefit of using EMP Method in the MSA platform is the shift detection profiler. The shift 

detection profiler allows data consumers to simulate what if scenarios before running tests. For 

instance, you can visualize how setting an expectation for detecting a higher part mean shift say 

from 10 to 50 can increase probability of detection. Adding samples can have the same effect.  

 

 
Figure 3.5 EMP shift detection profiler showing a simulation that could be done 
before starting a heavy wear test DOE. 

 

The value for the intraclass correlation falls in the 3rd class monitor category just as was the 

case with the two other approaches described. Process knowledge backs a third class monitor 



classification. Heavy wear test variation has historically seemed out of proportion to material 

property variations expected in PDC cutters of similar construction.  

The intraclass correlation is also better than that of the first heavy wear MSA. The increase in 

the intraclass correlation is expected as improvements were made to the test after the first MSA.  

Differences in wear detectable in the lab can also be detected in the field if they are big enough. 

A 3rd class result is not a bad result. 

Effective resolution is another useful assessment tool provided in the EMP platform. This is an 

assessment of test precision based on probable error. Results recommend reporting fewer 

digits. The laser scanner reports 6 digits but for the test it would be better to report 3. This 

makes sense as 3D Laser Scanner are used to detect small changes in geometry on machined 

surfaces. For the wear test, resolution at this level is not important given the noise.  

 
Figure 3.6 Effective resolution results suggest dropping a couple of digits.  

 

Control cutters can be used to monitor the health of the test. Control cutters are run the start of 

every new rock. Individual and moving range charts are used to monitor test variation over time. 

Out of control results trigger problem solving efforts to bring the test back in control. For 

instance, bad rocks have been detected and quarantined. A soft rock can bias many cutter 

tests. Recall the size of the variance from rock? Catching a bad rock before an experiment can 

save days’ worth of time, as well as operating and material expenses by avoiding experiment 

rerun. 



 
Figure 3.6 IMR chart of heavy wear control cutters 

 

 

4. Implementation 

We ran the wear test at US Synthetic for 10 years before doing an MSA. We found ourselves in 

situations where we were selling product improvements based on wear data that were not true. 

Customers would see our data, agree to field test then not see the expected improvements. 

Over time, there was some loss of credibility for wear testing. There was a cost to not 

understanding the capability of the wear test. Performing measurement systems analysis has 

provided the tools necessary to turn this around.  

Fortunately, third class gauges can be useful. It would be nice if the wear test was 1st class but 

the cost of moving this direction is not the gains. The two MSA’s we ran have taught us how to 

use data correctly. For instance, we look for larger differences in data to measure improvement 

and always run repeats to deal with test noise. As a result, proposed product improvements are 

more likely to be detected in field service. 

There is also an interesting side effect that came with understand heavy wear test capability. 

Historically, nearly every idea thought up in research and product development at US Synthetic 

was heavy wear tested. Today, engineers and scientists run fewer experiments as there is a 

better understanding of what questions can be answered with the heavy wear test. Performing 

better experiments improves learning. Not performing inadequate experiments reduces cost and 

improves testing capacity. At US Synthetic, anyone can submit as many tests as they want. 

There are no gate keepers. It is assumed that lower test submissions represent shared 

understanding of test capability. 



Results from this MSA have also triggered procedural improvements. For example, rocks were 

moved on forklifts at the time of this MSA. Forklifts are hard to maneuver in the lab and 

presented safety challenges as stated earlier. Now, an overhead crane is used making rock 

changes faster and safer. The pain associated with running 2 MSAs where rock was changed 

frequently certainly accelerate this process change. 

The heavy wear test MSA was not perfect. But we exercised some creativity and got the job 

done. As a result, the test remains useful today. 

Celebration is the final step of experimentation and very important at US Synthetic. The entire 

team went out to lunch together to mark the event.  

 

  



Appendix A 

Laser Scanner MSA Experiment Design 

 The goals for the MSA is to determine if the laser scanner is suitable to measure PDC wear 

from heavy wear testing. A demonstration of the experiment design and analysis of the MSA in 

JMP follows: 

Custom design platform was used to generate a D-Optimal design with one response, 2 factors 

with 4 levels each.  

 
Figure A.1 Access the custom designer from the DOE menu 

 

 
Figure A.2 Specify response and factors as shown. 

 

Part of the MSA strategy is to estimate gauge variation from, the scanner, operators, and 

interactions between operators and parts. Interactions between operators and parts can come 

from unique ways operators handle parts during testing. In the case of the laser scanner, this 

could come from minor differences in the way an operator sets up (fixtures) parts for 

measurement. An interaction model is used in the experiment so that data are available to 

estimate variation from interactions. 



 
Figure A.3 Specify and interaction model by selecting 2nd from interactions 
drop down. Specify Number of runs and the bottom. Number of runs, factors 
and levels set the number of repeats. 

 

Specifying 192 runs results in a design where each operator measures each part 12 times. 

Choosing number of repeats and factor levels is often based on cost and logistics. In this 

experiment, operators were limited to only those who use the equipment. Parts were chosen to 

represent “typical wear” for a product. A total of 12 repeat measurements were chosen based 

on total available time and how easy the measurements are to make.  A more mathematical 

approach could have been taken in choosing the size of the experiment. 

Design diagnostics show all factors are uncorrelated and max D-Efficiency. What this means for 

the MSA is that differences between operators and operator-part interactions can be estimated 

independently if they exist. This will be helpful in assessing bias. 



 
Figure A.4 Color map on correlations shows now correlation 
between factors and 2-factor interactions. Design diagnostics show 
max D efficiency.  

 

MSA Analysis 

Results from the EMP method in JMP’s Measurement Systems Analysis platform are used 

assess the laser scanner’s capability.  

 
Figure A.5 Measurement system analysis is launched from the 
Quality and Process platform in analyze. 



 
Figure A.6 Response = Volume Removed, Part = Part, Grouping = 
Operator. Analyze using the EMP MSA method. Recall that the experiment 
is based on an interaction model. 

 

Each section of the MSA report will be interpreted separately top to bottom in the order of 

options selection dialog shown as shown.  

 
Figure A.7 Measurement system analysis options can be accessed by 
clicking the upper right hot button. Holding the control key while clicking 
the hot button makes allows multiple options to be selected. 

 



The average chart shows agreement on average for operators O2, O3 and O4. Operator O2 

parts 1 and 2 differ from the others. Most of the measurements are outside the control limits, a 

good indication that part-to-part variation can be detected. 

 

 
Figure A.8 The average chart shows average measurement agreement 
between operators. Additionally, when measurements are outside control 
limits this is a good indication that part-to-part variation can be detected.   

 

Operators O1, O2, and O3 have measurement ranges outside the control limits. This is an 

indication that there may be some difference in how operators are measuring parts. 

 
Figure A.9 Range chart compares variation in measurements between 
operators. When operator measurements vary similarly for each part, 
measurement rages shown in the range chart fall within the confidence limits. 

 

There is no indication of an operator*part interaction in the laser scanner MSA observed in the 

parallelism plot. An interaction may be present if any lines cross on the plot.  



 
Figure A.10 Crossing lines on a parallelism plot indicate an operator*part 
interaction. 

 

EMP results show the laser scanner is a first class gauge. Of the total test error, 97.5 % is 

attributed to parts (Intraclass Correlation ρ=0.975 with bias).  

 
Figure A.11 EMP results showing gauge classification. Probabilities of 
warning are based on Western Electric Rules.  

 

 

Recommended digits to report can be determined from the probable error. The laser scanner 

outputs numbers to the 1e-11 digit -see distribution. This is below the lowest measurement 

increment so dropping digits is recommended. Differences between two cutters of the same 

construction are much greater than the recommended digits to report. The laser has the 

resolution needed to detect difference in wear scar measurement.  

 



 
Figure A.12 If too many digits are reported then measurements 
appear to be better than they are. If measurements are rounded off 
too much then the measurement will appear to be worse than it is. 
The effective resolution table calculates the number of digits to report 
from probable error. 

 

The laser scanner is capable of measuring variation in PDC wear with negligible error from the 

gauge with two orders of magnitude greater resolution than is needed to detect changes in 

wear. This is expected as laser scanning machines are capable of measuring features as fine 

as surface roughness which require finer resolution than needed for measuring PDC wear 

scars. 
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