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Abstract: Inmetro as an Accreditation Body which meets the ISO IEC 17025 requisites 
has a strategic policy to monitor the quality of the services provided by the accredited 
laboratories. This policy includes Inter-laboratorial Comparison Programs that are a 
powerful tool that make it possible the performance evaluation of a certain group of 
accredited laboratories in the realization of a specific calibration or verification service. 
The present work aims to analyze and present the results of a inter-laboratorial 
comparison for the verification of Coordinate Measuring Machines (CMMs) 
coordinated by Inmetro and in which all laboratories accredited for this kind of service 
took part. The methodology used for each laboratory as attested in their procedure, as 
well as the used instrumentation, the environment conditions, and the gages used as 
reference were evaluated. The probing errors and positioning errors (in seven positions) 
associated to their respective uncertainties were analyzed. 
Key words: Dimensional Metrology, Believed Inter-laboratorial Comparison, 
Laboratories, Coordinate Measuring Machine. 
 
 
1. INTRODUCTION 
 

The increasing sophistication of the products and the establishment of new very 
restrictive standards related to Quality Assurance demand better control of industrial 
processes. The last decades had shown that the production systems depend more and 
more on the coordinate measuring machines (CMMs), which have being used to replace 
some conventional equipment of inspection. 

It widely known that CMMs present errors that are inherent to their structure and 
affect the quality of the measurement. Among these errors, the geometrical ones are the 
most important, mainly for medium size and large size CMM. The source of these 
errors are the machining processes as well as the imperfections in the assembly of the 
structure of the machine and their combined effect is transmitted for the coordinates in 
each point of the work volume of the machine. These errors must be determined and 
corrected to minimize their influence in the result of a specific measurement parameter.  

In many cases, though, it is necessary to establish an effective and relatively fast 
way to inquire if the instrument under test is within acceptable limits of use. The 
practical solution currently adopted for this is the calibration of parameters associated to 
a specific task of measurement and the use of verification procedures. Verification, 
according to VIM, is “provision of objective evidence that a given item fulfils specified 
requirements”. In practice, and in general, this is the technique used to provide in some 
way the traceability (even limited) to these equipment in the shop-floor.  
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Although the existence of standardization for CMM verification, some aspects as 
positioning of standards, probing, strategies applied to the measurement, estimation of 
the measurement uncertainty and concatenation of work volumes are not clearly 
specified, giving way to different interpretations. Therefore, verifications and 
calibrations can be made in many different ways. 

An Inter-laboratorial Comparison Program shall give enough subsidies to permit two 
or more calibration/verification results to be analyzed so that the compatibility among 
them can be demonstrated.  

Nine accredited laboratories for the services of verification of Coordinate Measuring 
Machines participated of the comparison. 
 
 
2. THE VERIFICATION PROTOCOL  
 

Some instructions were elaborated with the objective of guiding the participant 
laboratories through the organization of the comparison. The instructions were compiled 
in a protocol.  In this protocol, the way in which the results should be organized, the 
schedule and the treatment to be given to data were attested.  

The comparison was applied to a CMM Accura with probing system VAST xt gold 
and volume of measurement of X = 900mm, Y = 1500mm and Z = 700mm, kindly 
offered by the Carl Zeiss of Brazil / IMT - São Paulo - SP.  

The verification protocol attested that the laboratories should describe the following 
aspects: the methodology to be employed, the standard and gages to be used, the 
probing analysis, the strategy to treat environmental influences (mainly temperature 
influences), measurement positions and the methodology to evaluate uncertainty in 
measurement. 

The used methodology should be the one currently employed for the laboratories, 
although the protocol itself provided some orientations about it. In the case that the 
procedure used by a laboratory did not accomplish any specified aspect, the use of ISO 
10360 was advised. 

The materialized gages used were gage blocks, step gages, rings and spheres. Some 
laboratories used laser systems. Even when using laser, the laboratory should provide 
results for the evaluation of some positions over a diagonal path. Also, straightness and 
orthogonality should be evaluated. 

The evaluation of the probing error should be made using materialized standards. In 
one dimension, a gage block or another equivalent gage should be used. In three 
dimensions, a sphere should be measured in at least two corners of the work volume 
(approximately). If gage blocks are used, the measurements should be performed in at 
least two regions next to the vertices of the work volume (approximately) and one 
region in the center of the volume. A set of points should be taken in the measuring 
surface of the blocks. 

The temperature should be monitored with at least one sensor in the materialized 
gage and one sensor in each scale of the machine or next to it.  

In the measurement of a diagonal position, the sensor should be located in one of the 
three axes in each cycle. In this case at least 03 cycles of measurement should be carried 
out. 
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The calculation of the uncertainty of the measurement should include at least the 
following components: uncertainty of the gages; resolution of the machine; repeatability 
of the probing plus the error of the sphere; alignment of the standard; repeatability of 
the measurements; drift of the temperature of reference (20ºC); difference of 
temperature between the machine and the standard; reproducibility of the probing 
system (if a laser probing system is used); evaluation of the sphere in 2 positions or 
evaluation with gage blocks. 
 
 
3. THE INSTRUCTIONS FOR THE VERIFICATION  
 

The verification should be performed according to the procedure usually employed 
by each laboratory. Participants would be free to choose the proper method of 
measurement or in accordance with its procedure approved for accreditation. 

When measuring the linear displacement of axis X, Y and Z, the object to be used 
should be set parallel to the movement of the axis to be measured. The axis Y should be 
measured in two positions, one next to the beginning of scale and one at the end. The 
others should be measured in the central position of the machine.  

Figure 1: Measurement of the Linear Displacement of Axis X, Y and Z 
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In the measurement of the volumetric displacement, the gage should be located onto 
an appropriated support in order to be inclined as shown in Figure 2. 

Figure 2: Measurement of the Volumetric Displacement (V1, V2, V3, V4) 
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All laboratories should take measurements in previously specified positions so that 
the comparison between the values could be carried out. However, as the participants 
were allowed to use gage blocks in the verification procedure, a variation of about ± 20 
mm in the specified positions were permitted. 
 
 
3.1. Report of the verification 
 

After the verification of the CMMs was completed, a Report of Verification should 
be filled and sent out with the certificate of calibration to be analyzed. For a good 

V1 V2 V4 V3 
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evaluation of the data it is of utmost importance that the report include the following 
information: description of the used instrumentation (type and dimensions) and details 
of the verification, step by step; the ambient conditions; the results of the positioning 
errors for each indicated position and the uncertainties of measurement. 
 
 
3.2. Uncertainty of measurement 
 

The laboratories should list all the possible contributions of uncertainty that they 
considered relevant. As already stated on section 2, some sources of uncertainty had 
been suggested to be considered, such as the uncertainty of the standard, the resolution 
of the machine, the repeatability of the probing system, the uncertainty in the 
measurement of the temperature, the uncertainty in the alignment of the standard, the 
drift of the temperature of reference and the repeatability of the readings of the scales, 
among others. All the considered uncertainties should be listed on a spread sheet with 
the following items: the estimated value of the uncertainty, its distribution of 
probability, the coefficient of sensitivity, and the effective degrees of freedom. After the 
calculations, the combined and expanded uncertainty for each one of the positions 
should be presented. 
 
 
4. MATHEMATICAL FORMULARIZATION 
 

As the choice of a reference laboratory was not possible, a weighed mean was used 
for the analysis. The values of the square of the uncertainties of measurement, that is, 
the variances of measurement, were taken as weights to calculate this mean. Two 
problems immediately arise from this approach:  

1 - The laboratories use reference standards (step gage standards and spheres) that 
are calibrated at INMETRO. Therefore, the uncertainties of measurement are correlated; 

2 - There is a necessity of verifying the consistency of the results.    
These questions had not been considered in a first analysis. Therefore, the mean of 

the results weighed by the square of the uncertainties of measurement were considered 
the value of reference in this comparison. This mean is defined as: 
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The normalized error, (En), which for compatible results it must be smaller or equal 

1, is given by:  
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5. RESULTS 
 

Among the participant laboratories, seven used step gages of 1020 mm for the 
verification and two used Interferometric Laser and gage blocks. 
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The verifications were carried out according to ISO 10360 with some small 
modifications. Two laboratories that used interferometric laser had also performed 
measurements of some CMM error parameters such as linearity and orthogonality of the 
axis. 

All the results for each position of measurement were analyzed. The errors found in 
the measurement of axis Y are presented, as an example.  

The graphs of Figure 3 show the errors of the axis Y measured by each laboratory. 
The bars represent the uncertainty of measurement in each point and the two straight 
lines in each graph represent the positive and negative tolerances, in accordance with 
the volumetric uncertainty informed in the CMM manufacturer catalogue. These 
tolerances defined according to the following expression:   

333
6,1 L
+   μm, (3) 

where L is the position in the machine in mm.  
Figure 3: Errors in Axis Y and its respective uncertainties 
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In the graphs presented in Figure 3, some values with considerable dispersion can be 
noticed. In some cases, there are significant differences between the results obtained by 
different laboratories. 

A superposition of the results obtained for all the laboratories is shown in Figure 4. 
Some laboratories did not consider the error of the measurement in the beginning of 

the scale as zero, such as laboratories 1, 5 and 8. Then a translation of the values was 
made such that the first point could correspond to zero. 

The data from laboratory 7 was not analyzed because the measured positions did not 
correspond to those specified in the protocol. Interpolation and extrapolation were not 
advisable as the calibration points were very sparse. In this case, it was not possible to 
establish point-to-point comparisons. 

In other cases, interpolations between closer values of positioning were permitted. 
For instance, if a laboratory presented values for the positions of 80 mm and 260 mm, 
the values associated to the positions of 100 mm and 200 mm were calculated by 
interpolation. 
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The uncertainties associated to the measurements of axis Y can be visualized in the 
graph of Figure 3. It can be observed that the values of the uncertainties calculated by 
the laboratories presented considerable differences. The point where the larger 
dispersion occur, as can be seen in Figure 4, correspond to L = 800 mm. At this point, 
the value of the normalized error is approximately 3. 

 
Figure 4: Error in Axis Y 
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Table 1 - Values of the Errors Normalized 
for Axis Y 

Lab1 Lab2 Lab3 Lab4 Lab5 Lab6 Lab8 Lab9 
0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
0,07 0,99 0,80 1,57 1,26 0,76 0,49 0,28 
0,34 1,82 1,15 1,48 1,47 2,26 0,43 0,37 
1,09 1,57 0,43 1,02 0,86 2,28 0,45 0,29 
1,85 2,07 0,43 0,32 0,69 3,43 0,34 0,00 
2,17 1,90 0,25 0,05 0,58 2,96 0,17 0,27 
2,08 1,62 0,17 0,14 0,36 2,30 0,17 0,15 
1,92 1,91 0,34 0,07 0,84 2,35 0,11 0,26 
1,94 1,72 0,38 0,53 1,41 2,46 0,10 0,15 
1,63 1,47 0,50 0,76 1,36 2,10 0,16 0,27 
1,31 0,76 0,44 0,76 1,12 1,33 0,26 0,13 

 
From the analysis of the values of the normalized error obtained by all the 

laboratories, it can be attested that the laboratories 1, 2, 4 and 6 presented values for the 
normalized error larger that 1, as shown in table 1. 

Figure 5: Error in Axis Y 
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Table 2 - Values of the Normalized Error for 
the Axis Y 

Lab2 Lab3 Lab4 Lab5 Lab8 Lab9 
0,00 0,00 0,00 0,00 0,00 0,00 
-0,80 0,89 1,65 -1,09 0,54 0,33 
-1,23 1,45 1,81 -0,97 0,62 0,52 
-0,99 0,73 1,33 -0,43 0,64 0,43 
-1,06 0,91 0,88 0,05 0,67 0,21 
-0,93 0,31 0,68 0,20 0,56 -0,04 
-0,77 0,60 0,35 0,24 0,48 0,02 
-0,85 0,28 0,65 0,06 0,57 -0,02 
-0,43 0,37 0,36 -0,33 0,66 0,13 
-0,22 0,24 0,11 -0,32 0,72 0,00 
0,07 0,08 -0,13 -0,39 0,65 0,05 

Laboratories 1 and 6 obtained values that are out of the volumetric tolerance. 
Laboratory 6 obtained bigger values than the positive tolerances whilst laboratory 1 
obtained smaller values than the negative tolerances. The causes for this problem could 
not be determined. For a new analysis of the data, a more consistent one, the results of 
these laboratories had been discarded. The results obtained by the remaining 
laboratories are given in Table 2. 
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Analyzing the values for normalized error shown in Table 2, it is possible to verify 
that the compatibility among the results have improved, but a difference of about 3 μm 
(in L = 200 mm) between the values from laboratory 4 and laboratory 2 still remains, as 
it can be seen in Figure 5. 

For this position, three laboratories obtained compatible values: Laboratory 3, 
Laboratory 4 and Laboratory 9, as shown in the graph on Figure 6. Table 3 shows the 
results for these laboratories.  

 
Figure 6: Error in Axis Y 
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Table 3 - Values of the Normalized 
Errors for the Axis Y (Lab3, Lab4, Lab5) 

Lab3 Lab4 Lab9 
0,00 0,00 0,00 
-0,29 0,31 -0,15 
-0,01 0,19 -0,51 
-0,20 0,26 -0,23 
-0,06 0,04 0,04 
-0,10 0,03 0,18 
0,04 -0,08 0,18 
0,01 -0,07 0,27 
0,15 -0,16 0,17 
0,23 -0,26 0,31 
0,26 -0,24 0,20 

 
 
6. UNCERTAINTIES OF MEASUREMENT 
 

All the laboratories considered as possible contributions for the uncertainty of 
measurement (even if with different denominations or slightly different form of 
calculation) the following aspects:  
 
1- Uncertainty of the gages used as reference; 
2 - Repeatability; 
3 - Resolution; 
4 - Drift of the temperature in respect to the reference temperature (20º C); 
5 - Difference between the temperatures of the gage and the scale of the CMM.  

Three laboratories considered the influence of the probing error in the final 
uncertainty. One laboratory considered the error of alignment of the standard as a source 
of uncertainty. One laboratory considered the uncertainty due to the uncertainty of the 
thermometer used to measure the temperatures. 
 
 
7. PROBING ERROR 
 

The majority of the laboratories performed the probing test in two regions around 
the two defined corners of the measurement volume while some participants carried out 
the test in the center of the measurement volume. The error was determined measuring 
25 points, in a certified sphere, following what is outlined in ISO 10360. This test was 
repeated 3 times. One laboratory used a ring gage to perform this test instead of a 
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sphere, locating the ring horizontally on the table of the machine and perpendicularly to 
this table. Eight points were measured in each position. 
 
 
8. CONCLUSIONS 
 

The analysis of the graph in Figure 4, strongly shows the necessity of the 
homogenization of the procedures for the verification of CMMs, including the 
definition of aspects such as gage positioning in machine work volume, probing, 
temperature considerations (gage/MMC). Considering the measurement results for axes 
X and Z, as well as for the volumetric positions, it can be observed that the results 
apparently cannot be grouped by the methodology or used gage.   

Another necessary homogenization concerns the calculation of uncertainty for this 
type of verification, as observed in the graph of Figure 3, in which the maximum 
difference between the uncertainties given by two laboratories for the same position in 
the axis is of about 8 μm, while the difference between the errors in this same position 
of the scale is of 0.9 μm.  

These problems had already been discussed in the meetings of a Dimensional 
Technical Committee coordinated by INMETRO. A document is being elaborated to 
orientate the technical body in this type of verification.  

The Standards for verification of CMMs give general guidelines for the user to 
perform verifications. These verifications shall are enough to affirm if the CMM is 
within the acceptable limits for a specific use. 

When inter-laboratory comparisons are carried out, certain important details must be 
taken into consideration so that the results can be compared adequately. The use of 
different probes, inadequate temperature monitoring, different gage positioning inside 
of the machine work volume can lead to non-comparable results.  

The traceability of the reference gages is also an important factor. The accuracy of 
the reference gages must be always taken in consideration.  
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