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Abstract	
 
Due	 to	 the	 fast	 development	 of	 the	 tooling	 solutions	 technology,	 the	 manufacturing	 accuracy	 of	
inserts	from	Sandvik	Coromant	AB,	Gimo,	Sweden	have	been	tremendously	improved	and	they	are	
hence	focusing	on	enhancing	the	measuring	accuracy	of	small	arc	features	on	inserts,	because	the	
measuring	accuracy	and	method	of	the	current	CMM	in	the	factory	may	not	satisfy	the	requirement	
of	tiny	features.	This	report	aims	to	investigate	the	relation	between	the	measurement	uncertainty	
and	 the	 radius	 as	well	 as	 angle	 of	 arcs,	 through	 experiments,	 in	 order	 to	 observe	 the	 achievable	
specification	limits	with	different	radii	and	angles.		

	

The	 research	 objects	 are	 four	 carbide-cemented	 gauges	with	 different	 radius,	 which	 are	 divided	
into	 four	 groups.	 Every	 gauge	 is	 scanned	 circularly	 by	 a	 CMM	 and	 the	 point	 coordinates	 are	
recorded	 before	 the	 coordinates	 are	 further	 processed	 by	 an	 Excel	macro	 to	 acquire	 the	 results	
with	 different	 angles.	 After	 each	 experiment	 is	 repeated	 ten	 times,	 all	 data	 are	 integrated	 and	
analyzed.		

	

The	specification	limits	under	different	combinations	of	radii	and	angles	are	calculated	and	treated	
as	 the	 ‘best	 case	 scenario’	 for	 future	 researches.	Additionally,	 the	 analysis	 also	 indicates	 that	 the	
measurement	uncertainty	is	not	strongly	related	with	the	arc	radius,	instead,	it	is	obviously	affected	
by	the	angle	of	the	accessible	arc.	It	is	also	revealed	in	the	last	chapter	of	this	report	that	limitations	
still	exist	in	this	research	and	the	future	suggestion	has	also	been	proposed.		
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Sammanfattning	
	
	
På	 grund	 av	 den	 snabba	 teknologiska	 utvecklingen	 av	 verktygslösningar,	 har	 noggrannheten	 för	
tillverkningen	 av	 skär	 hos	 Sandvik	 Coromant	 AB	 i	 Gimo,	 Sverige,	 förbättrats	 markant.	 Sandvik	
Coromant	AB	fokuserar	därmed	på	att	förbättra	mätnoggrannheten	för	detaljer	med	små	bågar	hos	
skär.	 Anledningen	 till	 detta	 är	 att	 mätnoggrannheten	 och	 metoden	 som	 den	 nuvarande	 CMM	
maskinen	i	fabriken	använder	inte	avses	uppfylla	de	krav	som	ställs	på	mycket	små	detaljer.	Denna	
rapport	strävar	till	att,	genom	experiment,	undersöka	relationen	mellan	mätosäkerheten	och	radien	
samt	vinkeln	hos	bågar	för	att	kunna	observera	the	uppnåeliga	specifikationsgränserna	med	olika	
radier	och	vinklar.		
	
Forskningsobjekten	är	fyra	karbid-cementerade	likare	med	olika	radier	och	är	indelade	i	fyra	olika	
grupper.	 Varje	 mätare	 skannas	 cirkulärt	 av	 en	 CMM	 och	 punkt-koordinaterna	 registreras	 innan	
dessa	vidare	behandlas	av	ett	makro	 i	MS	Excel	 för	att	erhålla	resultaten	med	olika	vinklar.	Detta	
experiment	repeteras	tio	gånger	varpå	all	data	sedan	integreras	och	analyseras.		
	
Specifikationsgränserna	 i	 olika	kombinationer	av	 radier	och	vinklar	beräknas	och	behandlas	 som	
ett	 ”bästa	 scenario”	 för	 framtida	 studier.	 Dessutom	 indikerar	 analysen	 att	 mätosäkerheten	 inte	
starkt	beror	på	radien,	utan	beror	istället	på	tillgängligt	vinkelmätområde.	Det	uppenbaras	också	i	
det	 sista	 kapitlet	 av	 denna	 rapport	 att	 begränsningar	 fortfarande	 existerar	 i	 detta	
forskningsområde	och	förslag	på	vidare	studier	har	därmed	föreslagits.		
	
	
	
	
	
	
	
Nyckelord:	Små	bågsärdrag,	Skär,	CMM,	Mätosäkerhet,	Calypso.	
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1. INTRODUCTION	

	
This introduction chapter intends to describe the background of this master thesis project, defines 
what problems that are demanded to be researched as well as explaining the expected goals and 
existing limitations. 
 

1.1.  Background 
 
Co-ordinate measurements are very important for industrial dimensional metrology. Products 
worth billions of dollars are examined every year by thousands of co-ordinate measurement 
machines all over the world. Thus it is necessary that the accuracy can be evaluated and 
traceability proved. Moreover, quality systems have attracted increasing attention of the benefits 
brought by convincible inspections of co-ordinate measurement machines (CMM) (Flack D. , 
2001).  
 
In light of the research of Wang (Wang, 2011), the precise measurement of small features with 
co-ordinate measurement machines has been a challenge in metrology field. In accordance with 
the theoretical measuring principle mentioned by Flack (Flack D. , 2001), co-ordinate 
measurement machines directly measure the coordinates of some feature points on a work piece, 
and in order to obtain the parameter values, data processing and computing are executed by some 
software. Therefore, the measuring accuracy of parameters is commonly influenced by the 
various aspects such as CMM system error, probe system error, the form of work piece error, the 
algorithm error, environment factors, sampling strategy and other factors. Actually, the difficulty 
is that the smaller radius an arc has, the narrower the sample range will be, which results in a 
significant decrease of sample information volume (Wang, 2011). Also the measurement error 
will be amplified several times or even thousands of times (Chapter 3.4). Thus a worse 
measurement repeatability appears. Under such conditions, several groups of measuring 
experiments were designed and implemented in order to optimize the result. 

 
1.2. 	Sandvik Machining Solutions and Sandvik Coromant AB 

 
Sandvik Machining Solutions is a global market-leading manufacturer who mainly focuses on 
tools and tooling systems for metal cutting. Products are manufactured in cemented carbide and 
other hard materials such as cubic boron nitride, diamond and special ceramics and they are sold 
under a number of international brands, such as Sandvik Coromant, Seco Tools, Walter, etc. In 
2012, sales from the global market for metal-cutting tools, wear parts as well components was 
approximately evaluated at 165 billion SEK. (SANDVIK, 2013) 
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Sandvik Coromant is a sub-department of the business area Sandvik Machining Solutions 
included in the global industrial group Sandvik, and it is one of the leading suppliers of tools, 
tooling solutions and know-how to the metalworking industry in the world. Currently it has 8,000 
employees in over 130 countries. Sandvik Coromant creates distinct innovations and set new 
productivity standards together with customers with widespread and massive investments in 
research and development. And the scope of their customers covers the world's major automotive, 
aerospace and energy industries. (Coromant)  
	

	

	

Figure 1 Products of Sandvik Coromant AB (Coromant)	

	
	

1.3. 	Problem Description 
 

Sandvik Coromant’s metrology engineers are paying attention to create measurement methods for 
enhancing the measuring accuracy by minimizing the measurement uncertainty (see Chapter 3.2) 
of tiny arcs which is also referred to as ‘radii’ on their products such as the feature highlighted by 
the white dashed circle in Figure 2 below. 
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Figure 2 Radii on Light-turning tools: GC1125 and GC1515 (Sandvik Coromant)	

	
Sometimes, the tolerances of such small features on the drawings in the factory of Sandvik 
Coromant, Gimo can be smaller than what the measuring method is qualified for, which makes 
the value unreasonable. Since the tooling solutions technology has been developed rapidly, the 
manufacturing accuracy of the products from Sandvik Coromant have been tremendously 
improve. Thus the measuring accuracy of the current measuring devices in the factory may not be 
able to fulfill the requirement. Thus ensuring the measuring limit of the devices has become one 
of the priorities for both external commercial usage and internal quality control. Thus, the issue of 
Sandvik Coromant AB has been summarized as follow in this thesis: 
 
How to minimize the uncertainty of measurements on small arc features, with the best-optimized 
configuration of each parameter in different situations, using CMM? 

 
1.4.  Purpose and Goals 

 
There are several purposes and goals of this thesis. One is to evaluate the measurement accuracy 
of the current CMMs on partial arc features with small diameters. Another goal is to observe the 
achievable specification limit of the measurand through measurement uncertainty calculations in 
occasions of different combinations of parameters needs to be achieved. The parameters include 
the radius, the angle of the arc on inserts, as illustrated in Figure 3, the diameter of CMM probes 
and sampling methods etc. Sometimes the setup phase of measuring processes can be complicated, 
it is composed of many steps and each of them takes long time, which will result in the reduction 
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of the entire efficiency of the whole process and extra costs for the company. As a consequence, 
searching for a substitution method for the time consuming and complicated measurement 
procedures become another significant goal.  

 

                                 	

Figure 3 The parameters of arc measurement 

 
 

1.5.  Limitations 
 

This thesis covers research on a method to figure out the minimum tolerance for circular features 
but will not focus on other geometries such as cylindrical features or rectangular features. So the 
results are relatively reasonable for the circular features similar with the ones concentrated in this 
paper but they are not suitable for others.  
 
Also, it was originally meant to include more contrast experiment groups measured by other types 
of CMMs employed with different software or optical instrument in order to find out the best 
solution the experimental researches employed in this project. But it was realized that there was 
only one type of measuring equipment available as their daily quality control in the plant and with 
a default measuring software. Considering the time consumption of processing a measurement, it 
is difficult to implement such a study with too many experiments and within the set timeframe. 

Four types of gauges with different diameter were tested in this research. The research was 
initially meant to investigate and come up with a mathematical function in order to reveal a 
possible relation between gauge diameter and measurement uncertainty. Instead, it turned out that 
the information was insufficient to figure out the relation because the results demonstrate that the 
measurement uncertainty is not strongly dependent on the gauge radius. It may require more 
samples with a wider range of radius to discover further relations between them.  
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The fitting algorithm adopted in this research was the Least Square Fitting Method (LSQ) (See 
Chapter 3.3). In fact, there exist other fitting algorithms such as Minimum Circumscribed Circle 
(MCC), Maximum Inscribed Circle (MIC) and Minimum Zone Circle (Chebyshev or MZC). 
However, due to the limited timeframe and the amount of the measuring workload, Least Square 
Fitting Method is the only fitting method considered. 
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2. METHODOLOGY	
	
This chapter is distributed to present information about the methodological inferences, research 
design and strategy choices behind this thesis.  
 

2.1. Role of Theory 
 

When concerning theory to research, either an inductive or a deductive approach is commonly 
used (Bryman & Bell, 2011). For a deductive approach, theories are followed by observations 
while for an induction approach, the sequence is on the contrary as observations are followed by 
theories. (Bryman & Bell, 2011). It is further defined by Tavory and Timmermans (2014, p. 5) 
that a deduction approach proposes a hypothesis about specific findings which is based upon 
theories that already exist, while an induction approach is specified as the procedure of gathering 
new data in order to enhance or problematize theories that are well established”. But in reality 
this clear distinction may not always be appropriate. Thus it is concluded that the deduction 
approach is entailed for this research because this research is establish upon existing theories and 
can be regarded as a supplement. 

 
 

2.2. Research Design and Strategy 
 
Researchers often need to determine the adoption of the research method between qualitative and 
quantitative. Quantitative research refers to a research strategy that focuses on quantification in 
the collection and analysis of data as well as testing the theories (Bryman & Bell, 2011). On the 
contrary, qualitative research as a research method that usually emphasizes words rather than 
quantification in the collection and analysis of data as well as creating theories. Thus, the 
researcher adopted quantitative research methods. Thereby, the researcher was able to gain 
insights into previous studies and researchers in the field of metrology, which are highly related 
to the research question of how to minimize “the uncertainty of measurements”. Additionally, the 
deductive approach for this study led to a quantitative research direction (Bryman & Bell, 2011). 
 
The literature review was originally conducted in order to create fundamental knowledge that 
could provide support for the empirical part of the study. The review consisted of searching for 
relevant secondary data sources in the form of books, peer-reviewed articles, technical reports 
and international standards. It quickly became clear that this topic has been researched to a lesser 
extent than many other topics in manufacturing and assembly and thus relevant material was not 
available in the amounts that had been expected. The lack of extensive research in this area was 
confirmed during interviews performed later in the study. 
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2.3. Data Collection Method 

 
In experimental research, it requires pre-testing subjects, maneuvering the independent variable 
for the experimental group, and post-testing respondents. As a result, the researcher decided to 
conduct quantitative experiments as the main data collection method and used secondary data in 
form of official documents, related papers, journals and brochures published by organizations and 
institutes as a second data source. Thereby, it was capable to fully answer the research questions 
about how to minimize the uncertainty of measurements on tiny arc features with the best-
optimized configuration of each parameter in different situations using CMM.  

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



Lang Renfei 

 

13 

	
3. THEORY	AND	LITERATURE	RESEARCH	

 
3.1. Partial Arc 

 
Generally, a partial feature is a proportion of a complete feature (Flack & Bevan, 2005). Just as 
its name implies, for instance, a partial arc can be an arc of a circle or a part of a sphere. 
Sometimes it is only possible to measure a fraction of a complete feature because a practical 
feature is of such form or the complete feature is difficult to access. The ‘Radii’ (See Chapter 1.3) 
obviously belongs to the former. 
 
Due to the incompleteness of the surface, errors may occur when positioning the center and radius 
of the best-fit circle from the co-ordinate data collected by the CMM. It is better to set a circle 
with the same radius as the specified one and then check the deviations of this circle. This opinion 
can be illustrated by measuring a circular ring feature using a certain amount of points that are 
evenly distributed around the circumference. After recording the co-ordinates of center point and 
radius, another measurement will be made with the same amount of points but on a segment of 
the feature instead of the whole ring. The results could be obviously different relying on the form 
deviations on the surface. (Flack D. , 2001) 

 

 
 

3.2. Uncertainty of measurement 

 
It is defined that the uncertainty of measurement is a parameter, which is related to the result of a 
measurement that qualifies the interspersion of the values that could be rationally used to describe 
the measurand. Basically, the data obtained from a measurement is solely an estimate of the value 
of the measured variable and as a result, it works when attached by a statement of the uncertainty 
of that approximant (European Federation of National Associations of Measurement, Testing and 
Analytical Laboratories, 2006). 
 
In order to get more specific result, various uncertainty sources and their contributions are 
required to be considered evaluating the measurement uncertainty for a measurement or test 
procedure. According to Bell (Bell, 1999; Pu, 2002), common sources of uncertainty are usually 
categorized into the following groups:  
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• The measuring instrument: The accuracy of instruments can be caused by bias, changes 
because of ageing, abrasion, resolution or random interferences etc.  
 

• The property of the object being investigated: The uncertainty contributions can be the 
instability, degradation, ageing or inhomogeneity of the investigated object. 
 

• The measurement process: The difficulty of the measurement itself can be one of the 
contributions such as the contamination or degradation during the physical processing. 

 
• ‘Imported’ uncertainties: The calibration of the measuring instrument has an uncertainty, 

which will be imported into the uncertainty of the measurements. (But the uncertainty 
caused by not calibrating would be much worse.) 

 
• The skills of the operators: Some measurements rely on the skill and judgment of the 

operators. Different operators may have various levels at obtaining delicate data such as 
setting up a measurement, reading detail values by eyes or the reaction time. (Gross 
mistakes are considered as a different issue not accounted for as uncertainties.)  
 

• The sampling or sample preparation: The uncertainty contributions can be caused by 
taking selecting samples which on represent the measuring object to a limited extent, or 
from the contamination or degradation of samples during sampling as well as during their 
storage, chemical sample digestion etc. 

 
• The environment: The temperature, air pressure, humidity or many other environmental 

elements can also have an impact on measuring instrument or the item being measured. 
 
 
Moreover, as stated by Phillips, Borchardt, & Estler (1998), the process of determining the 
measurement uncertainty of coordinate measuring machines (CMMs) is a complicated and 
dispiriting task. The multi-functionality which enables CMMs to examine a wide range of shapes 
and part types makes appraising the uncertainty of measurement a multifaceted issue. What the 
measurement uncertainty sources composed of are decided by different measurements with 
specific investigation and the methods suitable to qualify the uncertainty sources as indicated 
clearly in a general diagram for splitting the CMM uncertainty sources shown in Figure 3. 

	
	



Lang Renfei 

 

15 

	

Figure 4 Schematic outlining the various factors affecting CMM measurements (Phillips, Borchardt, & Estler, 1998)	

	
	
The problem considered in this thesis is related to the measurement of cylindrical gauges with 
small radii thus many of the sources shown in Figure 4 can be neglected because some of them 
can be too small to affect the final result and this will be explained in detail in Chapter 4. 
 
Guide to the expression of uncertainty in measurement (GUM) (European Federation of National 
Associations of Measurement, Testing and Analytical Laboratories, 2006) states that there exists 
two methods ‘Type A’ and ‘Type B’ evaluations which are usually used to estimate the 
measurement uncertainties no matter what the sources are.  ‘Type A’ evaluates the uncertainties 
with statistics which universally caused by repeated reading while ‘Type B’ evaluates 
uncertainties from any other information that could possibly exist from previous experience of the 
measurements, calibration certificates, past calculations, description of manufacturer, published 
information or common perception. In fact, under the majority of the measurement situations, 
uncertainty evaluations of both types are required. (European Federation of National Associations 
of Measurement, Testing and Analytical Laboratories, 2006).  
 
Ordinarily, uncertainties from any of those sources listed above or from other sources, would be 
regarded as individual ‘inputs’ contribution to the overall uncertainty in the measurement. After 
identifying the sources of measurement uncertainty, the size of the uncertainty from each source 
must be calculated and further combined to a final value.  
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3.3. Least Squares Fitting Method 
 
Generally, linear relationships between variables are expected to be found in the real world such 
as the force of a spring linearly relies on the displacement of the spring according to Hooke’s law. 
Unfortunately, it is highly improbable that an exact linear relationship could be observed because 
on the one hand, the experimental error exists while on the other hand, the potential relationship 
might not be perfectly linear, but preferably approximately linear. (Miller, 2006) 
 
S. J. Miller (2006) also states that the method of least square is a process to identify the “most 
appropriate fit” line for data that simply requires some basic calculus and linear algebra. 
Regarding the definition of “most appropriate fit”, further investigation and explanation can be 
found in (Miller, 2006). 

Least squares fitting methods are widely used within the field of science and engineering and 
especially in the metrology field. Forbes (2009) has summarized three possible main reasons for 
such phenomenon. First of all, direct reliable algorithms have been exploited and applied 
successfully in order to solve the calculating problems caused by the problems of least squares 
fitting. Posteriorly, least squares estimates have reasonable geometrical explanations. Last but not 
the least, least squares approximation is able to be proved from a probabilistic perspective. In 
different situations, a least squares method could be dictated by any one of these reasons above.  
 
In the past few years, a more probabilistic method for data analysis has been developed in 
metrology and in many cases the least squares method is an adequate choice for the statistical 
model related with the data. Therefore, all measuring experiments in this paper have been 
designed to emphasize on adopting the standard least squares algorithms as fitting algorithms.  
	

 
3.4. Similar Research 

As mentioned in previous chapters, the measurement uncertainty is determined by the interaction 
of various aspects. But the focus of this research lies within how angle and radius of a partial arc 
affect the measurement uncertainty. 
 
Some researchers have carried out similar projects previously and have acquired conclusions that 
could be regarded as references for this project. Phillips, Borchardt and Estler (1998) examined 
the measurement uncertainty of a CMM on a ring gauge as a sampling strategy function. 
Explicitly, a three-point sampling strategy was used where the angular distance between the 
points differs from a wider placed, 120°, to narrowly distributed, a few degrees. This was 
achieved by varifying the orientation of the sampling strategy coordinate system with regard to 
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the machine coordinate system. Since a single-parameter model was selected, errors at each of the 
measuring points were assumed to be independent, the combined measurement uncertainty was 
computed in the form of the standard deviation according to the function as follow: 
	

                                                                𝑢C2 = 
1+2cos2𝜃
2(1!sin𝜃)!

		𝑢p2  +	.	.	.																												 								 (1)	

	
	
Where 𝑢p2	represents the radial residuals obtained from point-to-point probe performance test and 
+ . . . are the other sources of uncertainty that should be included in calculation of combined 
standard uncertainty but neglected in their paper this time. 
 
By calculating and analyzing the measuring result of 7 probe configurations, it reveals that 
although the values of standard deviations from each group are different or even widely divergent, 
the overall trend stays consistent. The maximum value occurs at the minimum angle and 
decreases as the widening of the angle.  
 
 
Another research has been made by Pu Jingqiu (Pu, 2002). He explained and proved theoretically 
how the error of the coordinates of arc center and diameter are related to the arc angle, form error 
and the radius. The two functions shown below indicate the mathematical derivation. 

	

																																																																																						Nb=	
!

!"#!(!!)
											 	 	 	 (2)	

	
	

																																																																																				NΔR=	
!

!"#!(!!)
	-1																				 	 	 	 (3)	

	
Where Nb is the amplification time of the arc central coordinates error, NΔR is amplification time 
of the arc radius measuring error and α is the arc angle. From the formula derivation, it can be 
observed that (a) the error of the coordinates of arc center and diameter are only related to the arc 
angle and form error instead of the radius; (b) the multiplication factor of errors are irrelevant 
with form error but relevant to central angle only and it will rise sharply as the shrinking of α; (c) 
the cause of inaccurate measurements could be found with the two functions. The functions 
indicate that when the arc is short and the central angle is small, a small form error could be 
magnified many times so as to become a huge one. The measurement on such arc could make it 
unqualified even it is qualified. 
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4. MEASURING	METHOD	
	

This chapter aims to introduce the complete measuring method in detail including the tested 
samples, measuring equipment, software, analytical tools as well as the design of measuring 
procedure.  

	
4.1. Experimental Equipment 

	
4.1.1. Tungsten Carbide Gauges 

 
The measurement subjects are a set of cylindrical sticks gauges provided by Sandvik Coromant 
which are made of tungsten carbide shown in Figure 5. Since assessing the measurement on arc 
features with small diameters is emphasized in this project, the diameters 1 mm, 2,2 mm, 2,9 mm, 
4 mm and 4,8 mm were chosen. Such gauges have a given uncertainty of ±2 µm on diameter and 
±1,3 µm on roundness, which is able to reduce the effect of form error. 
	

	

Figure 5 Tungsten carbide gauges 

	
4.1.2. Zeiss Prismo Navigator 

Zeiss Prismo Navigator was the coordinate measurement machine utilized in this research (see 
Figure 6). It is a three-axis, bridge-type CMM designed and manufactured by ZEISS equipped 
with a VAST Gold scanning probe. According to the standard ISO-10360, the maximum 
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permissible error of indication for size measurement of the CMM, also referred to as MPEE = 1.2 
+ L/350 µm (with L in millimeter) where L is the radius of arc here (Zeiss C. , ZEISS PRISMO 
navigator). Its available software is Calypso and Gear Pro where the former is adopted in this 
research (Chapter 4.1.3). 
	
	
	
	

	

Figure 6 ZEISS PRISMO Navigator (Zeiss, 2015) 

 
4.1.3. Zeiss Calypso 
 

ZEISS CALYPSO is a metrology software product created and developed by Zeiss. Its 
functionality of creating measurement plans in required orders, changing the sequence of 
measuring runs within measurement plans as well as selecting any feature from component 
drawing and immediately perform an automatic measurement. Secondly, ZEISS CALYPSO 
enables to automatically create the travel paths from one feature to another, which eliminates 
collisions and saves time. However, Calypso is not able to extract point coordinates from a 
measurement hence an Excel macro is needed to achieve the procedure (ZEISS, ZEISS 
CALYPSO).    
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4.2. 	Experimental Procedure 
	
	
A 25 mm long measuring probe made of tungsten carbide was selected. Additionally, a small tip 
made of a 1 mm ruby sphere was equipped for minimizing the geometric filtering by the stylus tip. 
Due to the possibility that the probe tip vibration could be affected by the measuring velocity, the 
scanning speed was restricted to the value of 0,5 mm/s which is provided by the CMM 
specification document (ZEISS, ZEISS PRISMO navigator). The measurement setup for the 1mm 
gauge is shown in Figure 7.  

	

 
  

   Figure 7 View of the partial arc measurement of cylindrical gauge on CMM. 

 
Considering that it is time consuming and inefficient if every angle value is realistically measured 
on each gauge, a sampling method was designed. By maintaining the surrounding temperature in 
the laboratory within the range 21,0±0,5°C, the method was firstly meant to scan 360 degrees of 
each gauge with the same probe. Every scanning was repeated 10 times at the identical height 
automatically and 3600 points uniformly distributed on the circumferences were captured and 
recorded each time (see Figure 8). The recorded data of points would later be exported as text 
files and imported into an extracting Excel macro, which can extract the corresponding amount of 
point data when a certain angle requires to be measured. The specific process is divided in three 
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steps. The first step is to input the angle of the initial circle hence 360 should be input. The 
second step is to input the angular segment value that is demanded to be extracted, 40 for instance, 
if we want to measure a 40° angle. 
 

           	

Figure 8 The measuring path on gauges shown in ZEISS CALYPSO 

 
The extracted points were saved in the form of text file and then recalled back into Calypso (See 
Chapter 4.3). The green arrows shown in Figure 9 below represent every extracted point from 
required degree of angle. In such case, only this part of data will be used to calculate the diameter 
as a partial arc. 
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Figure 9 Extracted points in Calypso 

 
In order to avoid the influence of the starting and ending error, the data are selected from the 45˚ 
point towards the positive direction of x-axis and spread symmetrically on both sides. The 
extracted point data will then be recalled back into Calypso and recalculated so that the new 
results can be obtained in few minutes instead of implementing the real measurements. On the 
one hand, such method not only enables to simplify the measuring process and decrease the 
measuring time sharply. On the other hand, it is capable of maintaining a certain density of the 
sampling points as well which is 10 points per degree even when the required angles are small. 
Last but not the least, extracting points from a 360-degree measurement also isolates the effect 
from the angle on the algorithm because the more measurements that are implemented, the more 
variation will be gained. 

	
	

4.3. Measuring Results and Calculation 

The complete results of measurements are listed in Table 1 in the Appendix. Regarding the 
empirical facts and earlier research (Chapter 3.4) that the smaller diameter and angle of arc a 
circular object has, the more complex it is for CMMs to accumulate sufficient sample data. 
Consequently, it makes more sophisticated to narrow down the uncertainty range and maintain 
the repeatability as well as the reproducibility (Wang, 2011).  
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Figure 10 Measurement Bias of four gauges on diameter	

		
 

Figure 10 illustrates the measurement bias on diameter of each gauge. The results are the absolute 
values of the difference between measured values and reference values (1mm, 2,9mm, 4mm and 
4,8mm). As shown in the figure, the highest value is close to 300 µm where the diameter is 2,9 
mm and the arc angle is 5°, the measurement on the other gauges also has higher bias values 
when the arc angle is narrower and the values decrease as the arc angle becomes wider and steady 
when the angle is larger than 50°.  
 
As mentioned in Chapter 3.2, the uncertainty of measurement is generally the result of various 
aspects such as the measuring instruments, the environment of the measurement, sampling 
strategy, the fitting algorithm etc. Since scanning the surface at the same height has been 
employed as the sampling strategy, the amount as well as the position of the points are considered 
to be appropriate and the coordinates of every point are gained independently, thus the 
uncertainty contributed by the sampling number and position can be neglected. Therefore, the 
measurement uncertainty of these gauges is mainly caused by the measuring instrument and the 
environment of the measurement which specifically contains the following components: 
	
a. Uncertainty component 𝑢1	contributed by CMM 
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In order to acquire the measuring repeatability of the CMM, a program was created in Calypso so 
that the CMM enabled to measure each cylindrical gauge 10 times repeatedly and automatically. 
Eventually, a series of measured radius values x1, x2…, x10 were obtained. Then the experimental 
standard deviation s of the values can be calculated based on formula (4) and (5) 
	

																																																																						x = x𝑖
!
!!!
!

	 	 	 	 	 (4)		

	

																																																								𝑠 = x𝑖!x !!
!!!
!!!

	 																								 (5)	

	
Where x stands for the arithmetic mean value of the measurement series {x1, x2…, x10}, n stands 
for the times of repetition of the measurements. Thus the standard uncertainty 𝑢1 is given by 

                                                                                 𝑢1=	
!
!
																																	 	 (6)	

	
b. Another uncertainty component 𝑢2 is contributed by the error of the indication value of the 

CMM. With reference to the calibration specification (Zeiss, 2015) provided by Zeiss, the 
maximum permissible error of PRISMO Navigaor MPEE = (1.2 + L/350) µm, where L 
represents the diameter of cylindrical gauges in millimeter units. Supposing that it is a 
uniform distribution, the result 𝑢2 is given by 

	

																																																																								𝑢2=		
!.! ! !/!"#

!
																																									 (7)	

	
c. The uncertainty component 𝑢3 contributed by the temperature influence. 
 
The temperature condition of the CMM’s working environment has a large impact on its 
measurement uncertainty. In order to ensure the measuring accuracy, the control of the 
environmental temperature must meet the requirement of the certificate of the merchandise. 
 
The room temperature of the laboratory where the measurements were carried out was strictly 
controlled within 21.0±0.5°C. The difference value between the thermal expansion coefficient of 
CMM and tungsten gauges Δα = 2x10-6/°C, assume that the dispersion of the temperature is a 
uniform distribution with a half width of Δt = 0.5°C, the uncertainty 𝑢3	caused by temperature can 
be estimated by formula (8),	
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                                                                        𝑢3=	
!"∗!!∗!

!
																																								 		 (8)	

	
	
where the measuring length L represents the diameter of the gauges whose unit is in millimeter. 
 
The standard uncertainty components y, which is the estimation of the measurand Y and hence 
the consequence of the measurement, is acquired by combining the standard uncertainties of the 
input estimates x1, x2…, xN adequately. This is defined as the combined standard uncertainty of 
the estimate y which is indicated by 𝑢C (GUM, 2008). 
	
When the combined standard uncertainty is computed, all the components are equally treated and 
on account of the independence of the input quantities, the combined standard uncertainty 𝑢C is 
the positive square root of the combined variance	𝑢C2	which is given by		

	

                                                                               𝑢C2 = 𝑢12+ 𝑢22+…+ 𝑢x2																												 (9)	
Thus 
	

                                                                       𝑢C = 𝑢!! + 𝑢!! +⋯+ 𝑢!!         (10) 
d. Expanded uncertainty 
 
Despite that the uncertainty of a measurement result can be normally expressed by 𝑢C, however, 
under certain occasions, for instance, in some industrial, merchant, and administrative 
applications or when concerned with health and safety issues, it is normally required to provide a 
measurement uncertainty that specifies an interval of the measurement result that might be 
expected to involve a wider range of the values distribution that could be ascribed reasonably to 
the measurand. 
	
Such additional measurement uncertainty that satisfies the requirement of involving an interval 
described above is determined as expanded uncertainty and is represented by U. The expanded 
uncertainty U is calculated by multiplying the combined standard uncertainty	𝑢C	and a coverage 
factor k:	
	
																																																																																			U	= k𝑢C																																																			 	(11)	
	
The result of a measurement is further written in a convenient way as Y = y ± U, which is 
explained to mean that the best approximation of the value that could be attributed to the 
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measurand Y is y, and (y – U, y + U) is an interval that may be expected to involve a wider range 
of the values distribution that could be ascribed reasonably to Y. Such an interval is also referred 
to as y − U≤ Y ≤ y + U. 
	
From the opinion of GUM, the interval covers the probability of all values that can be reasonably 
ascribed to the measurand. Also, the computation of the confidence interval supposes the 
probability distribution of measuring values and since the situation is not often perfectly fulfilled, 
a default value of k = 2 is recommended by GUM. 
 
On behalf of representing the measurement results clearly and specifically, the expanded 
uncertainty data of each gauge were plotted separately in scatter charts as shown in Figure 11. 
Based on the information in the figures, it can be revealed that although the values varies at the 
same angle, all four lines have similar variation tendencies. And it can be concluded as the 
measurement uncertainties of the gauges drop sharply from a higher level within certain angle 
intervals and gradually remain stable as the measuring angle becomes larger. However, although 
the tendencies of the four lines are similar in some ways, the peculiarity of each line is also 
obvious.  The detailed information of the four results will be analyzed respectively in next chapter. 
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                                (a)                                                                                    (b) 

 

                                     (c)                                                                                  (d) 

Figure 11 Expanded standard uncertainty versus the angle of arc in terms of 1mm (a), 2,9 mm (b), 4 mm (c) and  

4,8 mm (d) gauge 
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5. Data	Analysis	

 
In this chapter, the total estimated expanded uncertainty of each gauge will be analyzed one after 
another as well as being explained comparatively. The analysis is meant to be detailed and 
precise in order to research the primary causes of uncertainties. 
 
First of all, the total estimated expanded uncertainty of the 1mm gauge is shown in Figure 12 
below, it can be demonstrated that the measurement has a peak expanded uncertainty value at the 
angle of 5° which is 60,6 µm and has a rapid fall to 7,9 µm when the angle was increased to 10°. 
Later on, the decreasing speed of the uncertainty value started to slow down at 20° as the slope of 
the line became smaller. Consequently, the line remained flat at 2,7 µm since the angle has been 
raised to 80°. 

 
Figure 12 Calculated expanded uncertainty of 1mm gauge 

	
 

Additionally, as shown in Figure 13, the interval [0°, 100°] was zoomed in so that detailed 
information can be visualized. It should be emphasized that the uncertainty values acted 
differently at 25° (3,2 µm) and 45° (2,8 µm) because they seem to be the fluctuations on a smooth 
curve. Such fluctuations were preliminarily estimated as the influence of the random error. 
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Figure 13 Result of 1 mm gauge between 0°	and 100° 

Secondly, the measurement result of 2,9 mm gauge is plotted in Figure 14. Similar as 1 mm 
gauge, the peak value occurred at the angle of 5°. Nevertheless, the measurement uncertainty was 
71,5 µm this time which indicates that the measurement at 5° on this gauge has a higher 
uncertainty. Then the uncertainty had a sharp drop as well to 6,5 µm as the angle increased to 10°. 
Later on, the decreasing speed of the uncertainty value started to slow down at 15° as the slope of 
the line became smaller. Eventually, the line remained flat at 2,7 µm again since the angle has 
been raised from 55°. 
 
 
 

 
Figure 14 Calculated expanded uncertainty of 2,9 mm gauge 
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In order to acquire more details, the result was again zoomed within [0°, 100°] interval as shown 
in Figure 15. It can be seen that the results has less variance than the 1mm gauge as no obvious 
fluctuation has been observed. 
 

 
Figure 15 Result of 2,9 mm gauge between 0°	and 100° 

 
As for the measurement result for 4 mm gauge illustrated in Figure 16, the trend can be 
considered also similar as the 1 mm and 2,9 mm gauges. The measurement at 5° has the highest 
uncertainty which is 36,0 µm while it is still lower than the other two.  The uncertainty further 
went down rapidly to 7,0 µm as the angle was raised to 10° and 4,3 µm at 15°. Finally, the values 
turned stable at approximately 2,7 µm at 45°. 
 

3.4	

3.0	 2.7	 2.7	 2.7	 2.7	 2.7	 2.7	

2.0		
2.2		
2.4		
2.6		
2.8		
3.0		
3.2		
3.4		
3.6		
3.8		
4.0		

0	 20	 40	 60	 80	 100	Ex
pa
m
de
d	
U
nc
er
ta
in
ty
	(u
m
)	

	

Arc	Angle	(˚)	

2,9	mm	

2,9mm	



Lang Renfei 

 

31 

 
Figure 16 Calculated expanded uncertainty of 4 mm gauge 

	
	

By analyzing the detailed Figure 17 that is magnified within [0°, 100°] interval, it can be 
summarized that there was not any data considered to be especially remarkable than others, 
instead, the curve is relatively smooth. 
 

 
Figure 17 Result of 4 mm gauge between 0°	and 100° 
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Ultimately, the result of the measurement uncertainty of 4,8 mm is demonstrated in the Figure 18 
below. It can be revealed that the changing form of the result turned out to have resemblance with 
the other three gauges. The most inaccurate measurement appeared at 5° with the uncertainty 
value of 18,6 µm which is the lowest value among all at the same angle. After a quick decline to 
6,3 µm as the angle was enhanced to 10°, the variation of the measurement uncertainty gradually 
became smaller and kept steady at 2,7µm since 40°. 
 

 
Figure 18 Calculated expanded uncertainty of 4.8 mm gauge 

	
In addition, the specified data within interval [0°, 100°] are magnified in Figure 19 below. In fact, 
a result that needs to be noticed is the one at 35° (2.7 mm) because it is larger than the result 
measured at 30° (2.7 mm) while it should not. Although the difference is less than 10 nanometers, 
it still reveals the influence of the parameters during measuring process. Due this set of the 
measurements were proceeded at the same plane on the same gauge with the same CMM in the 
same environment, the uncertainties caused by the measuring repeatability of CMM, error of the 
indication value of CMM and temperature can be neglected. Hence, it can be inferred that the key 
elements that mainly impact on the results could be either the random error or the form error of 
the sample or both. 
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Figure 19 Result of 4,8 mm gauge between 0°	and 100° 

	
The following numbers in Figure 20 focuses on the data comparison between the four groups of 
results in the interval [10°, 40°] because the variance is too small to be considered after 40°. It can 
be observed that the gauges with 1mm, 4 mm and 4,8 mm diameter seem to be consistent with the 
assumption mentioned before that under the same condition, the bigger diameter a feature has, the 
smaller measurement uncertainty it will have. However, the 2,9 mm gauge turned out to be the 
one exception here for it not only had the highest uncertainty value at 5° (71,5 µm) but also its 
plotted curve almost coincided with 4,8mm after 10° while the curve is supposed to be within the 
area between 1mm and 4 mm curve. Since all the measurements were implemented in the same 
lab with only one CMM and continuously within a short period of time which excludes the 
possible contributions from measuring instrument and the surrounding environment. As a result, a 
conclusion has been drawn that such phenomenon was primarily caused by the form error of 
2,9mm gauge and random error. 
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Figure 20 The comparison of expanded measurement uncertainty between four groups	

	
Table 1 shows the uncertainty distributions sorted with different colors. Values from large to 
small are represented by colors from red to green. It can be seen that the data with red or 
relatively red color gathered at the up left part of the table which means the measurement 
uncertainty rises as the angle and diameter becomes smaller. Whereas the data with green 
gathered at the lower left part of the table, which means the measurement uncertainty decreases as 
the diameter becomes smaller, but the angle becomes larger (the same numbers in different colors 
are rounded in order to keep one decimals, they were different before rounding). In other words, 
the uncertainties did not change obviously when the diameter varied, instead, the degree of the 
angle seems to have more significant impact on them. 
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		 		 Gauge	Diameter	(mm)	
		 		 1	 2.9	 4	 4.8	

Angle(˚)	

5	 60,3	 71,5	 36,0	 17,6	
10	 7,9	 6,5	 7,0	 6,3	
15	 4.7	 3.4	 4.3	 3.4	
20	 3.3	 3.0	 3.1	 2.9	
35	 2.7	 2.7	 2.7	 2.8	
45	 2.8	 2.7	 2.7	 2.7	
50	 2.8	 2.7	 2.7	 2.7	
55	 2.7	 2.7	 2.7	 2.7	
60	 2.7	 2.7	 2.7	 2.7	
70	 2.7	 2.7	 2.7	 2.7	
80	 2.7	 2.7	 2.7	 2.7	
90	 2.7	 2.7	 2.7	 2.7	
120	 2.7	 2.7	 2.7	 2.7	
150	 2.7	 2.7	 2.7	 2.7	
180	 2.7	 2.7	 2.7	 2.7	
220	 2.7	 2.7	 2.7	 2.7	
240	 2.7	 2.7	 2.7	 2.7	
280	 2.7	 2.7	 2.7	 2.7	

	
Table 1 Uncertainty sorted by colors 

	
Simultaneously, although the difference exists among the values from those four groups of data, it 
seems not to be remarkably large. Table 2 shows the maximum difference and the minimum 
difference value of each group uncertainty horizontally at the same angle. They are sorted in 
different colors as well. Values from large to small are represented by colors from red to green. 
Despite that the maximum and minimum differences are as large as 54,0 µm and 10,9 µm which 
occurred when the angle is 5°, others were all less than 2 µm or even as small as 0 (the same 
numbers in different colors are rounded in order to keep one decimal, they were different before 
rounding). 
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	Angle(˚)	 DMax(µm)	 DMin(µm)	
5	 53.9	 10.9	
10	 1.6	 0.2	
15	 1.3	 0.0	
20	 0.4	 0.0	
35	 0.1	 0.0	
45	 0.1	 0.0	
50	 0.0	 0.0	
55	 0.0	 0.0	
60	 0.0	 0.0	
70	 0.0	 0.0	
80	 0.0	 0.0	
90	 0.0	 0.0	
120	 0.0	 0.0	
150	 0.0	 0.0	
180	 0.0	 0.0	
220	 0.0	 0.0	
240	 0.0	 0.0	
280	 0.0	 0.0	

 
Table 2 The maximum and minimum variance among each group 

	
	
Based on Table 1 and Table 2 above, a discussion is that:  
 

• The measurement uncertainty is not directly influenced by the size of the gauge diameter in the 
range selected. Instead, it is the arc angle and the form error of the reference gauges that are the 
key elements that influence the measurement uncertainty. 

 
After acquiring the uncertainty of a measurand, it is necessary to figure out how the measurement 
uncertainty is related to the tolerances of the gauges and how it influences the tolerance verification. 
Uncertainty zones at the specification (tolerance) limits is regulated by the standard ISO 14253 -1 shown 
in Figure 21 where the width of the uncertainty zone is plus and minus the expanded measurement 
uncertainty U. Simultaneously, the Basic Metrology for ISO 9000 Certification (de Silva, 2012) states 
that Test Uncertainty Ratio (TUR) is known as the ratio of the uncertainty of the test item to the 
measurement standard applied in the calibration. Meanwhile, ANSI/NCSLZ540-1-1994 (NCSL, 1995) 
also specifies that the laboratory shall assure that calibration uncertainties are adequately small in order 
not to affect the sufficiency of the measurement. It also regulates that “Collective uncertainty of the 
measurement standards shall not exceed 25% of the acceptable tolerance (e.g. Manufacturer 
specifications)” (NCSL, 1995). As a result, the 25% percentage recommended by NCSL is equivalent to a 
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TUR of 4:1. Some other quality standards recommend the value of TUR that as high as 10:1 or under 
some circumstances, a TUR of 3:1, 2:1 or even 1:1 is adopted. Either of these values could be acceptable 
to a specific user as long as they understand the potential risks involved with such TUR value when 
applying these into their measurement process.  
 

	

Figure 21	Conformance zone, non-conformance zones and uncertainty zones (ranges) with specification zone limits 
	
Since the Zeiss CMM has a relatively high measuring accuracy towards the gauges, 10:1 is adopted as the 
TUR value. Subsequently, according to the manufacturing standard in Gimo factory, the specification 
limit of the diameter of an arc feature in Gimo factory should be within the ± 100 µm.  Hence, the 
specification limits are obtained by 10 times the numbers in Table 1. It can be demonstrated that the 
calculated specification limit of these four gauges measured by ZEISS PRISMO Navigator are smaller 
than the required factory standard when the measuring angle is larger than 10 ˚. 
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6. Conclusion	

 
6.1.  Implementation Plan 

By looking at the result of both absolute measurement bias and calculated specification limit, a 
conclusion can be drawn that the angle of the arc features to be measured should be controlled 
larger than 10 ˚ if the required interval of specification limit is (-100 µm, +100 µm) or in other 
words, the measurement uncertainty is no larger than 10 µm. 
 
On the one hand, since the purpose of the research is to evaluate the measuring ability of ZEISS 
PRISMO Navigator CMM on arc features with small diameter, and after analyzing the result 
turned out to prove that the ability of this CMM when measuring small arc features in this project 
is much better than the standard requirement which means acceptable.  On the other hand, the 
experiment samples in this research has a specification limit of 20 µm according to the product 
introduction (EISEN CO.,LTD, 2013) and they are usually more accurate compare to the normal 
products in the Sandvik’s factory, products in the general manufacturing, such as inserts or 
cutting tools are not as accurate as gauges because of the form error, clamping method, surface 
roughness and etc. As a consequence, the measuring result of normal products using the same 
CMM is predicted to have a higher measurement uncertainty than the gauges and the result in this 
investigation can be also regarded as a “best case scenario”. 
	

6.2. Recommendation for future research 
	

6.2.1. Gauges 

It is acknowledged that there is always room for the improvement in the field of measuring and 
that is valid for this project as well. Although the results turned out to be acceptable, there are still 
some aspects that need to be considered and investigated in future researches. 
 
a) Since the smallest gauge measured in this project is 1mm, the result may not be representative 

enough to cover smaller partial arcs as Sandvik Coromant has many types of products that 
have arc features with diameter smaller than 1mm. Thus it is necessary for future researchers 
to focus on smaller diameter samples that are less than 1mm in order to be closer to practical 
products. 
 

b) There were four types of gauges tested in this research on which the result is evaluated based. 
The researcher was initially trying to figure out a mathematical function in order to reveal a 
possible relation between gauge diameter and measurement uncertainty. Instead, it turned out 
that the information was insufficient to investigate the relation because even if a function has 
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been come up with, it is impossible to prove the validity without more samples. Accordingly, 
a recommendation has been introduced that the number of samples can be enlarged as well as 
the variation of the sample diameter. 

 
 

c) As a result of the time limit and the complexity of the measuring procedure, every 
measurement was repeated ten times which might be deficient and affect the accuracy of 
mean value, bias and measurement uncertainty. In order to avoid such a situation, increasing 
the repeat number of each measurement is conducive to obtain more veritable values of mean 
value, so as to bias and uncertainty. 
  

d) Since the number of repeat has been increased, the time of every single measurement 
procedure will be raised simultaneously and it consumes a huge amount of time if they are all 
implemented by a CMM., If a program that has a similar function of Excel Macro (See 
Chapter 4.1) is implanted in Calypso or other measuring software, the result will be 
calculated automatically at any angle which can significantly shorten the time. 

 
6.2.2.  Inserts 

Since the ultimate target of the future investigations lies with the actual inserts, which have more 
intricate geometrical features, measuring on real inserts can only gain larger errors and worse 
results than the “best case” in this investigation. The sources of error primarily come from the 
following aspects.  
 
There are not only arc features existing on inserts, instead, they are always connected with other 
geometries. Form errors will be enlarged if those non-arc features are taken into consideration, 
but narrowing the sampling range in order to avoid non-arc features also increases the 
measurement uncertainty. As a consequence, identifying the starting and ending point of arc 
features could effectively get rid of the interference non-arc parts.  
 
Besides, some inserts that have irregular forms or free forms also make it difficult to measure 
because no matching measuring paths can be selected from Calypso and the clamping method is 
complicated. The two types of inserts, for example, in Figure 22 below can typically represent the 
one mentioned above. The features on their edges are neither arcs nor other basic shapes and 
some of them are not even at the same height. In this case, the method illustrated in this research 
is not suitable for decreasing their measurement uncertainties. 
 
For future studies on the measurement uncertainty of such type of inserts, a possible method has 
also been proposed in this paper. Since Calypso is capable of identifying imported 3D models and 
measuring paths on it, the measurement on real inserts can be replaced by scanning their 3D 
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models. It can not only avoid to use the complex clamping methods, but obtain a more complete 
irregular paths as well. Nevertheless, this method requires every insert to have its own 3D model 
and each of the model needs to be highly matched which may consume a great amount of time.  
 
	

 
Figure 22 Two types of inserts from Coromill390 series 
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APPENDIX	1	MEASURING	RESULT	
 

Gauge	
diameter	
(mm)	

	Arc	
angle	
(°)		

Average	
(mm)	

Gauge	
diameter	
(mm)	

	Arc	
angle	
(°)		

Average	
(mm)	

1	 5	 0.8671	 4	 5	 4.0153	
1	 10	 0.8421	 4	 20	 4.0225	
1	 15	 0.9231	 4	 35	 4.0090	
1	 20	 0.9915	 4	 45	 4.0067	
1	 25	 1.0191	 4	 50	 4.0054	
1	 35	 1.0272	 4	 55	 4.0043	
1	 45	 1.0250	 4	 60	 4.0035	
1	 50	 1.0265	 4	 65	 4.0027	
1	 55	 1.0272	 4	 68	 4.0023	
1	 60	 1.0281	 4	 70	 4.0021	
1	 70	 1.0255	 4	 80	 4.0011	
1	 80	 1.0239	 4	 90	 4.0006	
1	 90	 1.0237	 4	 120	 3.9997	
1	 120	 1.0203	 4	 150	 3.9994	
1	 150	 1.0148	 4	 180	 3.9994	
1	 180	 1.0093	 4	 220	 3.9996	
1	 200	 1.0064	 4	 240	 3.9996	
1	 220	 1.0040	 4	 280	 3.9997	
1	 240	 1.0022	 4.8	 5	 4.9112	
1	 280	 0.9998	 4.8	 20	 4.8165	
2.9	 5	 3.1882	 4.8	 30	 4.8077	
2.9	 20	 2.9259	 4.8	 35	 4.8019	
2.9	 35	 2.9061	 4.8	 40	 4.8016	
2.9	 45	 2.9040	 4.8	 45	 4.8008	
2.9	 50	 2.9028	 4.8	 50	 4.8009	
2.9	 55	 2.9019	 4.8	 55	 4.8009	
2.9	 60	 2.9018	 4.8	 60	 4.7994	
2.9	 70	 2.9015	 4.8	 70	 4.7998	
2.9	 80	 2.9015	 4.8	 80	 4.7999	
2.9	 90	 2.9011	 4.8	 90	 4.7999	
2.9	 120	 2.9008	 4.8	 120	 4.7996	
2.9	 150	 2.9005	 4.8	 150	 4.7998	
2.9	 180	 2.9003	 4.8	 180	 4.7999	
2.9	 220	 2.9002	 4.8	 220	 4.8000	
2.9	 240	 2.9003	 4.8	 240	 4.8000	
2.9	 280	 2.9004	 4.8	 280	 4.8000	
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APPENDIX	2	EXPANDED	UNCERTAINTY	
 

Gauge	
diameter	
(mm)	

	Arc	
angle	
(°)		

Expanded	
uncertainty	

(µm)	

Gauge	
diameter	
(mm)	

	Arc	
angle	
(°)		

Expanded	
uncertainty	

(µm)	
1	 5	 60.61	 4	 5	 35.96	
1	 10	 7.88	 4	 20	 3.06	
1	 15	 4.66	 4	 35	 2.73	
1	 20	 3.32	 4	 45	 2.70	
1	 25	 3.22	 4	 50	 2.70	
1	 35	 2.73	 4	 55	 2.70	
1	 45	 2.77	 4	 60	 2.70	
1	 50	 2.74	 4	 65	 2.70	
1	 55	 2.72	 4	 68	 2.70	
1	 60	 2.70	 4	 70	 2.70	
1	 70	 2.70	 4	 80	 2.70	
1	 80	 2.70	 4	 90	 2.70	
1	 90	 2.70	 4	 120	 2.70	
1	 120	 2.70	 4	 150	 2.70	
1	 150	 2.69	 4	 180	 2.70	
1	 180	 2.69	 4	 220	 2.70	
1	 200	 2.69	 4	 240	 2.70	
1	 220	 2.69	 4	 280	 2.70	
1	 240	 2.69	 4.8	 5	 17.58	
1	 280	 2.69	 4.8	 20	 2.90	
1	 360	 2.69	 4.8	 30	 2.75	
2.9	 5	 71.53	 4.8	 35	 2.77	
2.9	 20	 3.03	 4.8	 40	 2.71	
2.9	 35	 2.72	 4.8	 45	 2.70	
2.9	 45	 2.70	 4.8	 50	 2.70	
2.9	 50	 2.70	 4.8	 55	 2.70	
2.9	 55	 2.70	 4.8	 60	 2.70	
2.9	 60	 2.69	 4.8	 70	 2.70	
2.9	 70	 2.69	 4.8	 80	 2.70	
2.9	 80	 2.69	 4.8	 90	 2.70	
2.9	 90	 2.69	 4.8	 120	 2.70	
2.9	 120	 2.69	 4.8	 150	 2.70	
2.9	 150	 2.69	 4.8	 180	 2.70	
2.9	 180	 2.69	 4.8	 220	 2.70	
2.9	 220	 2.69	 4.8	 240	 2.70	
2.9	 240	 2.69	 4.8	 280	 2.70	
2.9	 280	 2.69	 4.8	 360	 2.70	
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