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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 

Highly accurate measurements of small structures are challenging in many applications. An example is the optimization of the hole 
geometry in fuel injectors. Due to the small size of the structure, tactile approaches are insufficient while standard optical 
measurement systems cannot provide data on complex geometries. In this paper, a new purely optical 3D micro-coordinate machine 
– the µCMM of Alicona and its accuracy by determining the maximum permissible translatory and stationary error is presented. 
Moreover, we demonstrate that the focus variation principle allows 3D measurements of such small components by presenting the 
measurement and evaluation of micro injection holes.   
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1. Introduction 

The reduction of manufacturing tolerances, the need to 
measure small surface details over long distances and the 
progressive miniaturization in connection with the increasing 
complexity of industrial components require high-precision 3D 
measuring instruments for measurements with nm resolution. 
In addition to complex component geometries, the requirement 
to measure components independently of the material-related 
optical properties of plastic, PCD, ceramic, chromium or 
silicon, which vary from matt to polished or mirrored, is 
increasing. 

In the field of 3D metrology, a large number of measuring 
instruments for roughness, geometry and form measurement 
have been developed [1], [2], [3]. In general, the measuring 
principles of these instruments can be divided into tactile and 
optical measuring instruments. Tactile measuring instruments 
enable highly accurate measurements, but are limited in terms 
of measuring speed, measurement point density and the 
measurement of complex surface microstructures such as bores 
due to the contact-based principle. 

 

Optical measuring devices (confocal, white light 
interferometer, structured light, focus variation) can typically 
be used only for measurements orthogonal to the surface as they 
are used for roughness measurement or measurement of small 
distances.  For a detailed overview of coordinate measurement 
devices, especially µCMMs, we refer to [4], [5]. 

The presented micro coordinate measurement machine 
(µCMM) (shown in Fig.  1) is a highly accurate, purely optical, 
non-contact 3D micro-coordinate measurement machine and 
enables the measurement of dimensions, position, shape and 
roughness in one system. The μCMM enables form and 
geometry measurements as well as profile-based roughness 
measurements according to ISO 4287 [6] and areal 
measurements according to ISO 25178 [7]. The measuring 
principle of the µCMM is based on focus variation [3], [8], [9]. 
Compared to other optical measuring instruments, it closes the 
gap between typical 3D coordinate measuring technology and 
classical surface measuring technology. The focus variation 
technique combines the low depth of field of an optical system 
with vertical scanning to obtain topographic and color 
information from the sample. In addition to the scanned height 
data, focus variation provides a full depth of field image 
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The ISO 10360-8[14] and VDI 2617 [15] are used to verify 
the performance of the instrument. The test uncertainty of the 
coordinate machine is estimated according to ISO/TS 
23165:2006 [16] where the test uncertainty comprises the 
uncertainty of the material standard of size due to the 
calibration, the uncertainty due to thermal compensation and  
the uncertainty of misalignment and fixture of the calibration 
tool.   

The specified measurement uncertainty of the laser 
interferometer, given by the manufacturer, is 𝑈𝑈(𝑘𝑘=2) =
0.05 µ𝑚𝑚 + 0.3µ𝑚𝑚/𝑚𝑚  where the uncertainty contributors are 
the uncertainty of the vacuum wavelength, the interpolation of 
the interferometer and the uncertainty of pressure, temperature 
and humidity. The uncertainty due to misalignment and fixture 
of the material standard of size is assumed to be negligible. Fig.  
2 shows the length measurement errors of the laser 
interferometer. As it can be seen all values are less than the 
specified maximum permissible unidirectional length error 
including the test uncertainty of the laser interferometer.  
 

 

Fig.  2. Length measurement errors of the laser interferometer. The thin black 
lines shows the MPE for the instrument determined by the laser interferometer. 
Moreover, the test uncertainty of the laser interferometer is represented 
graphically according to ISO/TS 23165:2006.  

As described in ISO 10360-8 (see chapter B.4.3.4 of ISO 
10360-8 for more details), a laser interferometer is used to 
verify the axis accuracy of the µCMM. The maximum 
permissible unidirectional length error for the instrument can 
be specified by   
 

𝐸𝐸𝑈𝑈𝑈𝑈𝑈𝑈:𝑇𝑇𝑇𝑇:𝑂𝑂𝑂𝑂𝑂𝑂,𝑀𝑀𝑀𝑀𝑀𝑀 = (0.3 + 𝐿𝐿
600) µ𝑚𝑚 (𝐿𝐿 𝑖𝑖𝑖𝑖 𝑚𝑚𝑚𝑚)                   (1) 

 
where Tr stands for translatory. In addition to the maximum 

permissible length error, the following maximum permissible 
unidirectional stationary error is determined by the 
measurement of height steps in a single field of view  
 

𝐸𝐸𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈:𝑆𝑆𝑆𝑆:𝑂𝑂𝑂𝑂𝑂𝑂,𝑀𝑀𝑀𝑀𝑀𝑀 = (0.15 + 𝐿𝐿
50) µ𝑚𝑚 (𝐿𝐿 𝑖𝑖𝑖𝑖 𝑚𝑚𝑚𝑚)                 (2) 

 
where St stands for stationary and Z indicates the 

measurement direction. The probing size error was determined 
using an advanced calibration artefact (described at the end of 
this section) and measuring one of the cemented carbide 
spheres with a calibrated diameter of 1.00124mm (U = 

0.20µm). Fig.  3 shows the measured 3D dataset including the 
sphere fit. The probing size error for this measurement is given 
by: 
 
𝑃𝑃𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆.𝑆𝑆𝑆𝑆ℎ.𝐴𝐴𝐴𝐴𝐴𝐴:𝑆𝑆𝑆𝑆:𝑂𝑂𝑂𝑂𝑂𝑂 = 0.12µ𝑚𝑚                                          (3) 
 

where St stands for stationary. The obtained value is 
actually below the uncertainty of the calibration artefact. 
 

 

Fig.  3. (a) 3D dataset of the measured sphere surface, (b) 3D dataset in pseudo 
colour, (c) measured dataset with sphere fit in pseudo colour (with range [-1µm 
to 1µm]).   

The probing form error was determined using a 1mm 
reference sphere with a calibrated diameter of (1.001 ± 
0.02µm) and a calibrated roundness of (0.21 ± 0.04µm). 
According to ISO 10360-8, for each of the 25 areas a 
representative point was calculated and the following probing 
form error was determined  
 
𝑃𝑃𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹.𝑆𝑆𝑆𝑆ℎ.1𝑥𝑥25:𝑆𝑆𝑆𝑆:𝑂𝑂𝑂𝑂𝑂𝑂 = 0.405µ𝑚𝑚                                    (4) 
 

According to ISO 10360-8, the bidirectional error can be 
calculated by considering the measured and calibrated values 
of unidirectional measurements, the probing form error and the 
probing size error (see also [17]). By computing the 
bidirectional errors of all length measurements, the following 
error was determined between 𝐸𝐸(𝐵𝐵𝐵𝐵:𝑇𝑇𝑇𝑇:𝑂𝑂𝑂𝑂𝑂𝑂,𝑀𝑀𝑀𝑀𝑀𝑀) = (0.585 +
𝐿𝐿/600)µ𝑚𝑚 (𝐿𝐿 𝑖𝑖𝑖𝑖 𝑚𝑚𝑚𝑚)  (best case) and 𝐸𝐸(𝐵𝐵𝐵𝐵:𝑇𝑇𝑇𝑇:𝑂𝑂𝑂𝑂𝑂𝑂,𝑀𝑀𝑀𝑀𝑀𝑀) =
(0.825 + 𝐿𝐿/600)µ𝑚𝑚 (𝐿𝐿 𝑖𝑖𝑖𝑖 𝑚𝑚𝑚𝑚)(worst case). 

 
Additionally, in order to verify the performance of the 

µCMM according to ISO 10360-8, a ball bar calibration 
artefact (see Fig.  4) calibrated by the DAkkS (German 
Accreditation Body) has been developed. The calibration was 
performed with a 3D CMM Carl Zeiss Prismo using a probe tip 
with a diameter of 1.5mm and a probe force of 0.2N. The ball 
bar is made up of Invar which has a very low coefficient of 
thermal expansion and seven cemented carbide spheres. Details 
can be found in Table 1. The uncertainty due to misalignment 
of the calibration artefact lies between 5 and 10 µm. Fig.  5  
shows the effect of the misalignment for the measurement of 
two space diagonals. As it can be seen the length measurement 
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registered to the 3D points. This creates an optical image that 
eases measurements regarding the identification and 
localisation of measuring fields or striking surface features. In 
addition, a new measuring technique enables the measurement 
of matte as well as highly polished and smooth samples. The 
new measuring technique is based completely on focus 
variation but using an advanced illumination method. The 
illumination of each measurement point is optimized by the use 
of modulated illumination during the vertical scanning process 
and the intensity modulation based on a function of time and 
simultaneously as a function of the lateral position.  

 

Fig.  1. Alicona µCMM - optical 3D micro-coordinate measuring machine. 

The measurement of complex microstructures is important 
in many industrial applications. In this paper we present the 
micro hole measurement in injection nozzles. Injection systems 
have a decisive control function in the injection of fuel into the 
combustion chamber. The optimization of the combustion 
process by analyzing the influence of the hole geometry of the 
injector nozzle is an important research topic in the automotive 
industry.   

Current state of the art technology for micro hole 
measurement focuses on optical measurement systems such as 
X-ray tomographs [12], [13] and opto-tactile measurement 
systems using fiber probes [10], [11]. Computer tomographs 
provide a volume model of the measured component, but are 
restricted in measurement time and they only are able to 
measure these holes with relatively low resolution. Tactile-

optical coordinate systems based on the fiber probe technology 
are well known for injection hole measurement. Current 
measuring systems are limited in terms of the number of 
measuring points, the problem of accessing holes with 
diameters in the range of 100µm and the long measuring time. 
Typically, a fiber probe with a diameter of 80µm and lower is 
used to measure hole with diameter in the range of 100µm. The 
measurement of such small geometries with relatively large 
probes provides a metrological challenge. Because of the 
contact-based measurement, it is also possible that the fiber 
breaks, if the real object deviates from the CAD model.  

Section 2 gives an overview of the µCMM, its components 
and technical specifications. Section 3 concentrates on the 
adjustment and calibration of the µCMM. Finally, in section 4 
we demonstrate the 3D measurement of micro injection holes, 
where the difficulty lies in the highly accurate measurement of 
steep slopes.     

2. Overview of the µCMM 

The µCMM is a fixed-bridge coordinate machine [1], [4] 
with a granite frame, where the x and z axis are constructed as 
a bridge over the moving y axis. For high accuracy, the system 
consists of a high-precision air-bearing axis system with linear 
motors, the optical sensor based on focus variation technology 
and thermally stable scales made of Zerodur with a resolution 
of 3.9nm after interpolation and a thermal expansion 
coefficient of 𝐶𝐶𝐶𝐶𝐶𝐶(0°𝐶𝐶; 50°𝐶𝐶) = 0 ± 0.010 𝑝𝑝𝑝𝑝𝑝𝑝/𝐾𝐾. 

In addition, an automatic lens magazine for up to four lenses 
and an automatic pneumatic lens changer are mounted on the 
system. This enables a high repeatability of the change process 
with automatic lens recognition. Optionally, the µCMM can be 
equipped with a fully automatic tilting and rotating unit.  With 
the µCMM, which is based on the functional principle of focus 
variation, the following technical specifications result. The 
µCMM has a total measuring volume of 310 x 310 x 310 mm³ 
and a traversing speed of the axes of up to 100 mm/s. In 
addition, it measures up to 1720 x 1720 = 2.95 million 
measuring points for a single measurement, a measurement of 
larger areas reaches up to 500 million points.  Its vertical 
resolution depends on the selected lens and can be as good as 3 
nm. The vertical measuring range depends on the working 
distance of the lens and ranges from 4 to 22.5 mm. The lateral 
measuring range is also determined by the lens used and ranges 
from 0.13 x 0.13 mm² (using a 100x objective) to 5.2 x 5.2 mm² 
(using a 2.5x objective) for a single measurement. 

3. Accuracy of the µCMM  

The correction of geometric errors of the µCMM is done by 
using a volumetric error compensation. A laser interferometer 
is used to measure distances in the whole measurement volume 
of the µCMM. These measurements are repeated several times 
for each position. With this information, a mathematical model 
is formulated to correct the raw linear scale position. 
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The ISO 10360-8[14] and VDI 2617 [15] are used to verify 
the performance of the instrument. The test uncertainty of the 
coordinate machine is estimated according to ISO/TS 
23165:2006 [16] where the test uncertainty comprises the 
uncertainty of the material standard of size due to the 
calibration, the uncertainty due to thermal compensation and  
the uncertainty of misalignment and fixture of the calibration 
tool.   

The specified measurement uncertainty of the laser 
interferometer, given by the manufacturer, is 𝑈𝑈(𝑘𝑘=2) =
0.05 µ𝑚𝑚 + 0.3µ𝑚𝑚/𝑚𝑚  where the uncertainty contributors are 
the uncertainty of the vacuum wavelength, the interpolation of 
the interferometer and the uncertainty of pressure, temperature 
and humidity. The uncertainty due to misalignment and fixture 
of the material standard of size is assumed to be negligible. Fig.  
2 shows the length measurement errors of the laser 
interferometer. As it can be seen all values are less than the 
specified maximum permissible unidirectional length error 
including the test uncertainty of the laser interferometer.  
 

 

Fig.  2. Length measurement errors of the laser interferometer. The thin black 
lines shows the MPE for the instrument determined by the laser interferometer. 
Moreover, the test uncertainty of the laser interferometer is represented 
graphically according to ISO/TS 23165:2006.  
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where Tr stands for translatory. In addition to the maximum 

permissible length error, the following maximum permissible 
unidirectional stationary error is determined by the 
measurement of height steps in a single field of view  
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where St stands for stationary and Z indicates the 

measurement direction. The probing size error was determined 
using an advanced calibration artefact (described at the end of 
this section) and measuring one of the cemented carbide 
spheres with a calibrated diameter of 1.00124mm (U = 

0.20µm). Fig.  3 shows the measured 3D dataset including the 
sphere fit. The probing size error for this measurement is given 
by: 
 
𝑃𝑃𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆.𝑆𝑆𝑆𝑆ℎ.𝐴𝐴𝐴𝐴𝐴𝐴:𝑆𝑆𝑆𝑆:𝑂𝑂𝑂𝑂𝑂𝑂 = 0.12µ𝑚𝑚                                          (3) 
 

where St stands for stationary. The obtained value is 
actually below the uncertainty of the calibration artefact. 
 

 

Fig.  3. (a) 3D dataset of the measured sphere surface, (b) 3D dataset in pseudo 
colour, (c) measured dataset with sphere fit in pseudo colour (with range [-1µm 
to 1µm]).   

The probing form error was determined using a 1mm 
reference sphere with a calibrated diameter of (1.001 ± 
0.02µm) and a calibrated roundness of (0.21 ± 0.04µm). 
According to ISO 10360-8, for each of the 25 areas a 
representative point was calculated and the following probing 
form error was determined  
 
𝑃𝑃𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹.𝑆𝑆𝑆𝑆ℎ.1𝑥𝑥25:𝑆𝑆𝑆𝑆:𝑂𝑂𝑂𝑂𝑂𝑂 = 0.405µ𝑚𝑚                                    (4) 
 

According to ISO 10360-8, the bidirectional error can be 
calculated by considering the measured and calibrated values 
of unidirectional measurements, the probing form error and the 
probing size error (see also [17]). By computing the 
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𝐿𝐿/600)µ𝑚𝑚 (𝐿𝐿 𝑖𝑖𝑖𝑖 𝑚𝑚𝑚𝑚)  (best case) and 𝐸𝐸(𝐵𝐵𝐵𝐵:𝑇𝑇𝑇𝑇:𝑂𝑂𝑂𝑂𝑂𝑂,𝑀𝑀𝑀𝑀𝑀𝑀) =
(0.825 + 𝐿𝐿/600)µ𝑚𝑚 (𝐿𝐿 𝑖𝑖𝑖𝑖 𝑚𝑚𝑚𝑚)(worst case). 

 
Additionally, in order to verify the performance of the 

µCMM according to ISO 10360-8, a ball bar calibration 
artefact (see Fig.  4) calibrated by the DAkkS (German 
Accreditation Body) has been developed. The calibration was 
performed with a 3D CMM Carl Zeiss Prismo using a probe tip 
with a diameter of 1.5mm and a probe force of 0.2N. The ball 
bar is made up of Invar which has a very low coefficient of 
thermal expansion and seven cemented carbide spheres. Details 
can be found in Table 1. The uncertainty due to misalignment 
of the calibration artefact lies between 5 and 10 µm. Fig.  5  
shows the effect of the misalignment for the measurement of 
two space diagonals. As it can be seen the length measurement 
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registered to the 3D points. This creates an optical image that 
eases measurements regarding the identification and 
localisation of measuring fields or striking surface features. In 
addition, a new measuring technique enables the measurement 
of matte as well as highly polished and smooth samples. The 
new measuring technique is based completely on focus 
variation but using an advanced illumination method. The 
illumination of each measurement point is optimized by the use 
of modulated illumination during the vertical scanning process 
and the intensity modulation based on a function of time and 
simultaneously as a function of the lateral position.  

 

Fig.  1. Alicona µCMM - optical 3D micro-coordinate measuring machine. 

The measurement of complex microstructures is important 
in many industrial applications. In this paper we present the 
micro hole measurement in injection nozzles. Injection systems 
have a decisive control function in the injection of fuel into the 
combustion chamber. The optimization of the combustion 
process by analyzing the influence of the hole geometry of the 
injector nozzle is an important research topic in the automotive 
industry.   

Current state of the art technology for micro hole 
measurement focuses on optical measurement systems such as 
X-ray tomographs [12], [13] and opto-tactile measurement 
systems using fiber probes [10], [11]. Computer tomographs 
provide a volume model of the measured component, but are 
restricted in measurement time and they only are able to 
measure these holes with relatively low resolution. Tactile-

optical coordinate systems based on the fiber probe technology 
are well known for injection hole measurement. Current 
measuring systems are limited in terms of the number of 
measuring points, the problem of accessing holes with 
diameters in the range of 100µm and the long measuring time. 
Typically, a fiber probe with a diameter of 80µm and lower is 
used to measure hole with diameter in the range of 100µm. The 
measurement of such small geometries with relatively large 
probes provides a metrological challenge. Because of the 
contact-based measurement, it is also possible that the fiber 
breaks, if the real object deviates from the CAD model.  

Section 2 gives an overview of the µCMM, its components 
and technical specifications. Section 3 concentrates on the 
adjustment and calibration of the µCMM. Finally, in section 4 
we demonstrate the 3D measurement of micro injection holes, 
where the difficulty lies in the highly accurate measurement of 
steep slopes.     

2. Overview of the µCMM 

The µCMM is a fixed-bridge coordinate machine [1], [4] 
with a granite frame, where the x and z axis are constructed as 
a bridge over the moving y axis. For high accuracy, the system 
consists of a high-precision air-bearing axis system with linear 
motors, the optical sensor based on focus variation technology 
and thermally stable scales made of Zerodur with a resolution 
of 3.9nm after interpolation and a thermal expansion 
coefficient of 𝐶𝐶𝐶𝐶𝐶𝐶(0°𝐶𝐶; 50°𝐶𝐶) = 0 ± 0.010 𝑝𝑝𝑝𝑝𝑝𝑝/𝐾𝐾. 

In addition, an automatic lens magazine for up to four lenses 
and an automatic pneumatic lens changer are mounted on the 
system. This enables a high repeatability of the change process 
with automatic lens recognition. Optionally, the µCMM can be 
equipped with a fully automatic tilting and rotating unit.  With 
the µCMM, which is based on the functional principle of focus 
variation, the following technical specifications result. The 
µCMM has a total measuring volume of 310 x 310 x 310 mm³ 
and a traversing speed of the axes of up to 100 mm/s. In 
addition, it measures up to 1720 x 1720 = 2.95 million 
measuring points for a single measurement, a measurement of 
larger areas reaches up to 500 million points.  Its vertical 
resolution depends on the selected lens and can be as good as 3 
nm. The vertical measuring range depends on the working 
distance of the lens and ranges from 4 to 22.5 mm. The lateral 
measuring range is also determined by the lens used and ranges 
from 0.13 x 0.13 mm² (using a 100x objective) to 5.2 x 5.2 mm² 
(using a 2.5x objective) for a single measurement. 

3. Accuracy of the µCMM  

The correction of geometric errors of the µCMM is done by 
using a volumetric error compensation. A laser interferometer 
is used to measure distances in the whole measurement volume 
of the µCMM. These measurements are repeated several times 
for each position. With this information, a mathematical model 
is formulated to correct the raw linear scale position. 
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Fig.  7. Advanced calibration artefact to verify distance and form 
measurements. The detailed view shows the positions of the 24 cemented 
carbide spheres. 

 
 

 

Fig.  8. Length measurement errors, measured between the 1mm spheres of 
the advanced calibration artefact. The majority of the length measurement 
errors are less than ±(0.6 + L/600) µm (L in mm). 

4. Application - micro hole measurement in fuel injectors 

An application, which demonstrates the highly accurate   
geometric measurement of small and complex components and 
their geometric relations is the measurement of micro injection 
holes of valves.  

Fig.  9 shows a cross section of such an injection nozzle and 
the geometry of an injection hole. The relevant parameters are 
the form as well as orientation with respect to the part axis. In 
general, the nozzle holes are cylindric (hole inlet diameter = 
hole exit diameter) or cone-shaped (hole inlet diameter ≠ hole 
exit diameter). The diameter of these holes is between 120 and 
600µm. The diameter to depth ratio of those holes is 1:5. The 
orientation of a nozzle hole can be described by the angle 
between the part axis and the hole axis.  

Due to the fact, that typically detailed data on injection 
nozzles are subject to non-disclosure agreements, the measured 
component is an off-the-shelf part bought in a local car 
component shop. Therefore, no CAD model or technical 
drawing of the measured injection nozzles can be presented.   

 

 
Fig.  9. Cross section of a fuel injector and measured injection hole geometry. 
 

For the measurement of the 3D dataset, the measurement 
system was equipped with a high-precision rotation unit with 
calibrated tilting and rotation axis. The injection nozzle is 
mounted on the motorized rotation unit and the holes are 
scanned. Due to the depth of field information, a 3D dataset is 
generated. Fig. 10 shows the resulting 3D dataset of the 
injection nozzles and the eight measured injection holes. For 
achieving the geometry parameters, first the hole axis is 
determined by robustly fitting a cone to the whole geometry. 
Fig. 11b shows a cross-section through the injection holes. This 
sectional view clearly shows that the holes are conical. 
Therefore, a robust cone fit is made in each hole. To determine 
the bore diameters, a circle is fitted into the cross-section of the 
inlet and outlet of the bore (see Table 3 and Fig. 10). Here, a 
standard Gaussian fit with 3σ is used, where all measured 
points are weighed equally. 

 

 
Fig.  10. Measured 3D dataset and measurement of the exit diameter of a hole 
by fitting a circle in the cross section. 

Table 3. Detailed measurement results for one hole.  

Hole Inlet 
diameter 
(mm) 

Exit 
diameter 
(mm) 

Cone 
opening 
angle (°) 

H1 0,1454 0,1255 3,038 
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errors of space diagonal 4 are much higher than for space 
diagonal 1 because the ball bar get out of place during the 
measurement. Fig.  6 shows length measurement errors 
measured along the x and y direction. In the first measurement 
the deviations highly increases between 100 and 300 mm test 
length. Therefore, the measurement has been repeated by 
taking care that the ball bar can not move. As it can been seen, 
in the second measurement all values lies within ±(0.6 + L/600) 
µm (L in mm). Hence, a revision of the ball bar artifact with 
regard to the fixation is under progress and consequently a 
detailed evaluation of the test uncertainty according to ISO/TS 
23165:2006 as well as the performance evaluation according to 
ISO 10360-8 will be future work.  

Table 1. Technical specifications of the ball bar calibration artefact 

Description Value 

Bar length 

Sphere diameter 

400 mm 

1mm 

Sphere distances 0; 10,00267mm; 50,02624mm; 
100,03691mm; 199,98865mm; 
299,97205mm; 400,01388mm 

Coefficient of thermal expansion 

Calibration laboratory 

Uncertainty of the sphere center 
distances 

1ppm/K 

DAkkS 

U = (0.12 + L/2500)µm, L in mm 

 

 

Fig.  4. Ball bar calibration artefact with spheres on the top surface. 
Moreover, a zoomed in view of one cemented carbide sphere is shown.  

In order to measure and verify shorter distances and form 
measurements, a smaller calibration artefact (see Fig.  7) is 
used, which consists of sapphire glass and 24 cemented carbide 
spheres calibrated by the METAS (Federal Institute of 
Metrology, Switzerland). The calibration has been done by the 
METAS µ-CMM using a sapphire sphere as probe with a 
diameter of 0.2 mm and a probing force less than 0.5 mN. Each 
sphere was probed on its upper half along the equator and along  
two orthogonal meridians with a point density of 300pts/mm. 
Details can be found in Table 2. According to ISO/TS 
23165:2006 the test uncertainty is specified by the uncertainty 

due to the calibration of the calibration artifact. The uncertainty 
due to thermal compensation as well as the uncertainty due to 
misalignment and fixture of the artifact is assumed to be 
negligible. Fig.  8 shows the length measurement errors for the 
lengths between the 1mm spheres on the advanced calibration 
artefact. The majority of the values lies within ±(0.6 + L/600) 
µm (L in mm). A detailed analysis of the data has shown that 
the four outliers are due to an erroneous sphere measurement. 
Hence, repeated measurements as stated in the ISO 10360-8, 
would be useful.  
 

 

Fig.  5. Length measurement errors, measured along space diagonal 1 and 4 
(according to ISO 10360-8). Graphical representation of misalignment effect.  

 

Fig.  6. Length measurement errors, measured on the ball bar. The distance of 
the sphere 2, 3, 4 and 5 to sphere 1 is measured along x and  y direction.  

Table 2. Technical specifications of the advanced calibration artefact. 

Description Value 

Sphere diameters  16x 1mm,  1x 2mm, 7x 0.4mm 

Sphere distances 

Sphere sphericity 

from 0.02 to 57.47mm 

from 0.18 to 0.71µm 

Coefficient of thermal expansion 

Calibration laboratory 

Uncertainty of sphericity  

Uncertainty of coordinates and 
diameter 

8.5ppm/K 

METAS 

U = 0.22µm 

U = 0.20µm 
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Fig.  7. Advanced calibration artefact to verify distance and form 
measurements. The detailed view shows the positions of the 24 cemented 
carbide spheres. 

 
 

 

Fig.  8. Length measurement errors, measured between the 1mm spheres of 
the advanced calibration artefact. The majority of the length measurement 
errors are less than ±(0.6 + L/600) µm (L in mm). 

4. Application - micro hole measurement in fuel injectors 

An application, which demonstrates the highly accurate   
geometric measurement of small and complex components and 
their geometric relations is the measurement of micro injection 
holes of valves.  

Fig.  9 shows a cross section of such an injection nozzle and 
the geometry of an injection hole. The relevant parameters are 
the form as well as orientation with respect to the part axis. In 
general, the nozzle holes are cylindric (hole inlet diameter = 
hole exit diameter) or cone-shaped (hole inlet diameter ≠ hole 
exit diameter). The diameter of these holes is between 120 and 
600µm. The diameter to depth ratio of those holes is 1:5. The 
orientation of a nozzle hole can be described by the angle 
between the part axis and the hole axis.  

Due to the fact, that typically detailed data on injection 
nozzles are subject to non-disclosure agreements, the measured 
component is an off-the-shelf part bought in a local car 
component shop. Therefore, no CAD model or technical 
drawing of the measured injection nozzles can be presented.   

 

 
Fig.  9. Cross section of a fuel injector and measured injection hole geometry. 
 

For the measurement of the 3D dataset, the measurement 
system was equipped with a high-precision rotation unit with 
calibrated tilting and rotation axis. The injection nozzle is 
mounted on the motorized rotation unit and the holes are 
scanned. Due to the depth of field information, a 3D dataset is 
generated. Fig. 10 shows the resulting 3D dataset of the 
injection nozzles and the eight measured injection holes. For 
achieving the geometry parameters, first the hole axis is 
determined by robustly fitting a cone to the whole geometry. 
Fig. 11b shows a cross-section through the injection holes. This 
sectional view clearly shows that the holes are conical. 
Therefore, a robust cone fit is made in each hole. To determine 
the bore diameters, a circle is fitted into the cross-section of the 
inlet and outlet of the bore (see Table 3 and Fig. 10). Here, a 
standard Gaussian fit with 3σ is used, where all measured 
points are weighed equally. 

 

 
Fig.  10. Measured 3D dataset and measurement of the exit diameter of a hole 
by fitting a circle in the cross section. 

Table 3. Detailed measurement results for one hole.  

Hole Inlet 
diameter 
(mm) 

Exit 
diameter 
(mm) 

Cone 
opening 
angle (°) 

H1 0,1454 0,1255 3,038 
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errors of space diagonal 4 are much higher than for space 
diagonal 1 because the ball bar get out of place during the 
measurement. Fig.  6 shows length measurement errors 
measured along the x and y direction. In the first measurement 
the deviations highly increases between 100 and 300 mm test 
length. Therefore, the measurement has been repeated by 
taking care that the ball bar can not move. As it can been seen, 
in the second measurement all values lies within ±(0.6 + L/600) 
µm (L in mm). Hence, a revision of the ball bar artifact with 
regard to the fixation is under progress and consequently a 
detailed evaluation of the test uncertainty according to ISO/TS 
23165:2006 as well as the performance evaluation according to 
ISO 10360-8 will be future work.  

Table 1. Technical specifications of the ball bar calibration artefact 

Description Value 

Bar length 

Sphere diameter 

400 mm 

1mm 

Sphere distances 0; 10,00267mm; 50,02624mm; 
100,03691mm; 199,98865mm; 
299,97205mm; 400,01388mm 

Coefficient of thermal expansion 

Calibration laboratory 

Uncertainty of the sphere center 
distances 

1ppm/K 

DAkkS 

U = (0.12 + L/2500)µm, L in mm 

 

 

Fig.  4. Ball bar calibration artefact with spheres on the top surface. 
Moreover, a zoomed in view of one cemented carbide sphere is shown.  

In order to measure and verify shorter distances and form 
measurements, a smaller calibration artefact (see Fig.  7) is 
used, which consists of sapphire glass and 24 cemented carbide 
spheres calibrated by the METAS (Federal Institute of 
Metrology, Switzerland). The calibration has been done by the 
METAS µ-CMM using a sapphire sphere as probe with a 
diameter of 0.2 mm and a probing force less than 0.5 mN. Each 
sphere was probed on its upper half along the equator and along  
two orthogonal meridians with a point density of 300pts/mm. 
Details can be found in Table 2. According to ISO/TS 
23165:2006 the test uncertainty is specified by the uncertainty 

due to the calibration of the calibration artifact. The uncertainty 
due to thermal compensation as well as the uncertainty due to 
misalignment and fixture of the artifact is assumed to be 
negligible. Fig.  8 shows the length measurement errors for the 
lengths between the 1mm spheres on the advanced calibration 
artefact. The majority of the values lies within ±(0.6 + L/600) 
µm (L in mm). A detailed analysis of the data has shown that 
the four outliers are due to an erroneous sphere measurement. 
Hence, repeated measurements as stated in the ISO 10360-8, 
would be useful.  
 

 

Fig.  5. Length measurement errors, measured along space diagonal 1 and 4 
(according to ISO 10360-8). Graphical representation of misalignment effect.  

 

Fig.  6. Length measurement errors, measured on the ball bar. The distance of 
the sphere 2, 3, 4 and 5 to sphere 1 is measured along x and  y direction.  

Table 2. Technical specifications of the advanced calibration artefact. 

Description Value 

Sphere diameters  16x 1mm,  1x 2mm, 7x 0.4mm 

Sphere distances 

Sphere sphericity 

from 0.02 to 57.47mm 

from 0.18 to 0.71µm 

Coefficient of thermal expansion 

Calibration laboratory 

Uncertainty of sphericity  

Uncertainty of coordinates and 
diameter 

8.5ppm/K 

METAS 

U = 0.22µm 

U = 0.20µm 
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In addition to the hole geometry, also the hole angle to the 
tool axis is evaluated. The tool axis is determined by robustly 
fitting a cone into the dataset. Afterwards, each angle between 
the hole axes and the tool axis is computed. Fig.  11a shows a 
top view of the measured 3D dataset where the individual holes 
are numbered. In Table 4 the resulting hole angles are 
summarized.   

Table 4. Angle with respect to the outer axis. 

Holes Angle (°) 

H1 81,33 

H2 81,42 

H3 

H4 

H5 

H6 

H7 

H8 

81,35 

81,38 

81,22 

81,33 

81,52 

81,12 
 

 
Fig.  11. (a) Top view of the 3D dataset with numbered holes and (b) cross 
section of the measured holes. 

5. Conclusions 

Based on the application example of measuring micro holes in 
a fuel injection nozzle we present an approach for a µCMM 
based on focus variation. It is shown that the device can 
successfully determine parameters of such complex micro 
shapes.  
According to ISO 10360-8[14] and VDI 2617 [15] the 
performance of the instrument has been verified by using a 
laser interferometer and calibration artifacts calibrated at 
DAkkS and METAS. Measurements on the calibration artifacts 
show a maximum permissible length measurement error which 
is slightly higher than the MPE determined using the laser 
interferometer which just takes into account the axes accuracy. 
Therefore, the overall MPE specified by the Alicona in their 
product specifications is (0.8 + L/600) µm (L in mm) to 
guarantee the performance for all instruments. Future work 
needs to be done for the determination of other errors according 
to ISO 10360-8 not listed in this document as well as the 
performance evaluation on a revised ball bar artifact. 
Additionally, it is needed to verify the measurements of the 
injection holes regarding the uncertainty by a micro hole 

artifact like the PTB micro hole artifact [18] and a measurement 
system analysis on the injection nozzle. 
Finally, we want to mention, that a revision of the ISO 10360-
8 regarding sphere sizes (sphere diameter smaller than 10mm) 
or probing direction (if instruments cannot measure 90 degree) 
as well as the work on new standards e.g. the  VDI 2617 12.2 
[19] would be valuable and necessary.  
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