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Abstract 

The need for high speed and cost efficient inspection in manufacturing lines 
has led to a vast usage of camera-based vision systems. The performance of 
these systems is sufficient to determine shape and size, but hardly to an 
accuracy level comparable with traditional metrology tools. To achieve high 
precision shape/position/defect measurements, the camera techniques have 
to be combined with high performance image metrology techniques which 
are developed and adapted to the manufactured components. The focus of 
this thesis is the application of enhanced image analysis as a tool for high 
precision metrology. Dedicated algorithms have been developed, tested and 
evaluated in three practical cases ranging from micro manufacturing at sub-
micron precision to meter sized aerospace components with precision 
requirements in the 10 μm range.   
The latter measurement challenge was solved by low cost standard consumer 
products, i.e. digital cameras in a stereo configuration and structured light 
from a gobo-projector. Combined with high-precision image analysis and a 
new approach in camera calibration and 3D reconstruction for precise 3D 
shape measurement of meter sized surfaces, the achievement was fulfilled 
and verified by two conventional measurement systems; a high precision 
coordinate measurement machine and a laser scanner. 
The sub-micron challenge was the implementation of image metrology for 
verification of micro manufacturing installations within a joint European 
infrastructure network, EUMINAfab.  The results were an unpleasant 
surprise for some of the participating laboratories, but became a big step 
forward to improve the dimensional accuracy of the investigated laser micro 
machining, micro milling and micro-printing systems, since the accuracy of 
these techniques are very difficult to assess.  
The third high precision metrology challenge was the measurement of long-
range, low-amplitude topographic structures on specular (shiny) 
aerodynamic surfaces. In this case Fringe Reflection Technique (FRT) was 
applied and image analysis algorithms were used to evaluate the fringe 
deformation as a measure of the surface slopes to obtain high resolution 
data. The result was compared with an interferometric analysis showing 
height deviation in the range of tens of micrometers over a lateral extension 
of several cm. 
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Sammanfattning  

Behovet av snabb och kostnadseffektiv övervakning i produktionslinor har 
lett till en omfattande användning av kamerabaserade avsyningssystem.  
Prestandan på dessa är tillräckligt bra för att kontrollera form och storlek, 
men sällan på en noggrannhetsnivå jämförbar med traditionella mätdon. För 
att uppnå hög precision vid form- och positionsmätning, liksom vid 
defektanalys, krävs att kameratekniken kompletteras med avancerad 
bildanalys utvecklad och anpassad för de produkter som skall mätas. Fokus 
för denna doktorsavhandling har därför varit att utveckla förfinad bildanalys 
som ett verktyg för kamerabaserad precisionsmätteknik. Specialanpassade 
algoritmer har utvecklats, testats och utvärderats i tre industrinära 
tillämpningar som omfattar allt från mikrotillverkning, med krav på sub-µm 
precision, till meterstora flygplanskomponenter med precisionskrav i 10 µm 
området.   
Den senare utmaningen löstes med lågkostnads standardkomponenter i 
form av vanliga digitalkameror i en stereouppställning som kombinerades 
med en mönstergenerator bestående av en gobo-projektor, vanligen använd 
som diskoteksbelysning. Men genom precisionsanalys av stereobilderna, en 
alterantiv kalibreringsteknik och en ny 3D-rekostruktionsteknik kunde 
precisionskraven uppfyllas och verifieras med både koordinatmätmaskin och 
laserskanner. 
Problemställningen i sub-µm området gällde positionsverifieringen av 
mikrobearbetningsutrustning inom det gemensamma Europa infrastruktur-
nätverket EUMINAfab. Med en högpresterande optisk mätma-skin och 
avancerad anpassad bildanalys av de mycket svårmätta bearbetnings 
strukturerna avslöjades maskinernas egenskaper. Resultaten var i flera fall 
en oväntad och besvärande överraskning för de ingående laboratorierna, 
men det blev ett stort framsteg för förståelsen av maskinerena och ledde till 
förbättrade dimensionstoleranser hos de testade laserbearbetningsutrust-
ningarna, mikrofrässystemen och mikroscreenprint utrustningen.  
Den tredje utmaningen för bildanalysbaserd precisionsmätteknik handlar 
om höjdmätning på några 10-tals µm av cm-långvågiga ytstrukturer på 
blanka aerodynamiska ytor. Detta löstes med kameraavbildning av 
reflekterade rastermönster, så kallad Fringe Reflection Technique (FRT), och 
deformationsanalys av rasterbilden genom anpassad bildanalys. Resultatet 
utvärderades med ett kommersiellt interferometermätsystem som 
verifierade metodens möjligheter och resultat. 
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1. Introduction 

1.1 Image analysis – a background 

Although photogrammetry, the science of making reliable measurements 
by the use of photographs, is an old field that can be traced back to the 
invention of first cameras, the history of using digital images for 
measurements is relatively recent, and tied to development of digital 
computers and supporting technologies. The invention of the transistor, 
integrated circuits, and the development of high-level programming 
languages and operating systems led to the first generation of computers 
which were able to handle meaningful image processing tasks in the early 
1960s. One of the first image processing applications was related to the start 
of the U.S. space program in early 1960s, where the task was the correction 
of the various types of image distortions in pictures of the moon, transmitted 
by Ranger 7 to the Jet Propulsion Laboratory (Pasadena, California)  [1, 2]. 
The introduction of the microprocessor and the invention of computerized 
axial tomography (CAT) in the early 1970s started rapid advances in digital 
image processing [3, 4]. In addition to applications in medicine and the 
space program, digital image processing techniques quickly started to be 
used in numerous areas of applications. During the period 1976-1979, 
Swedish Society of Photogrammetry and Remote Sensing conducted series of 
activities for utilizing digital image analysis methods in different fields such 
as aerial photography, large scale mapping, and automatic mapping [5]. As 
reported by Anders Boberg [5], in 1978 an international symposium, 
"Photogrammetry for Industry" took place in Stockholm with more than 100 
participants. A series of developing projects carried out at the Royal Institute 
of Technology involved digital image analysis methods for close range 
photogrammetry for medical purposes, checking the geometrical quality of 
industrial products, and for recording monuments of natural history. 
Moreover, IRIS (Interface Region Imaging Spectrograph) and 
OSIRIS (Optical, Spectroscopic, and Infrared Remote Imaging System) were 
developed at the Royal Institute of Technology for interactive computer 
analysis of photographically recorded images of different kinds. The OSIRIS 
instrument were put in commercial production jointly by the Saab-Scania 
and Hasselblad companies in late 1970s [5]. Since 1970s, the field of image 
processing has been growing a lot and various techniques have been 
developed for more robust data analysis. For example, in astronomy, image 
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analysis of data taken with radio telescopes has become one of the vital tools 
to study the properties of stars and galaxies [6-8]. In remote sensing image 
processing techniques are used for data analysis of images received from 
satellites [9-11]. Today, in law enforcement, image-processing systems have 
become irreplaceable tools in establishing factual information in civil and 
criminal cases by providing fingerprint enhancement [12, 13], video 
surveillance [14, 15] and traffic plate recognitions [16, 17]. In field of defense 
and security, image processing is used for data analysis of numerous areas 
[18] such as small target detection [19], target tracking [20], missile 
guidance [21], vehicle navigation [22, 23], wide area surveillance [24, 25] 
and automatic/aided target recognition [26, 27]. In molecular biology, 
advanced analysis of images taken by fluorescence or interference-based 
microscopy has made it possible to study the complexity of biological cells, 
both structurally and functionally, by visualizing sub-cellular components 
and processes [28-31]. The rapid progress in computerized medical imaging 
and advances in image analysis methods has led to more uses of computer-
aided medical diagnosis [32-34]. In nuclear medicine, images captured by 
gamma-ray imaging or positron emission tomography (PET) are used to 
measure the size and shape of the tumors or infections in patient’s body [35].  
Parallel to all these areas, as mentioned above from 1970s digital image 
processing techniques have also been developed for industrial applications 
like robotics and metrology. Today camera techniques are widely used for 
industrial inspection to detect defects or to evaluate shapes [36-42] and in 
robotics for identification of shape and position of objects [43-46]. 

 
 

1.2  Motivation and problem statement  

An often misused statement among industry representatives is; 
“Measurement is not value adding.” The truth is that correctly applied 
measurements can lead to huge savings by reducing the cost of poor quality, 
which can amount to 10 percent to 40 percent of total turnover [47]. A 
considerable part of the poor quality is related to geometrical factors, 
tolerances of dimensions and inadequate measurements and lack of 
measurement planning. The cost of high performance coordinate 
measurement machines, laser scanners and 3D measurement systems, based 
on structured light, is typically in the range of 100 000 – 300 000 Euro, and 
is one reason for a limited number of measurement units in the workshop. 
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To circumvent the latter problem, metrology research should aim for sim-
simpler, but very robust measurement techniques, with a primary goal of 
showing a very high repeatability, as that is the limiting factor for the 
ultimate achievable accuracy. 

In this thesis, this fact has been a leading issue with the attempt to 
investigate possible camera-based metrology solutions in three case studies, 
where high repeatability is achieved over relatively large surfaces or volumes 
by focusing on image processing and enhanced image analysis, while still 
using low cost standard cameras for the image capturing.  

The problem statements of this thesis are related to the three case studies 
and are summarized as:  

 
I. Can we develop a low-cost 3D-metrology system based on standard 

digital cameras, covering meter sized surfaces in one shot and keep 
accuracies < 100 μm, as requested by the aviation industry? 
 

II. Can we predict the accuracy at submicron levels of micro 
manufacturing machines by using advanced image analysis on images of 
machined objects? 

 
III. Can we by simple means measure surface waviness with amplitudes of 

tens of micrometers but with surface wavelengths of several cm on glossy 
surfaces by image analysis of a reflected pattern? 

 
  

1.3 Methodology 

Metrology or the science of measurements is based on mathematics and 
physics laws. Therefore, the methodology of experimental physics is applied 
in metrology. This means that the problems and hypotheses are formulated 
based on observations. Then the mathematical models which describe the 
related phenomena are developed. The consequences of the hypothesis are 
tested by experiment and/or simulation to validate or falsify the hypothesis. 
In this context complementary measurement techniques are commonly used 
to further verify the results obtained. 

The overall scope for this doctoral thesis was to develop smart algorithms 
for high performance image analysis used for precision metrology, test them 
and evaluate them in practical cases. This was done by performing three 
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industrial production related case studies with different approaches to obtain 
the measured results. The results are presented as experimental data from 
these studies. 

In the first case study, “Development of image metrology for 3D precision 
measurements of aerospace components”, a new approach for camera 
calibration and 3D reconstruction of large carbon composite surfaces, used 
in aviation industry, was tested by applying advanced image analysis 
techniques. The results were compared to two reference measurements 
obtained by a coordinate measurement machine (CMM) and a laser scanner.   

In the second case study, ”Applying image metrology for performance 
evaluation of micro manufacturing installations”, an objective verification 
test was designed and performed on seven different micro manufacturing 
installations to evaluate the absolute performance of the equipment. For 
high accuracy data analysis, advanced image processing techniques were 
developed and applied to achieve subpixel resolution. The verification test at 
the end was evaluated by the uncertainty of the method.  

In the third case study, “Measurement of low amplitude waviness on 
specular surfaces”, the principle of the Fringe Reflection Technique for a 
specular carbon-fiber composite surface was tested by applying image 
analysis techniques. The results were compared to a reference measurement 
obtained by a Coherix interferometer.   
 

 
1.4 Outline of the thesis 

Following the brief introduction, motivation, problem statement and 
research methodology, provided above, the theoretical framework of the 
image analysis techniques used in this thesis is presented in chapter 2, 
together with the GUM approach for uncertainty calculations. In chapter 3, 
the evaluation techniques for the image analysis algorithms are described, a 
prerequisite before applying them to the comprehensive case studies.  

The first case study, “Development of image metrology for 3D precision 
measurements of aerospace components”, is presented in chapter 4. This 
case study was supported by the project: “Low-Cost Manufacturing and 
Assembly of Composite and Hybrid Structures, a collaborative research and 
development project between the European key players in the aircraft 
industry” (LOCOMACHS, FP7-314003). Chapter 4 contains six main 
sections. In the first section the background and motivation of the work is 
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presented. The experimental setup and the measurement method are pre-
presented in the second section. In the third section the image processing 
steps and challenges were discussed. The calibration procedure was 
explained in section four. The simulation results and the experimental 
measurement results are presented in section five and six respectively.  

 The second case study, “Applying image metrology for performance 
evaluation of micro manufacturing installations”, is presented in chapter 5. 
This case study was supported by the project: “Integrating European 
research infrastructures for micro-nano fabrication of functional structures 
and devices out of a knowledge-based multi-materials repertoire” 
(EUMINAfab, FP7-226460). Chapter 5 contains four main sections. In the 
first section the background and motivation of the work is presented. The 
micro manufacturing methods used in this study are briefly presented in the 
second section. In the third section the measurement method is explained in 
details. The results of all micro manufacturing installations are summarized 
in section fourth.  

The third case study, “Measurement of low amplitude waviness on 
specular surfaces”, is presented in chapter 6. This case study was supported 
by the Swedish NFFP5 (Nationellt flygtekniskt forskningsprogram nummer 
5) program, PRICE – Focus on producibility by way of the airplane factory, 
SAAB aeronautics. This chapter contains five main sections. In the first 
section the background and motivation of the case study is presented. In the 
second section the principle of FRT is discussed. A simulation was done to 
calculate the fringe deformation by a predefined surface waviness. The 
results of the simulation are summarized in section 3. The experimental 
setup and the results are presented in the sections four and five respectively.   

Discussions related to case study I, II and III are presented in three 
separate sections in chapter 7. An outlook for future work is presented in 
chapter 8. The overall conclusion of the thesis is presented in chapter 9. 
Appendix A is presented in chapter 10. The references are listed in chapter 11 
and the four peer reviewed journal and conference proceeding articles on 
which this thesis is based are appended at the end of the thesis together with 
two technical reports. 
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2. Theoretical framework 

By using camera systems in industrial inspection and measurement we 
are dealing with data analysis of two types of images. In camera-based 
inspection of product in assembly lines (Figure 1), we are interested in ana-
lyzing images of products to detect absence or misplacement of specific parts 
of the product. In in-line inspection of surface defects and detailed features 
(Figure 2) we are interested in analyzing images of e.g. fringes or any other 
predefined patterns that have been projected on the investigated surface. In 
both cases the image processing challenge is to find a smart solution to locate 
the boundaries of detected features (parts of the object or fringes) in the 
image. Therefore, edge detection is an important step of image analysis tech-
niques in camera-based metrology for shape, size, position and defect meas-
urements. In most of these measurements the accuracy of the image analysis 
depends very much on the accuracy of the edge detection techniques used to 
extract the image features. 

 

 

Figure 1.Camera-based inspection  
of products in production line [48] 

 

 

Figure 2.Surface defects measurements [49] 

 



7 
 

2.1 Digital image 

An image captured by a digital camera or digital scanner is referred to as 
a digital image.  It consists of a matrix of pixels, where each pixel is 
representing a certain brightness level. The columns and rows of this matrix 
correspond to X and Y position of the pixels in the image, with the upper left 
corner pixel referred to as (x1, y1). For normalized grayscale images the 
intensity, representing the brightness, of the pixels lies between 0 (black) 
and 1 (white). The values between minimum and maximum intensities 
represent different gray levels, typically 255 levels for 8 bit brightness 
resolution.  The size of each object pixel i.e. the area of the imaged object 
which each pixel will cover, is determined by the number of pixels in the 
camera sensor and the magnification of the camera lens (Figure 3). Because 
of optical aberrations and diffraction in the lens there will always be a slight 
fuzziness in the image of a perfect physical edge. This limits the possible 
resolution and is called the point spread function. 

 

 
Figure 3.The digital image acquisition process [53] 

 
Even if we assume an ideal (i.e. aberration free) system, diffraction in the 

aperture or lens/lenses will always limit how small spot size an optical 
system can deliver. The reason is due to the Heisenberg uncertainty principle 
shown in Eq. 1 

	
	 ∆p ∆x ≥ ħ/2, Eq. 1 
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where p is the momentum and x is the position of the particle/wave and ħ is 
the Planck constant/2π. In the case of a light wave, the momentum of the 
light is proportional to the light propagation vector, k, as shown in Eq. 2 

 

 p= ħ k. Eq. 2 

 
Combining the two equations 1 and 2 will lead to Eq. 3 

	
	 ∆k ∆x ≥ 1/2. Eq. 3 

 
The spread of k vectors is represented by the spread of angles of the light 
rays after passing an aperture. Because of the wave nature of the light and 
the phase difference between the light wave fronts which passed through 
different parts of an aperture, the light beams will interfere and create a 
diffraction pattern on the image plane. The diffraction pattern resulting from 
a circular aperture has a bright region in the center, known as the Airy disk 
(Figure 4)[50, 51]. Another way of observing this is if we have an imaging 
system having a focal length f and aperture diameter D and let a beam of 
collimated light pass the aperture. Then, the radius r, of the Airy disk at the 
focal point will be approximated by Eq. 4 
	

	
1.22	 	

	. Eq. 4 

	 	  

 
 

Figure 4. Diffraction pattern and the Airy disk from a circular lens/aperture.  
λ is the wavelength of the light. 
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Eq. 4 shows that there is an inverse relationship between the size of the 
aperture of an optical system and the resolution of that system. Resolution 
is, in this case referring to the Rayleigh criterion, i.e. the generally accepted 
criterion for the minimum resolvable detail, shown in the middle of Figure 5. 
As mentioned earlier, the way to calculate the performance of an imaging 
system is through the point spread function. PSF is a calculated image i.e., 
response of an imaging system, to a point source of light [51]. 

	

	
Figure 5. Illustration of resolving power of an optical system  

when two point sources are at different distances from each other 
 

With a minimum spot size of the focused light, caused by diffraction and 
aberrations, and a large number of small pixels in the camera sensor there 
will always be an intensity distribution across several pixels in the image of a 
perfect edge.  This fuzziness introduces challenges in finding the exact 
position of the edges in an image. There are many techniques and methods 
developed to detect the edge in pixel resolution [52]. The simplest way is to 
use a threshold value for a rough estimation of the edge position. More 
accurate techniques are based on finding the first derivative of the intensity 
profile along the edge. One standard edge detection algorithm, is the “Canny 
edge detector” [53] which uses the local gradient maximum of the intensity 
profiles across the edge to find the position of the edge in pixel resolution. 
For images with sharp, well defined edges, where uniform gray level 
transitions represent the boundaries of the imaged features the Canny edge 
detector is a good approach to locate the edges in pixel resolution. However, 
for images of features with high background noise, poor edge quality and 
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more complicated multi-edges, a more advanced technique has to be devel-
oped and adapted to the studied cases. In the second case study of this the-
sis, we faced such a challenge when analyzing images of micro milled fea-
tures. To solve the problem we developed an edge detection technique based 
on the correlation concept for better results in extracting the edge positions 
at pixel resolution.  

As will be seen in this thesis, pixel resolution is not sufficient for high pre-
cision measurements in images. Therefore, we had to bring the edge detec-
tion one step further by calculating the edge positions at subpixel resolution. 
A multi-step subpixel algorithm was developed and used in order to find the 
edge positions. The principles of the Canny edge detector, the correlation 
method and the subpixel resolution algorithms are presented in following 
sections.  
 
2.2 Standard edge detection techniques  

In normalized grayscale images the values of pixels represent intensities 
between 0 and 1. In a binary image, with only two intensity levels, 0 and 1, 
the edges are very well defined as seen in the upper graph of Figure 6. In 
grayscale images, edges are more likely to appear as a ramped intensity pro-
file, such as the curve in the lower graph of Figure 6. In this case the edge 
position is no longer easily defined. Instead, any pixel contained in the ramp 
can be an edge point [52]. The ramp shape of the edge profile introduces 
difficulties to accurately define the edge position.  

	
Figure 6.Edge position in binary and grayscale images 
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In this case the position of the edge is usually determined as the position 

of the maximum intensity of the first derivative of the edge profile (Figure 7). 

	
Figure 7. The intensity profile along the edge in original and gradient images 

 
Therefore, the magnitude and the direction of gradient vector, with com-

ponents Gx and Gy, in each pixel represent the strength and the direction of 
the edge in that pixel [52] (see Eq.5 to Eq. 7). 

 

Gradient	vector:			 	≡ 	 	
 

Eq.5 

	

Magnitude	of	gradient:	

	

| |	=	 	 1/2	
 

Eq. 6 

	

Direction	of	gradient	:	

	

	 , 	 Eq. 7 
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Figure 8.Gradient magnitude and direction in edge pixels [52] 

 
Derivatives of a digital function are defined in terms of differences. Since 

we are dealing with digital quantities the values are finite. Therefore, the 
shortest distance over which the change in intensity can happen is between 
two neighbor pixels.  The first order derivative of a digital function in one 
dimension is defined as in Eq. 8 
 

 

lim
→

1 	 Eq. 8 

	
where f(x) is the intensity values of the pixel in position x and f(x+1) is the 
intensity value of the next pixel in position x+1 with minimum distance of 
(x1-x) = 1 pixel. Similarly the X and Y components of the gradient vector are 
as in Eq. 9 and Eq. 10 
	

,
1, , , 

 

Eq. 9 
 
 

,
, 1 , . Eq. 10 

 
	

The components of the gradient vector itself are linear operators but the 
magnitude of gradient vector is not a linear operator. To make the computa-
tional process simpler and faster it is common to use the linear equation in 
Eq. 11 instead of the actual definition of gradient magnitude presented in Eq. 
6. This approximation still preserves relative changes in gray levels. 

 
Magnitude of gradient 	:   | | 	| | 	 Eq. 11 
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To calculate the gradient vector in each pixel two gradient operators (two 

matrixes that represent the properties of gradient components) has to be 
convolved to the entire image pixel by pixel. Three common gradient opera-
tors are shown in Figure 9 to Figure 11. The last two operators, Prewitt and 
Sobel, with odd numbers of rows and columns provide symmetrical results 
around the edge positions in compare to the first operators, Robert cross 
gradient. Therefore, they are more robust if the precise location of the edge is 
desired. Sobel kernels gives more weight (with the factor of 2) to the center 
pixel than its two neighbors which make the operators less sensitive to the 
noise in compare with Prewitt kernels. In this thesis Sobel operators were 
used to calculate the gradient images. 
 

 
Figure 9.Robert cross-gradient operators [52] 

 

 
 

Figure 10.Prewitt gradient operators [52] 
 

 
 

Figure 11.Sobel gradient operators [52] 
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2.3 Canny edge detector 

In 1986, John F. Canny introduced a computational theory of edge detec-
tion based on using the gradient vector [53]. The Canny edge detector is a 
multi-step algorithm where the output is a logical image that consists of one-
pixel wide edges [52]. The four image processing steps are listed below: 
1. It applies Gaussian filter to reduce the noise in the image. 
2. It calculates the gradient magnitude and direction for each pixel using 

any of the operators mentioned in the previous step. To calculate the di-
rection of the edge in each pixel, the algorithm rounds the direction of the 
gradient vector to one of the eight angle sectors shown in (Figure 12). 
 

 
Figure 12.Canny edge detector calculates the gradient direction in each pixel [52] 

 
3. It then applies non-maxima suppression to the gradient magnitude by 

computing the direction of the gradient, dk , in each pixel. If the value of 
the gradient magnitude in that pixel (e.g. P5 in Figure 13) is smaller than 
the two neighbors (P2 and P8 in Figure 13) along the gradient direction 
(dk= vertical), the algorithm sets the gradient value to zero, gN(x,y)=0, 
(suppression); otherwise set gN(x,y)= G(x,y). Where gN(x,y) is non-
maxima suppressed image. 
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Figure 13. The Canny edge detector uses the gradient direction for non-maxima suppression 

[52] 
 

4. Finally it uses double thresholding to reduce false edges. If the threshold 
is chosen too low there will be false edges and if it is chosen too high some 
of valid points might be missed (Figure 14). If the gradient value of an 
edge pixel is higher than the high threshold value, it is marked as a strong 
edge pixel, (Figure 14, BWH). If the gradient value of an edge pixel is 
smaller than the low threshold value, it will be suppressed (Figure 14, 
BWL). But if the gradient value of an edge pixel is smaller than the high 
threshold value and higher than the low threshold value, it is marked as a 
weak edge pixel (Figure 14, BWLH). Usually a weak edge pixel represent-
ing the true edges is connected to a strong edge pixel while noise respons-
es are unconnected. If, for each weak edge pixel, any of its 8-connected 
neighbor pixels is a strong edge pixel, that weak edge pixel is identified as 
one that should be preserved. 
 

 

Figure 14.Canny uses double thresholding to reduce false edges [52] 
 
2.4 Correlation Method 

In case study II [Paper 3, Paper 4 and Paper 5], the performance evalua-
tion of micro machining installations, a series of images were captured from 
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the machined samples. To calculate the X,Y positioning performance, devia-
tions from the nominal features (tiny crosses) had to be measured in the 
images. Thus, the absolute position of the micro machined features, defined 
as the center of gravity (COG) of the calculated edges of the cross, had to be 
calculated accurately with respect to the image coordinate system. The main 
problem in detecting the edges in the micro milling images [Paper 3] was the 
burrs remaining between the borders of machined features and the untreat-
ed metal surface.  The standard edge detection techniques, such as the Canny 
edge detector, created numerous false edges from sudden changes in image 
intensity. Therefore, for images of the micro milled features with multiple 
surface grooves and a noisy background (from the milled surface), a stand-
ard edge detection technique was not a suitable solution in the extraction of 
the position of the real edges. By real edges we mean the transitions in gray 
levels from the untreated surface to the milled surface, that represent the 
real physical boundaries of the machined features, not the gray level transi-
tion caused by shadows, burrs or scratches.  Figure 15-Image 1 shows an 
image of a micro milled cross on a brass surface from case study II.  Looking 
closely to the micro milled features by a scanning electron microscope and 
using the SEM images (Figure 15-Image 2), made it clear which line in the 
image represents the physical edge. Figure 15 , also shows examples of two 
gray level transitions, caused by a physical edge (template A) and shadow of 
it (Template B), in the image. Both gray level transitions will be detected by 
the Canny edge detector as edges. 

In Figure 16 an example of the appearance of the milled area is shown, 
and how it is interpreted by the Canny edge detector. To avoid detecting false 
edges, in this case, a different approach based on correlation had to be used 
for obtaining much better results. 
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Figure 15.Examples of two gray level transitions in an image. 
Image1: Image of a micro milled cross. Image2: SEM image of a micro milled grove 

Template A: Gray level transition caused by the physical edge 
Template B: Gray level transition caused by the shadow of the physical edge 

  

 
Figure 16. Appearance of the milled area and Canny edge detection resul 
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In order to locate the edges of the micro milled features with complicated 
edges an edge detection method based on the concept of correlation was 
developed. Correlation is a common method used in image processing for 
finding special features in images like corners, arbitrary shapes or just sim-
ple edges. First, a small window (template) is generated from the part of the 
image containing the feature that we would like to find in the rest of the im-
age. This template is then compared to the entire image in order to find a 
similar pattern. In our case the template had to cover an area of the image 
representing the physical edge and a surrounding area, free from disturbing 
irregular burr and contaminations (Figure 17).   

 

 
Figure 17. Chosen template from the original image [Paper 3] 

 
The comparison is made by scanning the center of the template pixel by 

pixel across the image. At each x,y pixel position the sum of the squared dif-
ferences between the overlapping pixels is calculated. Mathematically the 
action is expressed by Eq.12, where, C(x,y) is a correlation measure of the 
template versus the area surrounding f(x,y), i.e. grey level at pixel x,y, corre-
sponding to the center of the (2n+1) by (2m+1) large template. A perfect 
correspondence in grey levels between the template and the local area of the 
image will render in C =1.  

 

, 1
1

2 1 	 2 1
, , .	 Eq.12 
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In the next step we define a correlation threshold for C and store the pixel 
positions with C-values above the threshold as a binary image according to 
Eq. 13. The resulting image, represents the approximate edge position, ob-
tained as Bw (x,y). 

 

,
1,
0, 

	 , ,	

.	

Eq. 13 

	

 

To be able to detect the milled edges in all directions, the procedure has 
to be applied four times with four different templates (vertical left and right, 
and horizontal up and down). The four templates can be chosen from the 
different directions or, as in our case the edges look very similar, one and the 
same optimal template can be selected from either of the defect free parts of 
the cross and be rotated in 3 other directions (Figure 18).  

 

	
Figure 18.Four different orientations of the template used to detect edges in all directions  

 
By applying Eq.12, those parts of the image which have the best similari-

ties with the template are found. Since the template is chosen in a way so 
that the center pixel is approximately at the position of the physical edge in 
the original image, the positions of the other pieces of the physical edge are 
found by applying the correlation algorithms. By using the correlation meth-
od, those parts of the milled edges having a lot of burr or noise affecting the 
accuracy, are filtered out.  Figure 19-Left, shows selected edge pixels (green) 
after applying the correlation method with a certain threshold level. As seen 
in Figure 19-Right, some parts of the image have more than one green pixel 
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selected for the position of the physical edge. To find the position of the edge 
more accurately these candidate positions were used as the input for the 
subpixel resolution algorithm that calculates the edge position at fractions of 
pixels, and presents them as the red dots, shown in Figure 19-Right. The 
principle of the subpixel resolution algorithm is explained in details in the 
next section.  

 

	
Figure 19. Left: The detected approximate edge positions using the correlation method (green 

lines). Right: Close-up view of a section of the cross edge, with approximate edge from correla-
tion analysis (green squares) and subpixel determined edge (red dots). 

 
A critical step in getting the correct results with the correlation method is 

to choose the right template. As mentioned before, comparing the camera 
and the SEM images in Figure 15, makes it clear that in the camera image the 
border between the dark gray (burr) and the medium gray (shadow of the 
milled edge) presents the position of the physical edge. If the template only 
covers the gray level transition between the burr and the shadow of the 
milled groove (template A) then, as has been illustrated in Figure 15, the 
correlation method will detect the other gray level transitions such as the 
shadow to background (template B) as well. Therefore, the template not only 
has to cover the area of the image which presents the physical edge but also it 
has to cover a surrounding area to be more selective (see Figure 17). Despite 
irregular shapes in some places, the amount of burr is more or less constant 
in a large portion of the cross boundaries with the resolution used in captur-
ing the images. Therefore, to find the pieces of the physical edge, the tem-
plate has to cover the physical edge and a surrounding area, free from dis-
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turbing irregular burr and contaminations. Moreover, as explained above, to 
find the correct position of the edge later, by using our subpixel resolution 
algorithm, the center position of the template has to be on the physical edge. 
With these conditions more than one area of the image can be selected as a 
template. The process of selecting the correct template with optimal size is 
provided in details in chapter 3. 

 
 

2.5 Subpixel resolution technique 

In order to derive the position of edges at higher accuracy a multi-step al-
gorithm was developed for better results in subpixel resolution. After finding 
the edges at pixel resolution, using the Canny edge detector or correlation 
method mentioned above, the logical–pixel-resolution edge image is used as 
input to our in-house developed subpixel resolution algorithm to find a more 
precise location of the edges. 

The subpixel algorithm developed for this evaluation is based on using 
the intensity level of the edge pixel and its neighbors in the gradient image. 
By doing that, we find the position of the local maximum intensity, i.e. the 
subpixel coordinate that we define as the edge. The algorithm implemented 
consists of 4 steps.  

In step 1 of the subpixel algorithm, the edge pixels found by any methods 
mentioned above are imported to the gradient image. Then, a widening of 
the edge is created around each edge pixel using a morphological operation, 
dilation [52]. A matrix of ones with the size of 3x3 is used as the structuring 
element for the dilation.  After generating the dilated image, the edge pixels 
are removed from the widened area and the remaining pixels make up two 
one-pixel-wide border lines, with the edge pixels in-between them (see Fig-
ure 20).  
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Figure 20. Left image: Intensity transition along the edge in the original image (Edge positions 
found at pixel resolution are marked with red dots). Right image: Intensity transition along the 

edge in the gradient image (neighbor positions found by dilation method are marked with black 
dots) [Paper 3] 

 
These borders, as will be explained in steps 2 and 3, are used to find the 

local maximum, i.e. the edge represented by a subpixel coordinate. A small 
section of the gradient image has been highlighted in Figure 20 with a red 
frame. Figure	 21 shows this small section with neighbor pixels (A, B, C, G, H, 
and I) surrounding the edge pixels D, E and F, with higher brightness.  

 

	
Figure 21. A gradient vector around the edge pixels [Paper 3] 

 
In step 2, we determine the intensity gradient in the X,Y plane, i.e. the 

magnitude and the direction of the gradient vector is calculated for each 
neighbor pixel using Sobel operators [52]. The direction of the gradient vec-
tor should point to the maximum intensity (edge position) in the image.  
From each neighbor pixel (e.g. G), two positions (G1 and G2) are selected in 
the direction of the gradient vector with the distance of 1 and 2 gradient unit 
vectors. Since these positions are floating points (i.e. they are not on the pixel 
grid), the gradient in each positions is calculated by linear interpolation us-
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ing the gradient values of the four closest neighbor pixels. For example, the 
gradient magnitude of G1 in Figure 21 is calculated using the gradient magni-
tude of 4 pixels D, E, G and H. 

In step 3, as shown in Figure 22, a 2nd degree polynomial is fit to each set 
of 3 points in the direction of the gradient vector (each neighbor pixel and 
the two corresponding points, G, G1 and G2). The position of the subpixel 
determined edge is then the position of the local maximum of the fitted 
curve. A threshold of one pixel is used for disqualifying the maximum values 
which are too far from the first edge pixel. In other words, after calculating 
the local maximum for all neighbor pixels the local maximum values which 
are closer than one pixel distance from the edge pixels are selected as appro-
priate coordinates for the edge. 

 

	
Figure 22. Principle of subpixel resolution technique based on gradient image analysis [Paper 3] 

 
In step 4, as shown in Figure 23, to reduce the amount of data, we cluster 

the local maxima by averaging over all local maxima inside a pre-defined 
radius around each edge pixel. This pre-defined radius can be changed de-
pending how much we need to compress the data. In Figure 23-B clustering 
radius of half a pixel is shown. Clustering is an optional step. It gives a better 
control in sampling over the edge points. 
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Figure 23. A: The local maxima found using all 6 neighbors are marked with green dots, B: Pre-
defined area with the radius of half a pixel around the edge pixels are shown with red circles C: 

The average values calculated inside the pre-defined area are marked with red dots 

 
2.6 Uncertainty calculation 

As pointed out in the motivation of this thesis work, the aim is to find ro-
bust image analysis techniques giving a high repeatability, usually referred to 
as precision in metrology, to pave the ground for improved accuracy in the 
measurements. However, precision is only one of the components contrib-
uting to the overall uncertainty, causing a loss of accuracy of a measurement. 
Below we present the principles of how uncertainty is calculated based on 
GUM (Guides to the expression of uncertainty in measurement)[54].  

The uncertainty in the result of a measurement generally consists of sev-
eral components. Those components which are evaluated from the statistical 
distribution of the results of series of measurements (Figure 24) and can be 
characterized by standard deviations are called type A.  

 
Figure 24. The statistical distribution of the results of series of measurements 
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For a series of n measurements of the same measurand, average ̅ 	 is defined 
as Eq. 14 
 

	 1
 

 
Eq. 14 

 
The quantity s, called experimental standard deviation or shortly standard 
deviation, characterizing the dispersion of the measurement results is given 
by Eq. 15 
 

	
1

1
 

 
Eq. 15 

 
As mentioned above this standard deviations represent the uncertainty of the 
 results of series of Type A measurements and is often denoted as u. 

 Those uncertainty components, which are evaluated from assumed prob-
ability distributions based on previous information or experience, are called 
Type B. They can also be characterized by standard deviations. The infor-
mation about the uncertainty Type B may come from: 
 Previous measurement data; 
 Experience with or general knowledge of the behavior and properties of 
relevant materials and instruments; 
 Manufacturer's specifications; 
 Data provided in calibration and other certificates; 
 Uncertainties assigned to reference data taken from handbooks. 
 
For uncorrelated uncertainty sources, the total uncertainty of the measure-
ment is calculated as the geometric sum of uncertainty as shown in Eq. 16: 

 
 

	
⋯ 

Eq. 16 
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It is often necessary to give a measure of uncertainty that defines an in-
terval (confidence level) about the measurement result. This additional 
measure of uncertainty is called expanded uncertainty, U, and it is obtained 
by multiplying the combined total uncertainty uT(x) by a coverage factor k 
(Eq. 17)  

 
	 	  Eq. 17 

 
The confidence level indicates what fraction of the distributed values was 

considered in expressing the total uncertainty. It is common to express the 
confidence level by σ as we do in this thesis. Total uncertainty with confi-
dence level of 1σ (coverage factor of 1) corresponds to 68.2% of the distribut-
ed values. Expanded uncertainty with coverage factors of 2 and 3 are ex-
pressed with confidence levels of 2σ, corresponding to 95.4%, and 3σ, corre-
sponding to 99.7% of the distributed values (Figure 24).   
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3. Algorithm evaluation 

Before applying the developed correlation method, described in the pre-
vious chapter, a comprehensive investigation was made to evaluate the per-
formance and the limitations of the algorithms. 

 

3.1 The average template 

An investigation was made to compare the results of choosing different 
templates from two parts of the image. The results showed that using two 
different templates led to different numbers of correlated windows and 
therefore different values in the final center of gravity calculation of the en-
tire cross. But by finding similar templates in the image and calculating the 
average template (Figure 25), using the optimal number of templates as 
shown in Figure 26, the results of correlation will be very similar, i.e. become 
independent of the initial templates. 

	
Figure 25. 3 steps in calculating the average template 

 
To find out how many templates should be included (an optimal number, 

n) in calculating the average template; two initial templates were picked 
from two different areas in the image (Figure 26). The three steps mentioned 
in Figure 25 have been applied for each case. In step 3 the number of tem-
plates used in calculating the average template, n, increased from 2 to 50 and 
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for each n, the correlation method was applied and the number of correlated 
windows were calculated.  The graphs in Figure 26 present n versus the 
number of correlated windows after using the average template. The results 
show that after using around 8 similar areas to make up the average tem-
plate, the number of correlated windows is “saturated” and becomes inde-
pendent of the initial template. After selecting the initial template, we have 
developed a routine for setting up an average template from 10 different, but 
similar areas along the edge. Choosing the first template from different areas 
of the milled cross creates a very small difference in the correlation results 
and thereby different final COG calculations. However, with a camera resolu-
tion corresponding to 7.4 µm/pixel, the difference is a matter of variations in 
the 30 nm range, in calculating the final center of gravity of the milled cross-
es, i.e. it is far less than other uncertainties. 

The initial template can be selected manually or automatically. As ex-
plained above, after calculating the robust average template by averaging 
over 10 similar windows to the initial template, the results of calculating the 
COG value will be in the range of few tens of nanometer. 

 
Figure 26. The results of manually choosing two initial templates  

and plotting the calculated average values versus the number of correlated windows 
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3.2 Template’s optimal size 

The next step in the pre-evaluation of the developed algorithms was to 
find the optimal size for the initial template. To do this we changed the size 
of the template in X and Y direction and observed the number of the corre-
lated windows representing the position of the physical edge. To find the 
optimal length of the template in Y direction, as shown in Figure 27 , first, a 
fixed width of 15 pixels in X direction was chosen from the original image. 
This width is a rough estimate of when the template covers the three gray 
level transitions. Then the length of the template was increased from 3 pixels 
and the number of correlated windows was calculated for each length. As 
presented in the graph, the template length between 3 to 11 pixels would lead 
to detection of false edges. These false edges were the gray level transitions 
generated because of the background noise caused by machining marks on 
the surface, burrs and contaminations. From a length of 11 pixels to larger 
values the number of correlated pixels decreases. If the length gets very long, 
there would be only one window (the area where the template is selected 
from) that would correlate with the template. From these observations, the 
minimum length of 11 pixels was selected for the template in Y direction to 
get the maximum number of correlated pixels which covers the physical edge 
and not the false edges caused by scratches and burrs. 

 

 
Figure 27. The relation between template’s different lengths and the number of correlated win-

dows representing the physical edge 



30 
 

To find the optimal width of the template in the X direction, as shown in 
Figure 28, first, a fixed length of 11 pixels in Y direction (obtained from pre-
vious step) was selected. By increasing the width of the template from 3 pix-
els we observe that the widths between 3 pixels to 11 pixels lead to detecting 
false edges for the reason presented in Figure 15 and explained earlier. The 
numbers of correlated windows, representing the position of physical edge, 
were more or less the same when the width is between 11 to 21 pixels. But 
after a width of 21 pixels the number of correlated pixels increases. Since the 
size of the template is increasing, the number of background pixels (noise) in 
comparison to the number of pixels covering the gray level transitions is 
increasing. In other words the signal to noise ratio (SNR) is decreasing. Any 
width between 11 pixels to 21 pixels will give good results in number of corre-
lated pixels. The width of 21 pixels with maximum number of correlation 
windows was therefore chosen for the template.  

 

	
Figure 28.The relation between template’s different widths and the number of correlated win-

dows representing the physical edge 

 
As mentioned above, there are two ways to select the first small window 

to be used as initial template. Manual, for measured items that are consid-
ered to be the output of an unstable manufacturing process with large varia-
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tions and automatically if the measured items show a small variance. For 
case study II, the selection process of the initial templates was done both 
manually and automatically and the results were compared. The automatic 
selection method showed no significant difference in calculated COG com-
pared to the manual selection method. Thus, there was no benefit timewise 
to do the selection automatically. The variation in COG position, as men-
tioned above, varies by ~30 nm when selecting different 1st templates, i.e. it 
is not a significant contributor to the uncertainty in COG calculation.   

 
3.3 Automatic selection of the template 

For automatic selection of the initial template the three criteria listed below 

had to be implemented:    

1. The template has to cover the gray level transition which is caused by the 
physical edge and its surroundings. 

2. The template must be free from irregularities along the edge. 
3. The center of the template shall be approximately (± one pixel) at the 

physical edge.  
 
To define a reasonable width for the template which covers the back-

ground-burr-shadow-background area (as shown in the lower left image of 
the Figure 29) first we used the histogram of the image to separate the fea-
tures. The graph at the right side of Figure 29 shows the histogram of the 
image of a milled cross. The vertical axis shows the number of pixels and the 
horizontal axis shows the gray levels in the image. Three peaks represent the 
three different features (gray levels) in the image.  

The software uses the two thresholds extracted from the image histogram 
to separate the cross borders (burr and shadow) from the background. Fig-
ure 30-left, shows the image processing result of using the two threshold 
values and a series of filters for removing the background scratches and 
noise to separate the burr (green area) from the shadow (yellow) and the 
background. These values will be used to calculate a reasonable width for the 
initial template that covers burr, shadow and a small portion of the back-
ground. The average width of the burr, together with the shadow, was calcu-
lated using the widths of several parts of the cross arms as shown in Figure 
30-right. At the end a number of pixels (twice as the average width) are add-
ed to this average value to make a window that covers the background-burr-
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shadow-background area as shown in the lower left image of Figure 29. This 
initial template’s width will be later optimized as explained before.  

 

	
Figure 29.Image histogram and chosen thresholds 

 

	
Figure 30. Left: burrs (green area) and shadows (yellow area) are separated using the two 
threshold values, Right: a binary image of the burr and the shadow and intersected lines to 

calculate the average width of the burr and the shadow in different parts of the cross 

 
In the second step, to find a template free from irregularities, the dark 

gray pixels were separated as the burr (green area in Figure 30-Left). Then, 
the pixels of the vertical arms were selected and a window was defined 
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around each pixel with the length of few pixels and the width which were 
found in the previous step. In an example shown in Figure 31, a width of 31 
and a length of 3 pixels were chosen for the template to illustrate the case. As 
mentioned above, these values are not the optimal size of the template. The 
size optimization will be done after the automatic selection of the initial tem-
plate. As shown in Figure 31, the gradient was calculated for each window. 
The intensity profile along the edges (background-burr-shadow-background) 
has been plotted for the center line in the window (Figure 31-Left). As shown 
in Figure 31-Right the intensity profile for the same line in the gradient im-
age has 3 peaks at the background-burr, at the burr-shadow and at the shad-
ow-background edges. 

The distance between the first peak (background-burr edge) and the sec-
ond peak (burr-shadow edge) defines the burr width. To keep the template 
free from burr irregularities along the edge, first, the average distance be-
tween the two peaks was calculated for all windows around the selected pix-
els. Since the irregularities are a small portion of the borders, the average 
value is close to the ideal case. Then for each window the distance between 
the first and the second peak for each row was compared to the average val-
ue. A distance equal to the average value ±one pixel is accepted. The second 
condition to get the template free from contamination was to have a constant 
width for the shadow (distance from the second peak and the last peak). This 
distance also had to be equal to its average value ±one pixel. At the end, the 
window with all rows fulfilling the two mentioned requirements was selected 
as a template free from irregularities.   

 

	
Figure 31. The intensity profiles of the window around each selected pixel and its gradient 
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In the third step, the center of the template is aligned to the position of 
the physical edge. If the selected pixel from the dark gray level intensity 
(burr) is at the position of the second peak (burr-shadow edge), the window 
around that pixel is selected as the initial template (Figure 32-upper graphs), 
otherwise it will be discarded as the case shown in Figure 32-lower graphs. 

At the end there would be more than one window along the vertical edges 
that fulfill the 3 criteria mentioned above. All templates would be detected by 
the software. The template with minimum difference from the average tem-
plate was then chosen to be the initial template in this automatic selection 
procedure.  

 
 

	
Figure 32. Aligning the center of the template to the position of the real edge 
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4. Case study I: Development of image metrology for 3D 
precision measurements of aerospace components. 

4.1 Background 

Assembly of aircraft wings is a large scale fitting process of many structural 
elements such as spars, ribs and covers (Figure 33). Today these structural 
elements are mostly made of carbon composite materials. The inherent 
properties of composite materials and the manufacturing variables introduce 
deficiencies in composite components. In the assembly process it is not pos-
sible to get form accuracies of the different parts to the level of “perfect fit.” 
Therefore, shimming, i.e. filling out gaps, is a critical step in the assembly of 
composite parts. Today pre-assembly is the routine used to manually deter-
mine the thickness of the shim between the parts before the final assembly. 
In this process gaps are assessed using feeler gauges and other manual in-
spection techniques and components are provided with shims to ensure that 
interface tolerances are maintained [55]. One potential cost saving shortcut 
in the wing assembly process would be to measure the shape of the surfaces 
to fit, e.g. the surfaces of the spar and cover, to determine necessary shim-
ming without the pre-assembly and manual feeler gauge measurements. 
 

 
Figure 33. Different components of an aircraft wing [55] 
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This approach was proposed in the LOCOMACHS project [56] and alterna-
tive solutions of these measurements were investigated [Paper 1], and the 
proposed low cost technique is presented in this thesis. According to the 
specification provided by the aviation industry the measurement technique 
should be able to measure height/depth deviations of 0.1 mm of meter sized 
areas at a measurement point density of 1 point/cm2. Existing measurement 
techniques, e.g. laser scanners fulfil these specifications but with a large 
overkill in number of measurement points and huge file transfers. They also 
cost 50 -100 times more than the hardware cost of the system presented in 
[Paper 1]. This system, KIMS (KTH Image Metrology System) was developed 
as part of the LOCOMACHS project. It was designed and developed based on 
low-cost consumer products and adapted to the required density of meas-
urement points. To achieve a repeatability of height data 10 times better than 
the 0.1 mm tolerance mentioned in specification, advanced subpixel image 
analysis, combined with new high speed algorithms for 3D reconstruction 
were developed, tested and verified by simulations and comparisons with 
other measurement methods.  
 
4.2 Experimental setup and the measurement method 

Figure 34 shows the measurement system (KIMS) designed for this study. 
The system consists of two ordinary Canon 70D cameras with 35 mm 
Samyang lenses, a LED Gobo projector with a precision dot matrix mask 
installed. The latter projects the circular light dots at 10 mm pitch onto the 
object to be measured (see Figure 35). All equipment is mounted on a 2 m 
long aluminum beam put on top of a tripod. Images are captured simultane-
ously by the two cameras. The captured images are further processed by 
advanced algorithms prior to the application of our new 3D reconstruction 
technique. The theory of the 3D reconstruction and the calibration process is 
explained in details in section 2 and 3 in [Paper 1]. The measurement system 
was designed to be operated by a robot arm at a distance of ~1m from the 
target area. But, for the prototype a very sturdy tripod was used instead of 
the robot arm. In order to measure larger parts of the object it was possible 
to move the setup and capture several images along the object and stitch the 
measured data to cover a larger area. Black circular stickers are used as 
markers for image stitching purposes. An additional LED light source was 
mounted above the projector in case if extra images of the marker points 
were needed, when the system was operated in a dark environment.  
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Figure 34. The experimental KIMS setup [Paper 1] 

 

 
Figure 35. Projected dot pattern on a section of 2.6 m long Spar. Black circular stickers are used 

as markers for image stitching purposes.   

 
The two Canon 70D cameras were purposely equipped with Samyang 35 mm 
manual lenses. Using autofocus lenses in the camera system would make the 
measurement process faster. However, our pre-study indicated that loosely 
moving mechanics inside the lens cause unpredicted shifts between repeated 
images. This was confirmed in our objective test where we investigated the 
impact of flipping and locking the camera mirror on the moving mechanics 
inside the autofocus lens in comparison with the all manual lens. [Paper 2]. 
The investigation was done by analyzing a series of images captured from a 
high precision reference artifact using two different lenses; a professional 
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Canon EF 100 mm f/2.8L Macro IS USM autofocus lens with image stabi-
lizer and a Samyang 35 mm f/1.4 manual lens, mounted on one and the  
same Canon 7D camera system. The absolute positions of the pattern fea-
tures (circles) in the artifact were calculated using subpixel image analysis. 
In order to evaluate the repeatability of the imaging system, a mid-position 
X,Y value is calculated for each of the seven images. This mid-position is 
calculated as the average of all (684) circle center of gravities. The average of 
the seven mid-positions is then calculated and used as the reference mid-X,Y 
value, when analyzing the lateral shift (offset) of the 7 different mid-
positions. The offsets in X and Y direction are plotted in the graphs in Figure 
36, where the scale is in microns at the object plane, i.e. it reports how much 
the artifact has been artificially “moved” by the camera and lens mechanics. 
The results showed a much better stability when using the Samyang manual 
lens in comparison with the case of using the professional Canon macro au-
tofocus lens. The details of the investigation are provided in [Paper 2].  

 
Figure 36.Image offsets are shown in the same scale, a manual focus lens was used for Case 1 

and 2 while an autofocus lens was used for case 3 and 4 [Paper2] 
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4.3 Image processing  

The advantage of using a simple setup, with off-the-shelf cameras, lenses 
and projector, was the hardware cost reduction by almost two orders of 
magnitude. It also introduced challenges in developing smart image analysis 
algorithms to achieve high accuracy results, despite modest quality lenses. 
The accuracy of the 3D reconstruction depends very much on the accuracy of 
finding the absolute position of the 2D points in the images. For this reason, 
a lot of efforts have been put in developing accurate algorithms to estimate 
the center of gravity (COG) of the projected dots in the images. Figure 37 
shows the 3 steps used in finding the COG of each dot. To find the edge posi-
tions in pixel resolution a new algorithm was developed since the Canny edge 
detector implemented in MATLAB, had an unpredictable offset error of 1 
pixel. This offset did not cause significant impact in other applications but in 
this case study with limited number of pixels making up the border of a pro-
jected dot and the corresponding pixel size of ~ 170 µm on the object, it cer-
tainly would affect the accuracy in finding the COG and introduce problems 
later when the subpixel algorithm was applied. The developed edge detection 
algorithm is based on using the local maximum of the gradient image among 
each pixel and its two neighbors in x and y directions as the definition of the 
edge location. The next step in calculating the edge positions is to determine 
the edges in subpixel resolution. As explained in section 2.5, in the subpixel 
approach a 2D polynomial is fit to the edge pixels and its neighbors for a 
precise estimation of the local maximum in gradient image. After calculating 
the edge positions in pixel and later in subpixel resolution, an ellipse is fit to 
the final data for calculating the COG.    

 
Figure 37. Image processing steps to find the center of gravity of each dot. 

The circular dots appear elliptic in the 45° camera views [Paper 1]. 
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Although the original lens of the projector was replaced by an enlarger 
lens, a 50 mm/F2.8 El-Nikkor (section 3.3 [Paper 1]) to reduce chromatic 
aberrations, the lower right side of the dot pattern, in the images of the both 
cameras, still suffer from low amplitude coma and chromatic aberrations 
(Figure 38). The noise level, caused by different error sources including these 
aberrations, will influence the positions of the projected dots.  How much 
will be presented in the first part of the result section.   

 

 
Figure 38. Left image: RGB image of a projected dot, Right image: Gray scaled and filtered 

image of the projected dot 
 

The next challenge in image processing was to find the corresponding 
points in the left and right images, a necessity for the calculation of the 3D 
coordinates. This might look trivial, but it is not. Despite a symmetric camera 
view in the center of the image, some dots might be missing in one of the 
images. The main reason for that is the selection of regions of interest, to 
separate the object from its background in two images. Figure 39 shows the 
selected two regions of interest as blue frames in the left and right images. 
Since the two regions of interest are selected manually, inevitably small dif-
ferences occur between the two regions which lead to having different points 
on the borders of the object. In this case, the same dots have to be removed 
from the other image. Therefore, the synchronisation of the dots between the 
images is a not a trivial problem.  
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Figure 39. Selected two regions of interest in the left and right images. The projected dots inside 

the regions are marked by green colour. 
 

Moreover, because of using markers on the object for stitching purposes, 
some dots are missing in the middle of the dot matrices in both images (see 
Figure 40). The reflective surfaces of the black markers (stickers) reflect only 
a small portion of the light to the cameras and therefore the dots overlapping 
the markers will be missing in both images. As mentioned above, the images 
of the projected dots were captured by setting the camera view at +45° and -
45° to the normal of the surface.  To find the corresponding points, first, the 
images had to be transformed to the zenith view. To calculate the transfor-
mation matrix, the largest skewed rectangle is fit inside each skewed matrix 
(Figure 40). By knowing the pitch size and the number of dots inside each 
skewed rectangle the corresponding zenith view rectangle is calculated. Us-
ing both the skewed and zenith rectangle the two transformation matrices 
are generated for left and right images. The images are then transformed to 
the zenith view. Two logical images are generated from the zenith view imag-
es. The same number of dots is seen in both logical images. However, they 
might be shifted relative to each other. A simple correlation technique is 
used to find the relative shift by minimizing the difference between the logi-
cal images by shifting one of the images in the X and Y direction in steps of a 
pixel. By using the missing dots, caused by black markers on the surface, and 
the correlation technique, the two logical images are aligned and the corre-
sponding points are calculated. 
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Figure 40. The two dot matrices before finding the corresponding points. The red rectangle is 

the largest skewed rectangle fitted inside the data used for transformation. These matrices have 
been generated from a part of a wing spare. Please note the missing points in the matrices 

[Paper 1] 

 
 
4.4 Calibration process 

For calibrating the measurement system (KIMS) a confirmed flat object is 
measured in two different Z-positions from the setup. The object used for the 
calibration is a flat 50 x 60 cm2 painted mask writing glass plate with 6 mm 
thickness made for the company Mycronic AB [57]. Considering the required 
height/depth uncertainty in the LOCOMACHS project being 100 µm, this 
plate with the surface height variation better than ± 10 µm over the entire 
area was considered as a sufficiently flat object to use for calibration in this 
study. The calibration procedure is shown in Figure 41. Initially, the calibra-
tion plate is placed in the center of the projected dot pattern and perpendicu-
lar to the optical axis of the Gobo projector. The setup at Z0 corresponds to a 
distance of 1.05 meter from the aluminum beam and the pitch between the 
projected dots in this distance is 10 mm. To start the calibration procedure, 
the plate is first moved very accurately via a dedicated translation stage to a 
certain distance (+dz = 50.00 mm) in Z direction away from the setup to the 
back position. Then the calibration plate is translated in opposite Z direction 
(-dz = -50.00 mm), towards the setup to the front position. In each meas-
urement position (back and front), at least two images of the calibration 
plate from two different angles (+45° and -45°) are captured by the two cam-
eras.  
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Figure 41. The setup and the calibration procedure rendering in a calibrated volume of 50 x 60 x 

10 cm3 [Paper 1] 
 

The positions of the projected dots within the images are calculated using 
advanced subpixel image analysis algorithms. These two left and right posi-
tions, as shown in Figure 42, are seen as skewed matrices because of the 
cameras’ 45° perspective. 

 
Figure 42. Positions of the center of gravity of the projected dots (line crossings) calculated in 

the left and right images [Paper 1] 

 
The skewed positions are transformed to the so called zenith view posi-

tions. Four transformation matrices, HBack_Left, HBack_Right, HFront_Left, 
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HFront_Right, are calculated for left and right images when the calibration plate 
is placed in the back and the front positions. Since the calibration plate is a 
flat object, the projected dots in the zenith view are expected to be on a per-
fect grid. However, after transformation, the positions of the dots in the zen-
ith view are distorted due to the distortion errors in the cameras and the 
projector. A correction model is generated for each transformed image to 
compensate for the distortion in that particular image. For example, for the 
right image in the back positions, HBack_Right is used to transform the image to 
zenith view. Then the correction modelBack_Right is used to correct the distor-
tion errors in that image. The four transformation matrices and the four 
correction models are used later in the 3D reconstruction to transform the 
images of the object to zenith views. Then the measurement system was cali-
brated within the volume of 60 x 50 x 10 cm3, by compensating the distortion 
errors caused by the camera system (Figure 41).  To get a reference for the 
absolute scaling during the calibration, a metal ruler was used in the images.  

 
 

4.5 Simulation results 

To confirm that the developed algorithms perform as expected and to in-
vestigate all possible errors and their influence in the accuracy of the system, 
a full scale simulation of the measurement system and all steps was designed 
in MATLAB.  

The first step of the simulation process was to verify the correction mod-
els used in the calibration step, to compensate for the distortion. In order to 
calculate the distortion shape, 5th degree 2D polynomials are used to fit to 
the input matrix of points. For a simulated point matrix of a perfectly flat 
object (calibration plate), with zero noise added, the relative errors are in the 
range of 10-15, i.e. rounding errors in the developed software [Paper 1]. For 
simulating the real case, distortions similar in shape and amplitude to the 
experimentally found were generated. Then 2% random noise (1σ) in pixels 
is added to the input data. In the calibration step, after compensating for the 
lens distortion, the difference between the output point matrices and the 
model are measured. If the models manage to correct for the distortions, this 
difference will be just random noise with no systematical shapes. The results 
presented in Table 1 in [Paper 1] shows the difference between the output 
point matrices and the models. After correcting for the distortion, this differ-
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ence is about the 2% random noise in the pixel domain, which corresponds 
to approximately 3-4 µm (1σ) noise in the metric domain. 

 
In the second step of the simulation process the 3D reconstruction algo-

rithms were tested and verified. This was done by simulating the correspond-
ing point matrices of the calibration plate, with zero noise added and recon-
structing the 3D shape of the object in two positions from the setup, using 
the developed algorithms. As shown in Figures 12 and 13 in [Paper 1], after 
3D reconstruction, the Z-variation and the Z-range in both positions, for the 
simulated flat object is zero. In the next step, 2% noise was added to the cor-
responding point matrices of the perfect object and the 3D shape of the ob-
ject was again calculated in the same two positions. The results show the Z-
variation (1σ) and the Z-range of 4 µm and 31 µm respectively. These values 
are interesting because in the real measurement results on the calibration 
plate (will be presented in the result section) the Z -variation (1σ) is about 4 
microns which, according to the simulation results, corresponds to ~2% 
noise in calculating the positions of the projected dots on the calibration 
plate. In other words the uncertainty of the image processing algorithms in 
finding the center of gravity of the dots, contribute the 2% noise (~4 mi-
crons) in the height calculation. 

  
The third step of the simulation process involved the verification of the 

image processing algorithms, developed for finding the positions of projected 
dots. In the previous step, the 3D reconstruction results showed zero values 
for the Z-variation and Z-range of a perfectly flat object. In order to verify the 
image processing algorithms, a calibration object was simulated in MATLAB 
by creating a projected pattern of 45 x 60 bright dots on a gray background. 
Then, the corresponding left and right images were generated from the simu-
lated dot pattern and were saved in BMP format. The results of the 3D re-
construction of the simulated calibration plate, considering the image pro-
cessing effects, show a flat surface with 1σ (Z-deviation) of approximately 0 
µm (as a rounded value) and Z-range of 3 µm for the plate in the back posi-
tion, and 2 µm for the front position. As has been mentioned in [Paper 1], the 
reason for getting a Z-range of 3 µm instead of zero is caused by the 
MATLAB transformation function that transform the zenith view image of 
the calibration plate to the skewed images. In real measurements the images 
are captured at two angles of +45° and -45° and there is no need for trans-
formation from the zenith view to the skewed perspective. 
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4.6 Experimental measurement results 

The experimental measurement results are presented in following 4 sub-
sections. In the first section, the result of a repeatability test of the imaging 
system and the image processing algorithm, used for the calculation of the 
2D point matrices, are presented. Then, in following two sections the meas-
urement results of the 3D reconstruction for the calibration plate and for a 
realistic object, a piece of a composite spar used in airplane wings, are pre-
sented. The same object has been measured with two different measurement 
machines; a laser scanner on an articulated arm and a coordinate measure-
ment machine (CMM). The comparison between the results of the three 
measurement techniques are presented in the last section.  
 

4.6.1 Noise measurements in calculating 2D points  
 

Prior to calculating the 3D shape of the object (composite spar), the re-
peatability of the measurement in 2D was investigated by capturing five dif-
ferent images of the spar, with the left and the right cameras without chang-
ing the measurement setup. The COG positions of the projected dots were 
calculated in the skewed images using the subpixel algorithm described in 
section 2.5. To compare the deviations from the average value in the metric 
domain, the results were transformed to zero degree view using one trans-
formation matrix for all five point matrices from the left camera, and another 
transformation matrix for the five images from the right camera. Figure 43 
shows the overlay of 5 images in left the camera.  
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Figure 43 . The repeatability results for the 5 left images, when put on top of each other. xDev 
and yDev refer to the 1σ variation of all dots, from the average positions of all five. The 1 µm 
scale bar is referring to the scale at the line crossings (center of gravity of the dots) [Paper 1] 

 
Different colors were used to plot each measurement result. The intersec-

tions of the colored lines show the actual deviations of the center of gravity 
positions, using the 10 μm scale bar as distance reference, of the projected 
dots on the spar. Two scales are thus used in the graph, one overall coordi-
nate system scale covering 90 mm x 610 mm of the spar, and a local scale for 
emphasizing the deviations. As presented in the figures, the deviations in 
finding the positions of the projected dots in X and Y directions are better 
than 10 µm for the left camera. Similar results were obtained for the right 
camera [Paper 1- Figure 15]. 

Different error sources contribute to the noise level. As shown earlier in 
Figure 38, chromatic and coma aberrations introduced by the lenses in the 
cameras and the projector can have an impact on calculating the COG values. 
Another source for the noise is defocusing in skewed images. The cameras 
are focused on the center of the projected dot pattern of the spar. Since the 
images are captured at skewed angles of ± 45º, the dots at the ends of the 
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pattern tend to be slightly out of focus and have blurry edges in comparison 
to the dots in the center of images. Moreover, less number of pixels defines 
the dots which are further away from the camera (Figure 44). The effect of 
the out of depth of focus range is clear in the repeatability results presented 
in Figures 14 and 15 in [Paper 1]. In the overlay graphs of the left and the 
right cameras, the noise level in the center is less than the two ends. For the 
left images the noise level is higher in the right side of the overlay graph 
while for the right images the higher noise level is observed in the left side of 
the corresponding overlay graph. Saving images in JPG format was another 
source for the noise between the five different images.  

 

 
  Figure 44. Blow up of projected dots obtained at different distances to the camera be-

cause of the 45° perspective 
 

For each set of measurement the mean value of the COG positions has 
been calculated and compared with the mean value of the average of all five 
images. This comparison shows a shift in each measurement from the aver-
age. As discussed in [Paper 2] these shifts between the images are caused by 
movements of the lenses/camera’s inner components, since the setup has 
been untouched during the exposures, made by a wireless remote control.  



49 
 

By comparing the deviations with the average measurement, the system-
atic errors such as offsets between the images, camera and projector distor-
tions are removed automatically. Therefore, the deviations presented here as 
the noise in 2D point matrices, are caused by random errors, caused by im-
age processing of the dots. 

 

4.6.2 3D reconstruction of the calibration plate  
 

The results of reconstructing the 3D shape from the imaged dot patterns 
of the flat reference plate, used for calibration, in both back and front posi-
tions are shown in Figure 45 and Figure 46. The Z-deviation (1σ) and the Z-
range are 4 µm and 31 µm respectively when the plate was measured in the 
back position and 3 µm and 27 µm in the front position. This indicates that 
after calibrating the system, the 3D reconstruction result of a flat surface 
shows Z variation (1σ) of ~ 4 µm. Compared to simulation results of 3D re-
construction Z variation (1σ) of ~ 4 µm in 3D point matrices corresponds to 
2% noise in calculating the 2D point matrices. In the 3D reconstruction pro-
cess, both 2D point matrices of corresponding left and right images are used 
to calculate the 3D point matrices. Therefore, the random errors in the left 
and right images can cancel each other and the noise in calculating the 3D 
points (~ 4 µm) become smaller than the noise in the 2D point matrices  (~ 
10 µm). 
 

 
Figure 45 . Results of 3D reconstruction of the calibration plate in the back position [Paper 1] 
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Figure 46 . Results of 3D reconstruction of the matrix of points of the calibration plate in the front 

position [Paper 1] 
 

Another interesting test was the reconstruction of the 3D shape of the flat 
reference surface without calibrating the system with our method. As shown 
in Figure 47 the Z-deviation (1σ) can increase to 157 µm if the system is not 
calibrated. It shows how a flat surface would look like after the 3D recon-
struction in the back and front positions if the distortion caused by the cam-
era and the projector is not corrected.  

 

 
Figure 47. Results of 3D reconstruction of calibration plate without distortion correction [Paper 1] 
 

4.6.3 3D reconstruction of a composite component 
 

The results of measurement on a real (none-flat) object are shown in Fig-
ure 48. The result presents the first ~ 60 cm part of the spar shown in Figure 
35. As presented in Figure 48, the Z-variation (1σ) is 3.46 mm and the Z-
range is 14.33 mm. The large Z-range was expected since the spar had a 
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curved end which was part of the design.  The shape of the spar is schemati-
cally presented as the rear spar in Figure 33. The curved end is not very ob-
vious in Figure 35 since in this image it is on the side of the spar which is 
further way from the camera.  The Z-variation of 3.46 mm (1σ) represents 
the small step in the middle of the part. The same shape was detected using 
two other measurement systems, a CMM and a laser scanner. 

 

 
Figure 48. Measurement results of 3D reconstruction of composite object [Paper 1] 

Note the magnified scale in Z 
 

4.6.4 Measurement validation 
 

To verify if our measurement results are in good conformance with other 
measurement techniques, the same spar was measured using two other 
measurement techniques. Figure 49 shows the results of three measure-
ments on the measured volume of ~320 mm in X-direction, ~70 mm in Y-
direction and a few mm in the Z-direction. The first measurement was per-
formed using our image metrology system, KIMS. 

The second measurement was performed on a Wenzel Coordinate Meas-
urement Machine, CMM, with a calibrated uncertainty of ~3 μm. The object 
was measured at 10 mm pitch distance on the same area as imaged by KIMS, 
but not exactly the same points in the micron scale as in our case. Although a 
point to point comparison can’t be made, it is the general shape that can be 
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compared.  As seen in the difference images of Figure 50 the CMM meas-
urement has an outlier in one point with a distinct peak far out from the 
remaining surface. It might be a local disturbance or dirt picked up by the 
probe.  

The third measurement was performed using a Romer 7312 articulated 
arm provided with a HP-L 8.9 laser scanner head with an accuracy of ~80 
μm, according to the specifications. In this case the density of captured 
measurement points was much higher as it captures up to 30 000 points/s, 
and the stored file gets very large compared to the KIMS and CMM data files. 
Therefore, the laser data has been down sampled to a grid similar to the 
KIMS and CMM. 

 
Figure 49. Measured 3D-data of the composite spar using Kims system (left), Wenzel CMM 

(middle) and Romer laser scanner (right). [Paper 1] 

 
Figure 50 shows the difference maps of the measured 3D data at higher 

Z-magnification. In the left graph, the result of the KIMS minus the result of 
the Romer laser scanner is presented. The middle graph shows the result of 
the CMM minus the laser scanned data and the right graph presents the 
CMM data minus the KIMS result. Except for the outlier in one point of the 
CMM data, and the valley introduced by the misalignment of measured point 
in the X-direction of the CMM - KIMS data, the differences are in the 0.1 mm 
range in the Z direction. The laser-scanned data is considerably noisier as 
can be seen in the left and middle graphs.  

To sum up, the result of the 3D reconstruction generated by KIMS had a 
very good agreement with results obtained from the two other conventional 
measurement techniques, the laser scanner and the CMM. But, as mentioned 
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above, the points measured by KIMS and CMM were not exactly the same. 
To obtain even more precise results the same measurements points should 
be chosen for both measurement techniques, which is not a simple task as it 
requires 10 µm positioning accuracy on half meter sized objects. 

 

 
Figure 50. The difference maps between the measured 3D data shown at higher Z-

magnification [Paper 1] 
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5. Case study II: Applying image metrology for 
performance evaluation of micro manufacturing 
installations 

5.1 Background 

Micro manufacturing has been growing into many areas over the last few 
decades [58-61]. Micro manufactured components are used in many micro-
mechanical, electronic and optical devices with numerous application in 
different fields such as biomedicine [62, 63], micro-electronics [64], tele-
communication [65-67]. Today, several manufacturing technologies are 
available to produce components with a high complexity in geometrical 
shape but the precision and accuracy of the techniques are still difficult to 
assess. In micro manufacturing, the critical dimensions of micro components 
often require a very high precision in order to avoid a final device failure. 
Therefore, the quality control and audits of these micro machined compo-
nents are a vital step for micro manufacturing which requires a thorough 
study of all possible errors such as tool, installation, process, operator and 
environmentally induced errors. It is also important to understand the corre-
lation between the micro machining process and the micro-manufactured 
products as many parameters may affect the precision at micrometer level. 
When it comes to machine errors the capability information becomes im-
portant, yet it is common practice that the users rely almost entirely on the 
specifications given for the machine installation by the machine manufactur-
er. But, as have be shown in [Paper 3], [Paper 4] and [Paper 5], in practice 
the absolute performance of the machines can in some cases be far off from 
the machine’s specifications. Therefore, a precise objective verification test, 
which shows the performance of the micro machining equipment, is consid-
ered as a great help to machine users, to assess the real performance of their 
equipment. However, due to the limited number of ultraprecise sub-
micrometer metrology techniques measuring large areas, performance eval-
uation of micro machining equipment has been a challenge. Most of the 
studies to improve the performance of the micro machining equipment were 
done in terms of investigating the control system or tool errors [68-71]. In 
addition to our initial tests [72, 73], there are few studies related to evalua-
tion of the absolute performance of the micro machining equipment [74, 75]. 
L. Uriarte and his colleagues have done a thorough investigation to find the 



55 
 

error budget in a micro milling machine equipped with tools less than a 0.3 
mm in diameter [76], but that is about all we have found in the open litera-
ture before publishing [Paper 3] and [Paper 4].  

As a partner in the FP7-EUMINAfab infrastructure project, our group was 
committed to perform quality audits of the micro manufacturing installa-
tions among the other partners. By working together with Mycronic AB [57] 
we got access to one of their microscope based ultraprecision measurement 
systems and captured several thousand images of the micro machined fea-
tures similar to Figure 15. After an initial X,Y positioning test  of a number of 
micro machining systems (not reported in this thesis), the poor results for 
several installations led us to make a much more thorough investigation.  

In contrast to traditional performance tests, being made in a limited 
number of points of the non-loaded machine as advised by SS-ISO 320-1, our 
study was carried out in typical operating conditions of real materials and 
applied at multiple points covering most of the accessible XY range of the 
micro machining equipment within the EUMINAfab installations. Especially, 
the installations’ capabilities have been investigated experimentally through 
critical tests of their machining accuracy, pseudo-repeatability, reproducibil-
ity and axis straightness to obtain a better understanding of the machines 
performance. Prior to presenting the verification method and the results, the 
three micro manufacturing techniques used in this case study will be briefly 
described in following sections.  
 

5.2 Micro manufacturing methods  

5.2.1 Micro milling 
 

Micro milling is the downscaled version of conventional (macro) milling 
which uses cutting tools with diameters below 1 mm (Figure 51). The geo-
metric characteristic of macro and micro milling tools are very similar. How-
ever, in micro milling coated tools are used to improve machining perfor-
mance. Since the tool diameter is small compared to macro milling, the phe-
nomenon of size effect arises in micro- milling which affects process perfor-
mance. Size effect is a non-linear increase in the mechanical energy required 
to remove a volume of material with a decrease in the depth of cut. Although 
some characteristics such as feed motion of the cutting tool through the 
workpiece and rotation of tool are similar to macro milling process (Figure 
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52), the effect of many ignored issues in macro milling such as the grain size 
of the workpiece material, the tool edge radius and deflection (the degree by 
which the pin tool is displaced under a load) become significantly important 
in micro milling [77].   

 In our study we were interested in evaluating the absolute performance 
of micro milling installations by studying images captured from micro ma-
chined samples. As we already have mentioned in section 2.4, when we ex-
plained the principle of the developed correlation method, the burr for-
mation on the edges of the micro milled features was an important factor in 
our investigation which affected the uncertainty of the measurements the 
most. Burr formation in micro milling depends on a number of factors such 
as workpiece material properties, cutting parameters, tool coating and tool 
geometry. The other factors affecting the accuracy of the milling process are 
the fixturing of the sample and the performance of the translation stages of 
the micro milling machines. Due to the decision of not ranking any particular 
micro milling installation outside of the EUMINAfab consortium, we keep 
the three involved installations anonymous in this thesis. 

 

5.2.2 Laser micro machining 
 

Laser Beam Machining (LBM) is one of the micromachining processes 
which is used in making geometrically complex micro components. In this 
process, a laser beam is focused on the workpiece surface.  Depending on the 
wavelength λ and pulse duration, the focused beam melts or dissociates at-
oms or molecules and vaporizes the material and creates the desired struc-
ture and pattern at the surface (Figure 53). In LBM the thermal and optical 

 
Figure 51. Example of micro-endmill, 

Courtsey of Hitachi Tool [78] 

 
Figure 52. Milling process [79] 
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properties of the material have a stronger impact than the mechanical prop-
erties. Therefore, LBM can be applied for a wide range of materials including 
difficult-to-cut materials such as silicon [80, 81]. The X,Y position of the 
laser beam, on the sample surface to be treated, is set by a beam delivery 
system based on Galvano-mirror control of the beam or in direct beam appli-
cations by mechanical translation of the sample holder. For a thorough de-
scription of the fundamentals of laser micromachining the reader is referred 
to reference [82].  

 
Figure 53. Mechanism of LBM 

5.2.3  Screen printing 
 

Screen printing is an inexpensive micro manufacturing technique used to 
print micro scale features. One application of micro-printed components is 
in electronic devices. Screen printing can be used to print on a wide variety 
of substrates such as metals, plastics, glass and ceramics. In Screen printing, 
ink is pressed with a squeegee through a screen onto the substrate (Figure 
54). The squeegee is typically made of a rubber.  
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Figure 54. The process of screen printing [83] 

 

The screen is made of a porous mesh, from different material such as po-
rous fabric or stainless steel, stretched tightly over a frame made of wood, 
plastic or metal. Proper tension is essential for accurate ink registration, i.e. 
the absolute position on the substrate, and will surely influence the final 
alignment with the nominal geometry. The micro-pattern can be replicated 
photo-chemically on the screen. The quality of the printed films on the sub-
strate highly depends on: the numbers of fibers in the screen mesh, the ten-
sion of the mesh, the distance between the screen and the substrate, the pro-
cess parameters like speed, pressure, angle of the squeegee, the temperature, 
the humidity and the air flow around the printing area [83]. In our study the 
absolute performance of a screen printing installation was evaluated by stud-
ying the images of the printed pattern on alumina substrates. Since the accu-
racy of the process depends on the accuracy of the mask used to make the 
screen, the position accuracy of the mask was also measured. 
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5.3 Measurement and verification method  

The performance of the different micro-machine installations was evalu-
ated in four steps; first, a nominal pattern was designed and agreed on with 
the machine operators.  In the second step the nominal pattern was ma-
chined/printed using the machine’s typical running conditions/process pa-
rameters set by the operator. The third step was carried out on an ultra-
precision optical coordinate measuring machine where images of the ma-
chined/printed features were captured. Finally, the center of gravity of writ-
ten features was analyzed using dedicated correlation with edge detection 
and subpixel analysis as explained in chapter 2.   

In the first verification test within EUMINAfab a nominal pattern of holes 
and crosses were manufactured by micro milling, laser machining, screen 
printing and e-beam lithography [84]. Only the latter system was in con-
formance with expected performance of the installations. Since the material 
removal was not symmetric in many cases, the machined/printed holes had 
large variations at their edges. Therefore, poor machine performance results 
were obtained because of the large uncertainties in the edge definitions. As a 
consequence the second verification test was designed to more specifically 
present the capabilities of the installations by using tiny crosses in a nominal 
pattern to be machined or printed.  

The nominal pattern for each technology was designed and adapted to the 
size and shape of available substrates, and also to make use of a large part of 
the lateral machining range. The final design of the nominal pattern was 
prepared after a long discussion with the machine operators of the three 
different technologies about the samples’ sizes, materials and details of the 
nominal patterns such as lines’ width and cross size. Brass blocks were used 
for micro milling, silicon wafers for laser micro machining and alumina ce-
ramic for the screen printing substrate. Figure 55 shows the nominal pattern 
designed for micro milling technology. The pattern is a simple cross repeated 
at equidistant X,Y positions on the artifact, covering approximately 80% of 
the machining range. To analyze the large amount of measurement data fast-
er, the initial idea was to have a single nominal pattern for all different in-
stallations. But, due to limited shape and number of available substrates, 
three different nominal patterns had to be designed; one for all laser installa-
tions (Figure 1 in [Paper 4]), one for all micro milling installations (Figure 
55) and the third one for the screen printing installation (Figure 2 in [Paper 
5]). The pattern dimensions are summarized in Table 1 for each technology 
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in Paper 3, 4 and 5. The pattern unification for all similar installations, gave 
us the possibility to perform a comparison among EUMINAfab partners. 
That is presented in the result chapter of this thesis. 

Moreover, to the nominal pattern design, a trajectory was suggested in 
order to have information of how the plate was positioned both when it was 
machined/printed, and later when it was measured (see Figure 2 in [Pa-
per4]).  For the micro milling and the laser micro machining technology, a 
central large cross was added to the nominal pattern, to investigate the axis 
straightness of the equipment. With the destructive machining/printing 
techniques it is not possible to make a true repeatability test. Therefore, a 
pseudo-repeatability test was made by adding two identical cross patterns 
with an offset of 3.000 mm on both sides of the nominal pattern (see Figure 
3 in [Paper 4]). Reproducibility was checked by having the same pattern 
machined/printed on at least two different samples. The line width of the 
crosses, 500 µm, was chosen after agreement between machine experts of 
the three technologies. The other parameters such as the depth of machining 
or the diameter of the milling tool in micro milling case were up to the ma-
chines operators to choose from the machines’ typical running conditions. 
 

 
Figure 55. Nominal pattern for micro milling installations [Paper 3] 

     

Figure 56, Figure 57 and Figure 58 show examples of a micro milled, a laser 
micro machined and a micro screen printed sample respectively. 
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Figure 56. A micro milled brass sample 

 

 
Figure 57. A laser micro machined Si wafer 

 
Figure 58. A screen printed alumina plate 

 

5.3.1 Measurement equipment 
 

An ultra-precision optical coordinate measurement machine, the Nikon 
VMR-6555 system (Figure 59) was used for image capturing of the individual 
micro machined/printed crosses and the long legged cross. This measure-
ment system is installed at Mycronic AB in Täby, Stockholm and can sample 
at intervals down to 60 nm per pixel, depending on the used optical magnifi-
cation.  
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Figure 59. Measuring equipment, Nikon VMR 5565 installed at Mycronic 

 
According to the manufacturers specification, the claimed X,Y positioning 

uncertainty is better than 1.5 micrometers, when performing measurements 
at a temperature control room of 0.1o C and under a lateral range of 200 x 
200 mm2. However, a benchmarking test performed at Mycronic on their 
nm-accurate mask pattern [85], with the repeatability of 60 nm (±2σ), has 
shown that lateral positioning performance is considerably better. Actually, 
the verified uncertainty at 99,7 % (±3σ) confidence level is 0.5 μm. This al-
lows high-accuracy positioning of the imaging optics when recording images 
of the machined/printed structures.  

Although the Nikon measuring equipment was capable of performing im-
age analysis with edge detection, we had to rely on the subpixel analysis 
technique, developed for this study, on the very demanding samples we re-
ceived. The disturbances found in some of the samples, particularly on the 
mechanically milled crosses, made it difficult for the Nikon software to de-
tect some of the edges. The Nikon equipment was thus only used for captur-
ing images of the machined/printed features and for recording the lateral 
position of the images.  

A series of images, covering the relevant areas of the sample were thus 
acquired with known absolute X Y coordinates in the machine coordinate 
system. As shown in Figure 60, the absolute position of each cross in respect 
to the image coordinate system was extracted by using developed algorithms 
in MATLAB which were described in chapter 2. The images were captured 
with a magnification corresponding to 7.4 µm for a pixel and in the size of 
640x480 pixels. The absolute position of each cross with respect to the nom-
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inal pattern was then determined by merging the measurement machine and 
the image coordinate systems. Then the lateral deviations from the nominal 
values were evaluated. 

 

 
Figure 60. Performing high-precision optical microscopy on the machined/printed substrates 

5.3.2 Performing image metrology  
 

In order to derive the position of each cross at highest possible accuracy it 
was necessary to perform the image processing as a multi-step process that 
ends at subpixel resolution for the edges of the crosses. To start with, the 
edges are localized at pixel resolution using a suitable edge detector. The 
images captured from the different technologies, micro milling, laser ma-
chining and screen printing, have different edge characteristics. These differ-
ences led us to use different edge detection techniques. As already mentioned 
in chapter 2, the images of the micro milled crosses contained fuzzy edges 
because of burrs and multiple milling traces.   For these crosses, the correla-
tion method was developed to determine the edges in pixel resolution. For 
the laser machined and screen printed samples, with regular and well-
defined edges, the Canny edge detector algorithm was used to extract the 
edge positions in pixel resolution. These edge positions were then used by 
our in-house developed subpixel resolution algorithm to find a more precise 
location of the edges of each cross (Figure 61). These edges are then used to 
determine the absolute COG position of the cross. The round corners of the 
crosses were excluded before calculating the COG X,Y coordinates. These 
coordinates were derived by first extracting the edges in pixel, and then in 
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subpixel resolution, from the horizontal and vertical lines fit to the subpixel 
position of the cross edges. The final COG of a cross was determined by cal-
culating the intersection points of the four fitted lines, and then getting the 
average of these as XCOG and YCOG respectively (Figure 62). These local 
coordinates of the crosses were then added to the absolute coordinates rec-
orded by the Nikon measuring machine coordinates.  Then, the deviations 
from the nominal pattern were calculated.  
 

 
Figure 61. Image processing steps to find the accurate positions of the edges of the machined 

crosses 
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Figure 62. Steps in calculating COG value in images of micro milled crosses 



66 
 

5.3.3 Measurement corrections 
 

When performing high-precision optical microscopy on the ma-
chined/printed samples, it is impossible to perfectly align the substrate to 
the machine’s coordinate system.  Inevitably a minor angular and positional 
deviation always occurs between the sample coordinate system and the ma-
chine coordinate system. Prior to any comparison of the nominal values this 
deviation has to be corrected for. The correction was down in two steps; rota-
tion correction and translation correction. 

 The deviation caused by rotation of the sample relative to the X and Y 
coordinate system of the Nikon microscope is illustrated in Figure 63 in an 
exaggerated scale. This rotation error was therefore corrected by calculating 
the center of gravity, COG, of each cross and then fitting a straight line to 
every row of crosses. The average angle of the six fitted lines was used to 
rotate back the whole pattern.  

 

Figure 63. Sample coordinate system vs machined coordinate system 

 

In order to bring out positional deviations of the machined pattern, the 
vector between the average point in the nominal pattern and the actual ma-
chined/printed pattern was calculated. The entire measured pattern was 
then translated using this vector. 
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5.3.4 Measurement uncertainty 
 

In the laser micro machining and screen printing cases, the uncertainty in 
finding the edges, UE, is determined as standard deviations of the subpixel 
edge positions to the fitted straight line (step 7 and 8 in Figure 62). UE is thus 
dependent on the quality of the edges, and varies from cross to cross. For 
features with well-defined physical edges, as for most of the laser micro ma-
chined crosses, we got a typical standard deviation of 0.5 µm in localizing the 
edges using subpixel image analysis. As mentioned before in section 5.3.1, 
the uncertainty of the X,Y position of the measurement equipment, Nikon 
VMR-6555, UN, was verified by Mycronic AB to be better than  0.5 µm over 
the entire measured area. Assuming the two uncertainty values, UN and UE, 
to be uncorrelated, as shown in Eq. 18, the total uncertainty of the verifica-
tion test was then calculated as the geometric sum of uncertainty of the Ni-
kon system, UN, and the uncertainty of the subpixel edge analysis, UE 
 

= . Eq. 18 
 

Thus, for the laser micro machining samples, with the most well-defined 
cross marks, we claim a total measurement uncertainty, UT, of (0.5 2 + 0.5 
2)1/2 = 0.7 µm using Eq. 18. For fuzzy cross marks, like the screen printed 
crosses, UE will have large values and will completely dominate UT.  

In micro milling case, since the edges were disturbed by burr, instead of 
calculating the standard deviations of the subpixel edge positions to the fit-
ted straight line, which is the indicator of edge roughness, we were interested 
to evaluate the edge positions in a way similar to what a coordinate meas-
urement machine would do. This was done in two steps. First, the subpixel 
edge coordinates were fitted to ~0.35 mm long line segments. The center 
points of these segments were calculated by getting the average value. In the 
second step a line was fit to the center points of these segments. The uncer-
tainty in finding the center of gravity (COG) of each cross by subpixel edge 
analysis, UE, is obtained as the standard deviation of the segment point dis-
tances to the fitted lines. The reason for making use of a number of line seg-
ments rather than the subpixel coordinates themselves was, as mentioned 
above, to average out the edge roughness which was sampled every 7 μm. 
With that resolution, the edge roughness would dominate the uncertainty 
contribution. Therefore, by fitting a line to the center of the segments we 
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mimic a touch probe measuring system that assesses the contour rather than 
the edge roughness. The total uncertainty was then calculated using Eq. 18. 
In a pattern with 24 crosses, the crosses with less burrs and sharp edges are 
the ones showing smaller uncertainty in the calculation of the COG value in 
X and Y directions and vice versa. 
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5.4 Results 

The full results are presented as three categories of XY position accuracy, 
repeatability and reproducibility for each technology in papers 3, 4 and 5. 
Here, we will present an excerpt of the results.  
For micro milling and laser micro machining, the axis straightness of the 
installations was also studied. 7 different installations; three micro milling, 
three laser micro machining and one screen printing installation were inves-
tigated. In total 2330 images were analyzed for these verification tests. 

5.4.1 Micro milling installations 

5.4.1.1 Position accuracy  

 
Images of crosses machined by three different micro milling installations are 
shown in Figure 64. Different milling depths and tool sizes have been chosen 
by the machine operators to mill the crosses. The position accuracy results 
for each installation contain: 
1. The total maximum deviation from the nominal pattern.  
2. The maximum deviation from the nominal pattern in X and in Y direc-
tions.  
3. The standard deviation of all X and Y deviations.  
 

 
Figure 64. Images of micro milled crosses machined by three different milling installations 

[Paper 3] 

 
As an example, Figure 65 shows the results of the position accuracy 

measurement for micro milling equipment 1. This graph shows the nominal 
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positions of the crosses by the intersections of the dashed red lines, and the 
actual positions of the milled crosses by the black crosses. The graphs of 
Figure 65 and similar graphs later on, have two scales, one overall coordinate 
system scale covering 18 mm x 50 mm, and a local scale, shown by the in-
serted 10 µm scale bar in the lower left corner, to emphasize the deviation 
from the nominal values.  As shown in Figure 65, the maximum deviation 
between the micro milled crosses and the nominal pattern for equipment 1 is 
7.6 µm. The absolute value of the maximum deviation in X and Y directions 
from the nominal pattern are 4.3 µm and 6.3 µm respectively. The standard 
deviations of X and Y deviations from the nominal positions are 1.7 µm and 
2.0 µm. Most of the crosses are close to their nominal positions, but the COG 
of the upper left cross deviate from its nominal position by 4.3 μm in X and 
6.3 μm in Y. The subpixel image uncertainty UEX for this cross in X position 
is 1.1 μm, given by the standard deviation of the line segment distances to the 
fitted lines. By adding the uncorrelated 0.5 μm uncertainty of the measure-
ment microscope using Eq. 18, we end up in 1.2 μm total uncertainty in X.  In 
the same way we get a total uncertainty of 1.5 μm in Y direction. Therefore, 
the expanded uncertainty with having a 2σ width and 2σ length is 2.4 μm in 
X and 3.0 μm in Y. The expanded uncertainty for this cross is illustrated by 
the green ellipse. 

 

 
Figure 65. Results of position accuracy measurement for milling equipment 1 [Paper 3] 

 
 

In the specifications of the three similar investigated micro milling instal-
lations the machine’s accuracy is reported to be better than 2-3 microns. The 
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results of standard deviations of X and Y deviations shows a good agreement 
with that, although machines are more inaccurate when it comes to absolute 
positioning over larger areas. 

The rest of the measurement results are summarized in Table A1, A2 and 
A3 for equipment 1 to 3 in Appendix A. There is no doubt that equipment 3 
yields the best quality edges, as seen by the small uncertainty levels in the 
image analysis process.  
 

5.4.1.2 Repeatability and reproducibility 

 
Figure 66 show the repeatability results for micro milling equipment 1. 

The standard deviation of all measured crosses on sample 1 relative their 
average positions of the three patterns with nominal offset subtracted for 
equipment 1, 2, 3 are 1.8 µm, 2.6 µm and  1.4 µm respectively [Paper 3]. This 
shows that the near range transfers are indeed good, i.e. the systems are 
quite repeatable. 

 

Figure 66. Pseudo-repeatability results for equipment 1 [Paper 3] 

 
To get an indication of reproducibility, the same pattern was milled on at 

least two different samples. The average values of three sets of measure-
ments for each sample were calculated and plotted in different colors. The 
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results of reproducibility for micro milling equipment 1 are shown in Figure 
67. The reproducibility results of all three equipment are shown in Paper 3. 

 

 
Figure 67. Reproducibility results of equipment 1 [Paper 3] 

 

5.4.1.3 Axis straightness measurement 

 
The discrete crosses distributed over a large area give no information 

about variations in between them. To investigate if there is a systematic vari-
ation present when the machine is translated along the X and Y axes, two 
long grooves were milled, one in the X and one in the Y direction. Along the 
long grooves, images were captured every 0.8 mm in the X-direction and 
every 0.5 mm in the Y-direction (Figure 68). A magnification corresponding 
to 1.8 µm / pixel was used to capture the images. To estimate the center of 
gravity (COG) of the groove for each image, the correlation method described 
earlier together with subpixel algorithm was used. The COG is calculated as 
the average location of the two adjacent lines derived from the edges of the 
groove (Figure 69).  
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Figure 68. Axis straightness measurements 

 

 
Figure 69. Images of the X and Y grooves millied by equipment 1, the detected edges are 

marked with red lines 

 

The measured data for the axis straightness of equipment 1, 2, 3 are 
shown in figure 21 to 23 in [Paper 3]. The maximum and minimum devia-
tions in Y direction when the machine moves along the X axis are given as 
YMax and YMin and the standard deviation of measured Y positions is re-
ported as YSD. In all graphs a second degree polynomial has been fit to the 
data for visualizing eventual trends. The results show that equipment 1 (see 
Figure 70) has an oscillating movement in X, with an amplitude of about 2 
µm, when traversing along the Y-direction, and it repeats with a spatial 
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wavelength of about 5 mm. The operator of the machine had no idea about 
this behaviour, and it indeed shows the need to verify the machine tools by 
high precision metrology.  

 

 
Figure 70. Axis straightness measurement results of equipment 1 [Paper 3] 

 

5.4.2 Laser micro machining installations 
 

The presented results are obtained from two similar picosecond micro-
laser installations, marked as equipment 1 and 3 and a nanosecond system 
marked as equipment 2. Images of laser micro machined crosses, manufac-
tured by the three different laser installations, are shown in Figure 71.  

 



75 
 

 
Figure 71. Three micro machined crosses of different laser equipment 

As shown in Figures 12 and 13 in [Paper 4], the laser machined crosses 
had different quality. Therefore, among 36 machined crosses on each wafer, 
the crosses with sharp and well defined edges yield a lower uncertainty in the 
calculation of the COG (Center Of Gravity) in X and Y directions. The cross 
with better quality edges yields an uncertainty of 1.2 µm while the poorly 
defined one yields an uncertainty of 6.2 µm. This clearly demonstrates the 
importance of high quality processing for obtaining high accuracy of the 
micro machined features.  

 

5.4.2.1 Position accuracy 

 
All position accuracy results are reported in [Paper 4]. Figure 72 shows 

one of the measurement results for laser equipment 1. As mentioned earlier 
in micro milling case, the graph shows the nominal positions of the crosses 
by the intersections of the dashed red lines, and the actual positions of the 
laser machined crosses by the black crosses. The deviation between the nom-
inal and actual positions is determined by the inserted 10 um scale bar. Thus, 
the graph has two scales where the overall nominal distances between cross-
es (pitch) should be 12.6 mm. To the left of the graph some data is summa-
rized.  The maximum total deviation and maximum deviations in X and Y 
directions are marked as Max Total Dev, Max X Dev and Max Y Dev. For 
equipment 1, these machine induced errors are 11.2, 10.4 and 4.1 µm. STD - 
X and STD - Y represents the standard deviation of the differences (actual – 
nominal) for all crosses in X and Y directions respectively. UEX (min-max) 
and UEY (min-max) show the minimum and maximum edge analysis uncer-
tainty in finding XCOG and YCOG for 36 crosses. The cross with the poorest 
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edge quality had the maximum image processing uncertainty and the cross 
with sharpest edges had minimum image processing uncertainty in the pat-
tern. Figures 15 and 16 in [Paper 4] show the corresponding results of meas-
urements for laser micro machining equipment 2 and 3 respectively.  

 

 
Figure 72. Measurement results for position accuracy, laser installation 1 [Paper 4] 

 

 
Figure 73. Measurement results for position accuracy, laser installation 3 [Paper 4] 
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To limit the graphically presented results in the thesis we show just two 
sets of accuracy measurements. One with good results as illustrated in Figure 
72 and one with poor results in Figure 73. The latter is found in Equipment 
3. There is no doubt that equipment 1 yields the best quality edges, as seen 
by the small uncertainty levels in the image processing. Equipment 3 suffers 
from obvious scale errors and note the 5 times larger, 50 µm, scale bar.    

 

5.4.2.2 Repeatability and reproducibility 

 
As in the micro milling case, due to a destructive process in laser micro 

machining, it is not possible to perform true repeatability measurements. 
Therefore, we introduced the pseudo-repeatability test by shifting the ma-
chining pattern a constant distance in the ± X-direction, on the same wafer.  
Three samples were machined by equipment 1 and 2, while only one sample 
was manufactured by equipment 3. The results for pseudo-repeatability of 
the laser machine equipment 1, are shown in Figure 74. The standard devia-
tion of all measured crosses on the first sample of equipment 1, 2, 3 relative 
their average positions of the three patterns with nominal 3.000 mm offset 
subtracted are 1.8 µm, 1.4 µm, 1.4 µm [Paper 4]. This confirms that the 
equipment repeat very well, and that the deviations, in particular shown in 
Figure 72, are caused by systematic errors and are not random errors.  
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Figure 74. Measurement results of pseudo-repeatability, equipment 1 [Paper 4] 

 
 

In the reproducibility evaluation a new wafer was used for each meas-
urement, so the systems machined the same pattern on at least two different 
wafers (Figure 75). The results of reproducibility test for equipment 1 and 2 
are shown in Figures 20 and 21 in [Paper 4]. The average values of 3 ma-
chined patterns on each sample were calculated and the deviations were 
found from the nominal pattern. The standard deviations of the calculated 
values for each sample from the average values of 3 samples were 1.9 µm for 
equipment 1 and 2.6 µm for equipment 2. There was only one sample deliv-
ered from equipment 3. Therefore, it was not possible to measure the repro-
ducibility of that machine. As seen in the overlay graphs in [Paper 4], the 
variation is quite similar to the pseudo repeatability results, so the reproduc-
ibility is quite satisfactory for both equipment 1 and 2. 

 



79 
 

 
Figure 75. Measurement results for reproducibility, equipment 1 [Paper 4] 

 

5.4.2.3 Axis straightness measurement  

 
To	improve	the	understanding	of	the	observed	deviations	we	made	continu‐

ous	axis	straightness	measurements	by	having	the	long	legged	crosses	made	as	
part	of	 the	pattern.	 Similar	 to	 the	micro	milling	 cases,	 the	 image	 capturing	 in	
the	 Nikon	 CMM	 were	 made	 at	 higher	 magnification, corresponding	 to	 1.8	
µm/pixel.	The	images	were	captured	every	1	mm	in	the	X‐direction	(horizontal	
arm)	and	every	0.7	mm	in	the	Y‐direction	(vertical	arm).		As	shown	in	Figure	22	
in	[Paper	4],	the	first	and	the	last	three	images	of	the	long	legged	cross,	and	the	
two	 images	 in	 the	middle	 in	 each	 arm,	were	 excluded	 from	 the	 investigation.	
Therefore,	 in	 the	presented	 axis	 straightness	 results	 along	 the	X	 and	Y	direc‐
tions,	the	length	of	the	long	legged	cross	is	shorter	than	the	nominal	length	of	~	
63	mm.    

The results for equipment 1 are shown in Figure 76 and Figure 77. As 
shown in Figure 71, the operators of equipment 1 machined the long legged 
cross as a narrow groove following the contour line of the cross. To investi-
gate the machine performance in more details the two machined lines were 
investigated separately. As seen in Figure 76, the upper plot shows the varia-
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tion in Y, when the laser machining is done in the positive X-direction, and 
the lower plot represents machining in the opposite direction. The difference 
is quite remarkable. In the first case the range of variation is 9.2 µm with 
obvious oscillations, while variation range is 4.9 µm under a bow shaped 
movement in the reverse direction. The standard deviations are 2 and 1.2 µm 
respectively.   

Figure 77 shows the performance of the same equipment along the Y axis. 
This direction seems more stable, with a maximum X-range variation of 5.6 
µm when machine moves in the negative Y-direction, and 4.9 µm in the posi-
tive and with standard deviations of 0.7 µm and 2 µm. In total, with standard 
deviations better than 2 µm, the axis straightness study of laser equipment 1 
shows good agreement with the machine’s specification.  

 
The laser ablation equipment 2, with standard deviations of 0.9 and 1.0 

µm and maximum range variations < 3.6 µm, is the best performing laser 
equipment regarding axis straightness. In contrast, equipment 3 has the 
worst results with standard deviations of 3 and 2 µm and the maximum-
range variation of 12.3 and 10.1 µm in X and Y directions [Paper 4].  

 
 

 
Figure 76. Axis straightness results of laser equipment 1 along the X axis [Paper 4] 
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Figure 77. Axis straightness results of laser equipment 1 along the Y axis [Paper 4] 

 

5.4.3 Screen printing installation 
 

Only one screen printing installation was available in the EUMINAfab. As 
described in section 5.2.3 above the technique is a two-step process, involv-
ing a mask manufacturing step and a printing step. It is fully described in 
[paper 5].  Since the accuracy of the process depends on the accuracy of the 
mask used to make the screen, the position accuracy of the mask was also 
measured. Therefore, the measurement results for the screen printing facility 
are captured from image processing of 9 printed patterns on 3 alumina sam-
ples and one mask. The results presented here are from 2 patterns of the first 
two printed samples, since the quality of most of the printed crosses on the 
third sample was very poor (see Figure 78 and Figure 79).  
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5.4.3.1 Mask measurement 

 
Figure 80 shows the geometry of the nominal pattern used to produce the 

mask and Figure 81 shows an image of a cross in the produced mask, with a 
high contrast and sharp edges.  
 

 

The measurement results of the mask pattern presented in Figure 82, 
show a scale or linearity error already in the manufactured mask used for the 
screen printing. It shows up as a progressing negative error, the farer away 

 
Figure 78. Image of a good quality cross 

 

 
Figure 79. Image of a bad quality cross 

 

 
Figure 80. Nominal pattern used for mask 

 

 

Figure 81. Image of a cross in the mask 
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the cross is located from the center, and at the edge of the pattern it exceeds 
30 µm in both X and Y directions. After printing it appears that the scale 
error has become even worse approximately by a factor of two. 

 

5.4.3.2 Position accuracy results vs. measured Mask  

 
Figure 83 shows the measurement results of the printed crosses versus 

the mask pattern.The maximum deviation of the printed crosses from the 
mask pattern is 51.9 µm. The maximum deviation in the X and Y directions 
are 36.3 and 48.3 µm. The standard deviation of the measured deviations 
from the mask pattern in X direction is 13.2 µm and in the Y direction it is 
21.5 µm. Similar to the laser machining case, the quality of the cross edges is 
presented as the uncertainty range UEx (min-max) for XCOG and UEY (min-
max) for YCOG. In the first sample the uncertainty in calculating COG in X 
direction varies between 4.5 to 7.8 µm and in Y direction it varies between 
5.3 to 9.2 µm, i.e. considerably worse than the laser techniques, and much 
worse than the micro milling.  
 

 
Figure 82. Measurement results of the mask versus nominal pattern [Paper 5] 
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Figure 83. Position accuracy results versus mask [Paper 5] 

 

5.4.3.3 Position accuracy results vs. Nominal pattern 

 
As Figure 84 shows, the maximum deviation of the printed crosses from 

the nominal pattern is 80.9 µm. The corresponding deviations in the X and Y 
directions are 60.3 µm and 75.0 µm, respectively. The standard deviation of 
the measured deviations from the nominal pattern in X direction is 24.7 µm 
and in Y direction is 40.1 µm. The uncertainty in calculating COG in X direc-
tion varies between 4.5 to 7.8 µm and in Y direction varies between 5.3 to 9.2 
µm. These relatively large uncertainty numbers indicate poorly defined edges 
of the printed samples. The results of position accuracy measurements for 
the printed samples vs the mask and the nominal pattern are presented in 
Table 2 and 3 in [Paper 5]. 
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Figure 84. Position accuracy results vs. nominal pattern [Paper 5] 

 

5.4.3.4 Pseudo-repeatability and reproducibility measurement results vs 
nominal pattern 

 
The pseudo-repeatability results are shown in Figure 85. The standard 

deviation of all measured crosses on sample 1 relative their average positions 
of the three patterns with nominal offset subtracted, is 5.2 µm. To get an 
indication of reproducibility the same pattern was printed on at least two 
different alumina plates. The results are shown in Figure 86. It is obvious 
that repeatability and reproducibility is considerably better than the absolute 
positioning of the crosses, and calls for removal of systematic errors in the 
process.    
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Figure 85. Measurement results of pseudo-repeatability, screen printing [Paper 5] 

 
Figure 86. Measurement results of reproducibility, screen printing [Paper 5] 
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6. Case study III: Measurement of low amplitude waviness 
on specular surfaces 

6.1 Background 

The need for accurate in-line measurements of long-range low-amplitude 
topographic structure of specular (glossy) surfaces has been increased over 
the last decades in aircraft and automotive industries. In particular, the 
Clean Sky project (http://www.cleansky.eu/) has targets for aerodynamic 
surfaces that challenge even the best measurement systems.  

In automotive and aviation industries usually the different parts of the fi-
nal product contain large, flat, shiny surfaces. Surface waviness (surface 
height variation of tens of micrometers over a few centimeters [86]) can have 
a significant impact on the product’s visual appearance and/or technical 
functionality. Today in many industries, visual inspection by human observ-
ers is a solution for detecting these small defects on specular surfaces [87]. 
Therefore, a fast and accurate metrology technique that can be combined 
with automation for the inspection of the shiny surfaces is necessary for 
these industries.  Despite numerous available measurement techniques for 
investigating the surface structures in various ranges for different surface 
types, measurement of waviness on specular surfaces is a challenging task. 
Profilometry, including mechanical contact stylus profilometers and various 
optical methods based on interference, confocal imaging or structured light 
are some of the techniques in use. Although, profilometry techniques can be 
used for waviness measurements [88], these techniques are usually very slow 
and thus expensive, and more suitable for off-line metrology. Moreover, the 
mechanical contact profilometry can harm the surface appearance. The opti-
cal interference microscope profilometers are very sensitive to vibrations and 
thus they are not suitable for shop floor conditions.  The light scattering 
techniques are other common solutions for surface measurements. Both 
angle resolved scattering (ARS) and total integrated scattering (TIS) are fast, 
suitable for specular surface measurements with the accuracy comparable 
with the conventional techniques. However, the major limiting factor for 
using the light scattering techniques is that they are limited to surface 
roughness measurements only. Moreover, under shop floor condition, the 
surface has to have a metal reflection or high absorption with no bulk scat-
tering. Any particle or liquid on top of the investigated surface can affect the 
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measurement results [89]. Among the optical techniques, Fringe Reflection 
Technique (FRT), with high sensitivity to surface slopes over large areas 
seems to have the greatest potential for waviness measurements. In particu-
lar for specular surfaces, FRT, by mimicking the human observation process, 
provides a possibility of high resolution, high accuracy and high measure-
ment rate using inexpensive hardware. It is less sensitive to disturbances 
than many other techniques and provides a robust and suitable solution for 
difficulties of in-line inspection of specular surfaces [90, 91].  

In this thesis the potential of the FRT principle is evaluated under labora-
tory conditions for a relatively flat, casted and painted composite surface of 
10 x 10 cm2 area. The details of the investigation we have performed is pre-
sented in paper 6. 
 
6.2 Principle of the FRT Method 

Fringe reflection technique is a computer aided version of a human ob-
servation procedure. In the human observation process the eye detects re-
flected beams from the specular surface. The brain interprets the shape of 
the object by evaluating the deformed image reflected by the specular surface 
(Figure 87). The same steps are mimicked in FRT. The specular surface re-
flects the image of a pre-defined object, e.g. a fringe pattern. A camera cap-
tures the reflected image of the object. The image of the deformed fringe 
pattern is analysed by our in-house developed image processing toolbox for 
the object’s shape evaluation. The output is a profile of the surface shape 
with local height variations.  

Figure 88 schematically shows the principle of the FRT. The setup consist 
of three parts; a fringe pattern as a pre-defined object, the specular surface 
under investigation and a camera as a detector.  

 
Figure 87. Specular surfaces [49] 
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Figure 88. FRT principle [87] 

 
The principle of shape reconstruction theory used in our case study is 

shown in Figure 89 and Figure 90. In Figure 89, the incident beams from the 
fringe pattern are reflected by the specular surface at a glancing angle of ϴ.  
X0 and X1 are two projected points of the fringe pattern on the investigated 
surface. Because of the projection angle, the distance between X0 and X1, δX, 
is equal to the pitch of the fringe pattern divided by sin(ϴ). According to the 
law of reflection, the incidence and reflection angles are equal relative to the 
local surface normal. A camera is placed with the glancing angle of ϴ, in a 
suitable position from the surface to capture the reflected beams.  

 

 

 
Figure 89. 2D demonstration of FRT set up 

[Paper 6] 

 

 

Figure 90.  Exaggerated slope variation of 
points on the surface [Paper 6] 

 



90 
 

If the specular surface is perfectly flat, the two reflected beams from X0 
and X1 will be parallel and will meet on the CCD with a distance of d0, pro-
portional to the fringe pattern’s pitch. But, in case of having waviness on the 
surface, as shown in Figure 90, there will be local surface slope variations 
and the reflected beams from X0 and X1 won’t be parallel. In this case, the 
two reflected beams will be separated by the distance of d+ d0 on the image 
plane, where d is the fringe shift in the distorted fringe image cause by sur-
face slope difference in X0 and X1. With this assumption and due to the ge-
ometry of the problem the fringe shift, d, is as in Eq. 19 [91] 
 
 d 	tan	 δϒ 	L,	 Eq. 19 
 
where, L is the distance from the X1 to the camera’s CCD and can be written 
as in Eq. 20 
 
 L L0‐	δX	sin ϴ 		 Eq. 20 

 
where L0 is the distances from X0 to the camera’s CCD, ϴ is the glancing 

angle and δX is the distance between X0 and X1 on the specular surface. As 
shown in Figure 90, the angle between the tangent line to the surface at 
point X0 and the X-axis is ϒ0. Similarly at point X1, the angle between the 
tangent line to the surface and the X-axis is ϒ1. δϒ is the difference between 
these two angles. And as mentioned earlier this difference, δϒ, is related to 
the fringe shift at point X1 in Eq. 19. 

To find the relation between the fringe shift, d, and the surface hight 
variation, in X0 and X1 we start from the surface slope difference in these two 
points. The surface slopes at X0 and X1 are equal to tan(ϒ1) and tan(ϒ0) and 
the difference between them is shown in Eq. 21 

 
 tan(ϒ1)‐	tan(ϒ0)=	tan(ϒ1‐	ϒ0)	(1‐(tan(ϒ1)tan(ϒ0))).	 Eq. 21 

 
where for flat surfaces with waviness the values for ϒ1, ϒ0 are very small. 
Therfore, 
 
 tan ϒ1 tan ϒ0 	 	1,	 Eq. 22 

 
	

tan ϒ1 ‐	tan ϒ0 	 	tan δϒ .	
 

Eq. 23 
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Moreover, the first derivative of a function in each point is equal to the 

slope of the tangent line to the function at that point. It means that the 
diffenece between the slopes at X0 and X1 is equal to the difference between 
the values of the first derivative at these points 
 

 tan ϒ1 ‐	tan ϒ0 		 	 ′ ′ .	 Eq. 24 
 

Due to the definition of the second derivative of a function  
 

 ′′
′ ′

,	 Eq. 25 

 
and from Eq. 23, Eq. 24, and Eq. 25, we drive to  

 

 ′′
tan ϒ	 		

.	 Eq. 26 

		

As mentioned earlier in Eq. 19 and Eq. 20 we have  tan (δϒ) = d/ L and 
L=L0- δX sin(ϴ). Therefore, 
 

 ′′
/

	 		 sin 	 	 		
.	 Eq. 27 

 
Eq. 27 shows that the second derivative of the surface profile at X  de-

pends on the fringe shift caused by the surface slope at that point, d, the dis-
tance between the surface at a reference point and the image plane in cam-
era’s CCD, L0, the glancing angle, ϴ, and the fringe pitch at the surface, δX.  
 

6.3 Simulation  

A simple simulation was designed to estimate the minimum surface 
height variation that can be resolved by the detecting camera system.  In the 
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simulation the waviness was assumed to be represented by a segment of a 
cylinder with a radius R, (see Figure 91 and Figure 92) yielding the surface 
height h0.  For waviness with a fixed lateral extension (b) of 100 mm, differ-
ent heights of h0 from 1 µm to 50 µm were tested by changing the radius of 
curvature of the cylinder. Considering the resolution of the system, with a 
pixel size at the surface of 18.7 µm, the minimum resolvable fringe shift, d, 
on the image plane was ~ 20 µm in pixel resolution. This fringe shift corre-
sponds to the 10 µm height variation (h0). Table 1 shows the simulation re-
sults for 2 sets of h0.  

 
Table 1.Results of simulation for finding minimum resolvable surface height variation 

 
To illustrate the fringe pattern distribution caused by changes in the sur-

face local slope a calculation was made with a much higher curvature. Figure 
93 shows the reflected fringes, presented by the narrow lines in this case, by 
a simulated curved specular surface. 

This simulation was performed using the lateral extension of b=100 mm, 
surface height variation of h0=10 mm (1000 times higher than the real case), 

Lateral extension (b) Height variation (h0) Fringe shift Pixel 
100 mm 10 µm 21.39 µm ~ 1 pixel 
100 mm 50 µm 106.95  µm ~ 5 pixels 

 

 

 

 

Figure 91. The waviness was assumed to be a 
cut of a cylinder 

Figure 92. Distorted beams from the specu-
lar cylinder cut 
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and the incident angle of α= 30°	 relative	 the	base	plane. The distance between 
the camera and the sample was chosen to be L0 = 1.5 m and the fringe pitch 
of the incident beam was set as 1 mm. The reflected angles, β, (see Figure 92) 
and the fringe shifts at the image plane were then calculated and presented 
in Figure 93. The large height variation of h0=10 mm was chosen to show the 
fringe distortion better. 

 
Figure 93. The simulated fringe distortion. The Y and Z directions are shown in Figure 91.  

 
 
 
6.4 Experimental setup 

The experimental measurement setup used for this study is shown in Fig-
ure 94 to Figure 96. parts; illumination system, test samples and camera. 
The illumination system generates a collimated beam and the fringe pattern. 
It consisted of a white LED point source and beam expander, giving a 50 mm 
diameter parallell beam, that was incident on a chrome coted glass grid with 
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1 mm fringe pitch. An angle inclination meter was used for measuring the 
angle of the incident beam. The test samples were a silicon wafer, used as flat 
reference, and an approximately flat 100 x 100 mm2 painted carbon compo-
site surface. They were attached to a translation stage. The detection system 
was a Canon 500D camera with 15 Mega pixel resolution and a 75-300 mm 
zoom lens. The tilt angle of the camera system was also measured by the 
angle inclination meter [Paper 6]. 
 

 
Figure 94.Experimental FRT setup [Paper 6] 

 

Figure 95. Illumination system and the sample Figure 96. Detection system 
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In the initial design of the FRT setup, for simple alignment, the camera 
was mounted on the same rail as the sample and the illumination system. 
The camera used for this setup was a Canon 10D, with 6.3 mega pixels and a 
50 mm lens (Figure 97). However, the resolution of the system became the 
limiting factor of the first setup. As shown in Figure 98, since the camera had 
50 mm lens, a very small portion of the whole image contained the fringe 
pattern. To improve the resolution of the system, in the next design, the 
camera was upgraded to a higher pixel resolution camera, Canon 500D, and 
a 75-300 mm zoom lens was used. Figure 99 shows an example image cap-
tured by the second setup with upgraded camera.  

 

 
Figure 97. Initial FRT setup 

 
Figure 98. Image example of the initial 

setup, with 6.3 Mega Pixel and 50 mm lens 

 

 
Figure 99. Image example of the reference Si-wafer surface in the improved setup 
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6.5 Results 

To measure the resolution of the system, first, a specular flat surface (a 
silicon wafer with roughness < 0.5 nm) was measured as a reference surface. 
By having the number of pixels in one pitch of the pattern and the pitch size 
in millimeters, the size of a single pixel was calculated. Figure 100 and Figure 
101 show the image of the fringe patterns after reflected by the silicon wafer 
(reference) and the carbon composite (measured surface) respectively. As 
mentioned above the diameter of the beam expander was 50 mm. In the case 
of the carbon composite surface, because of the low quality fringe patterns at 
the edges, a 30 x 30 mm2 area in the center of the sample was investigated. 
Canny edge detection technique, explained in chapter 2, was used to find the 
edges of the fringes and calculate the fringe shift, d, in pixel resolution.  
 

 
Figure 100. Reflected fringes of the 

reference surface 

 
Figure 101. Reflected fringes of 

the measured surface 

Figure 102 shows the surface height profile determined by our fringe re-
flection technique.  The surface height variation was calculated to be ~30 µm 
over 30 mm of the center of the sample. To verify our measurement results 
by an independent technique we had a reference measurement made by a 
Coherix interferometer [92].  Figure 103 shows the sample surface topogra-
phy measured over 10 x 10 cm2 by that interferometer. The red curve in Fig-
ure 103 shows the surface profile measured by our technique. The results 
match well with reference data with height measures of some ten microme-
ters over a waviness having a lateral structure of several cm [Paper 6]. 
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Figure 102. FRT-derived surface profile over ~ 30 mm close to the center of the sample  

[Paper 6] 

 
 

  
Figure 103. Sample surface topography measured over 10 x 10 cm2 by a 

Coherix interferometer [92] [Paper 6] 
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7. Discussion 

7.1 Discussion on case study I 

The purpose of this case study was to develop, test and validate a low-cost 
measurement method for 3D shape measurements of half a meter sized ob-
jects with high accuracy using precise image metrology. In our KIMS method 
two ordinary Canon cameras have been used to capture the stereo images of 
the projected pattern on the object. Dedicated and precise MATLAB algo-
rithms have been developed for image analysis to generate 2D point matri-
ces. These 2D point matrices and the calibration data have been used as the 
input to a 3D reconstruction algorithm. The output of the latest step was the 
3D point matrices that describe the absolute shape of the investigated object 
within a volume of 60 x 50 x 10 cm3. The requirement from the aviation in-
dustry was to determine height variations of the shims between two match-
ing interface surfaces at a height resolution of at least 0.1 mm and at a lateral 
sampling distance of 10 mm in the X and Y directions.  A 0.1 mm height tol-
erance requires a very different approach if it is to be fulfilled over a 100 mm 
lateral distance (quite easy) or 5000 mm lateral distance (very difficult). As 
no definite specification of the lateral area was given in relation to the 0.1 
mm we approached the problem by looking at reasonable solutions that 
could be used up to at least half-meter sized objects. As the metrology rule of 
thumb is to make measurements at 10 times better precision than the toler-
ance to be measured we strived for achieving stability in the measurements 
of 10 μm.  

As mentioned in [Paper 1], the surface height variation of the reference 
plate used for calibration step is better than 10 µm (1σ) over the entire plate. 
Since the plate is made of glass, moreover the surface height variation, the 
overall shape of the plate is changed when it is fixed by a holder. To measure 
the shape deviation caused by the holder, a measurement was performed 
using a CMM. The results show that the deviation is in the range of 100 µm. 
However, because the plate is our reference, this shape deviation is compen-
sated for when the system is calibrated. The calibration accuracy can be en-
hanced by using a more rigid reference plate. This plate should be measured 
by a CMM with a small uncertainty of a few μm.  

In our developed measurement method, the measured repeatability of the 
positions of the projected dots on a realistic object is better than 10 µm (sec-
tion 4.6.1). However, after reconstructing the 3D shape of the flat reference 
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surface (calibration plate), the repeatability measured as the standard devia-
tion of the 3D point cloud, decreased to 4 µm (section 4.6.2).  The reason is 
that in the 3D reconstruction process when both 2D point matrices of corre-
sponding right and left images are used to generate the 3D point matrices, 
the random errors can cancel each other and therefore the noise in calculat-
ing the 3D points become smaller than the noise in finding the 2D point ma-
trices.  

The corresponding point problem mentioned earlier as a challenge will be 
solved by adding fiducial marks between the dots in the next generation of 
the Gobo mask.  

The 3D result generated by KIMS was in a very good agreement with re-
sults obtained from two other measurement techniques, laser scanning and 
CMM measurements. But, as mentioned above, the measurement points 
used in our camera system and CMM were not exactly the same. To obtain 
even more precise results the same measurements points should be chosen 
for both measurement techniques. And as we mentioned earlier choosing the 
same points for both measurement techniques is not a simple task as it re-
quires 10 µm positioning accuracy on half meter sized objects.  

What can we state about the total uncertainty for KIMS measurements? 
As presented in [Paper 1], a metal ruler was used in the images to get a refer-
ence for the absolute scale during the calibration. With an uncertainty of 30 
µm, the ruler length is the largest single uncertainty contribution to our total 
uncertainty budget, that adds up to 83 μm expanded uncertainty over the 
entire calibrated volume. We have then applied the GUM [18] calculations of 
all known uncertainties in image processing, positioning of the calibration 
plate, measurement of the ruler, surface deviation of the calibration plate 
and multiplied with the coverage factor k=2, to claim 95% confidence of the 
expanded uncertainty. If we, by applying stickers to the calibration plate, can 
reduce the scale uncertainty to 10 μm by verification in a CMM, the expand-
ed uncertainty will drop to 60 μm at practically no cost at all. 

The uncertainty of our system is in good agreement with data we have 
managed to get from deliverers of three advanced commercial measurement 
systems used for similar field of views. Data of expanded uncertainty is not 
easily accessible and unfortunately, we have not been able to get values of 
repeatability of these commercial systems.  
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7.2 Discussion on case study II 

The purpose of the second case study was to design and perform a measure-
ment method based on image analysis to objectively verify the absolute per-
formance of three different micro manufacturing technologies. The verifica-
tion test was performed in several steps. First, a nominal pattern was de-
signed and machined/printed by the machine operators. Then, the ma-
chined/printed samples were measured by an ultra-precision optical 
coordinate measuring machine where images of the machined/printed fea-
tures were captured. Finally, the images were analyzed using dedicated soft-
ware, specially developed for this study.   

In performance evaluation of the micro milling installations, in total, 
close to 2000 images were captured.  Most of these images were thoroughly 
analyzed using the in-house developed subpixel algorithms. As mentioned in 
section 5.3.4, the uncertainty of the XY positioning of the Nikon coordinate 
measurement microscope, UN, was traceably verified by Mycronic to be bet-
ter than 0.5 μm over the measured area. The uncertainty in finding the COG 
of each cross by subpixel image analysis to locate the edges, UE, varied from 
cross to cross depending on the edge quality. For well-defined edges, a typi-
cal (1σ) standard deviation of 1.3 μm was achieved in the subpixel edge anal-
ysis. However, because of the burrs in poor quality machined edges, the UE 
can be higher than this value. The total uncertainty, as shown in Eq. 18 in 
section 5.3.4, was calculated as the geometric sum of uncertainty of the Ni-
kon system, UN, and the uncertainty of the subpixel edge analysis, UE, as-
suming them to be uncorrelated. Therefore, for most cross marks, we claim a 
total uncertainty (0.52+1.32)1/2=1.4 μm. For all micro milling equipment, 
the same edge detection techniques (correlation and subpixel analysis) were 
used to calculate the position of the COG of the small crosses. From these 
measurements, the pseudo-repeatability and reproducibility measurements 
were analyzed. In the long axis straightness measurements, the uncertainties 
in the image processing to locate the edges were 0.5 ≤ UE ≤ 0.9 μm due to 
longer segments used in averaging the edge roughness where the minimum 
value correspond to the edge with less burr disturbances and the maximum 
value correspond to the low quality machined edges. Thus, the lowest total 
uncertainty of axis straightness measurements is 0.6 μm. Therefore, we can 
claim with our optical measurement technique that the straightness values of 
fractions of microns, referred to in [6] and [7], is far from achievable as mi-
cro milled straightness in real samples at least for these three machine tools. 
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It is worth to mention that the optical measurement	 technique	 itself	 does	 not	
limit	 the	accuracy.	Rather,	 it	 is	 the	quality	of	 the	milling	process	 that	 induces	
uncertainties	in	the	definition of edges.		

One important result of this investigation was the complete failure of 
standard image analysis edge detection techniques, and that they could be 
circumvented only after development of advanced correlation analysis algo-
rithms that could be combined with subpixel analysis. However, this 
achievement comes at a cost, and that is time. The image processing time is 
counted in tens of seconds for each cross image. 

The objective verification test for the laser installations shows measure-
ment results with smaller uncertainties. The lowest uncertainty of the meth-
od in each step, Nikon optical microscopy, UN, and image processing for edge 
detection, UE, is less than 0.5 µm and 0.5 µm respectively. This means the 
total uncertainty of the measurements is 0.7 µm by treating the uncertainties 
as uncorrelated as discussed above. Again, if the quality of the cross edge is 
rather bad the UE can in the worst case be as high as 1.3 µm. In that case the 
total uncertainty will be increase to 1.4 µm. The uncertainty we claim for the 
high quality crosses is very good as compared with previous studies [74]. 
Minev, and his colleagues report the 2 µm absolute error in finding the cen-
ter of the machined holes with diameter of 500 µm using CMM with an opti-
cal probe.  

Judging the performance of the three evaluated laser micro machining in-
stallations by just measuring the straightness of the central axes, one would 
claim that at least two of them, equipment 1 and 2, are indeed in good shape, 
and the third one also is in reasonably good shape with standard deviations 
of 2-3 µm. Repeatability and reproducibility is also within a few microns of 
the first two equipment. However, when we are looking at the absolute er-
rors, within the 65 x 65 mm2 working area of the equipment, large deviations 
are found. Take for instance Figure 73 showing the deviations present in 
laser installation 3. Large scale errors coexist with skew distortions giving a 
maximum error of 69 µm. From Figure 18 in [Paper 4] the pseudo-
repeatability test of equipment 2, it is clear that the axes are not orthogonal. 
At the upper Y-coordinates, the X-coordinate is shifted in the negative direc-
tion, while at the lower Y-coordinates it is shifted in the opposite direction, 
giving a maximum error of about 12.5 µm. When the laser is machining in 
the X-direction we can see a slight undulation in Y. The best performing in-
stallation, equipment 1, suffers from ~13 µm deviations in the lower left and 
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upper right corners as seen in Figure 72. There is also a tendency of undulat-
ing movement in the X-direction.  

The reason for these errors in the installations can only be interpreted by 
the manufacturers of the equipment. We will therefore not go into details of 
the machines. The purpose of our investigation was to provide a high preci-
sion metrology tool for the verification of the laser installations, as it is prac-
tically impossible for the customers to evaluate it by themselves. A notewor-
thy observation was though that none of the operators of the three installa-
tions had any idea of that their equipment performed as badly as it did. This 
paper therefore illustrates the problem a customer is facing when buying 
equipment that cannot be verified without a high cost.  

The results of the evaluation test for the screen printing technology shows 
a scale or linearity error in the manufactured mask. After printing it appears 
that the scale error has become even worse, approximately by a factor of two 
and a skewness is also added. 

The uncertainty values in finding the center of gravity of the printed 
crosses, are considerably worse than previous measurements of micro milled 
and laser micro machined samples. These uncertainty values depend very 
much on the edge quality of the printed crosses. But even for crosses with 
relatively good quality printed edges the edges appear curvy. In order to re-
duce the uncertainty values, one solution can be to use a denser and smaller 
mesh to make the screen. This investigation is a good example of the com-
mon problem in precision metrology, that the quality of the object will de-
termine the measurement uncertainty, rather than the measurement method 
or the image analysis procedure.   

The experiences gained from this case study shows that the measurement 
technique, image processing and data analysis has a great potential, and can 
be used in the design of a new verification tests on even larger sample areas.  
But, to be able to use the measurement equipment’s highest magnification, 
and thereby reduce the uncertainty of the image processing, the cross marks 
of the pattern are better to be designed 4 times smaller, i.e. 0.5 mm instead 
of 2 mm. 

An alternative to our high precision measurement method presented 
here, can be the use of self-calibration, where the self-calibration process in 
addition to revealing the measurement instrument correction function, also 
gives as result a calibrated artefact [93, 94]. By micro machining this artefact 
and put it under a good imaging system, we believe we can perform this ab-
solute accuracy analysis in a much faster and cheaper way in the future.       
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7.3 Discussion on case study III 

With increasing demands on aerodynamic properties of airplane wings, spec-
ified to be a few µm height variations extended over several cm along the 
surface, there is a need for robust and accurate measurement technique 
adaptable to the manufacturing shop floor. In the third case study of applied 
image analysis, the results of image processing algorithms combined with a 
simple and inexpensive optical measurement setup made it possible to test 
the principle of the FRT for an aerodynamic test object in laboratory condi-
tion. The technique can also be adapted for high speed inspection of larger 
objects under shop floor conditions.  

There are some factors that can affect the uncertainty of the measure-
ments. As shown in Eq. 27, the involved measurement parameters are the 
fringe shift, d, the camera-object distance, L0, the image of the grid pitch on 
the object surface, δX, and the glancing angle, ϴ. 

The uncertainty in measuring the fringe shift, d, in the image considering 
the pixel resolution, is half a pixel size (1/2 pixel size =9.3 µm). The object to 
the camera distance, L0, was measured from the center of the object to the 
approximate position of the image plane in the camera. The uncertainty of 
the measurement tool used to measure L0 is 0.5 mm while the uncertainty in 
measurement procedure can be up to 1 mm. The uncertainty of the meas-
urement tool used in measuring the glancing angle, ϴ, is 0.1 degree. The 
uncertainty in δX can be caused by two sources; the grid used to generate the 
fringes and the collimated light source. If the incident light beams are not 
perfectly collimated then the divergence of them will cause unwanted effect 
in fringe size. To reduce the uncertainty caused by imperfect collimated light 
and also to minimize the effect of spherical aberration caused by the lens of 
the camera the investigation was done in a small window at the center of the 
deformed fringe image. Moreover, the uncertainties related to the alignment 
of the experimental setup can affect the measurement results. Small tilts in 
mounting the different components of the setup like the fringe grid, the 
beam expander, object holder stage and the camera holder can always occur. 
The effect of misalignment can be negligible in comparison with the effect of 
other parameters mentioned above, but to achieve an accurate result all 
these possible error sources has to be taken into account and minimized. The 
aberrations caused by camera also add errors in the fringe image. In the fol-
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lowing paragraphs three steps are discussed that can be considered for re-
ducing the total uncertainty budget for future usage of the technique. 

 
Using subpixel resolution method 
To improve the resolution of the system the high precision subpixel resolu-
tion image processing techniques can be used to detect the position of the 
fringe edges with higher accuracy and therefore, detect smaller height varia-
tion.   
 
Camera calibration 
The distortion caused by the optical components of the camera might affect 
the fringe shift measurements and the final results. To overcome this prob-
lem, camera calibration is recommended to compensate for the distortion 
errors. The self-calibration schemes presented by Ekberg P. at [94] can be an 
alternative way to eliminate much of this uncertainty. 
 
Using computer fringe generator system 
To apply the technique in shop floor conditions, for large area surface meas-
urements, it is more convenient to use a high resolution computer fringe 
generator with an adjustable fringe pitch to make the setup more practical. 
Furthermore, the collimated light source and beam expander can also add 
some errors (like unwanted shadows) to the measurements. 

 
The improvement in the FRT technique presented by Burke et al. [95] 

and Li et al. [96] show that very high resolution data can be achieved by FRT. 
The technique is not only a suitable solution for difficult-to-measure specular 
surfaces, but it can also be used in absolute optical surface measurement and 
the quality evaluation of parabolic shape mirrors.  
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8. Future work 

The camera system (KIMS) developed for case study I, provides a cali-
brated 3D measurement volume of 60 x 50 x 10 cm3 at ~10 μm repeatability 
in less than one minute. At a cost of ~3000EUR, the system is less than 2% 
of the cost of a laser tracker. The speed and low cost of the KIMS system 
opens up the possibility of applying camera techniques to a larger range of 
settings in which the speed and high cost of traditional metrology  systems 
outweigh the benefit of their implementation. One such application would be 
performing high precision metrology on very large objects such as airplane 
wings.  

While the current setup is limited to a target area of 60 x 50 cm2 at ~ 1 m 
from the object, it is possible to modify the setup to accommodate larger 
scale object. Three possible enhancements of the system would be: a) in-
creasing the distance to the objective, b) implementing a mobile setup 
through a robot arm, and c) implementing an array of cameras spaced at 
predefined intervals.   

Given the rapid development of high resolution optics in consumer grade 
cameras, simply moving the objective away from the camera could provide 
larger effective area. In this case, if the dot size is kept the same on the object 
(by making a new Gobo mask) fewer pixels will be available for calculating 
the COG and this will increase the influence of noise and therefore the max-
imum effective area of the system would be limited by both the desired preci-
sion, the resolution of the optics involved and if there is enough space to 
make the measurement in the assembly line.  

A second alternative is to rather have a mobile setup on a robot arm that 
could move around the object stopping at predefined locations and capture 
several images along the object. The system would then stitch the final 3D 
point matrices using fixed reference points on the object to reconstruct a 
larger area and volume of the object. The references can be simple circular 
stickers manually attached to the surface of the object. We have verified the 
position repeatability of such stickers to be within 10 µm (1σ) with the only 
requirement that the cameras are kept in exactly the same relative angular 
positions to each other as in the calibration process and that the measure-
ments are performed within the calibrated volume. This system would cer-
tainly provide the possibility of measuring larger scale objectives though with 
the same setup. 
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The third alternative takes advantage of the low cost of the consumer 
grade components used in the setup. In this scenario, a number of cameras 
and projectors are fixed along the assembly jig, i.e. a distributed system 
where the projected blob patterns illuminate the areas to be measured. The 
cameras are mounted at fixed positions and capture the 3D views of the suc-
cessive blob patterns. The principle is shown in Figure 104, where the red 
bar represents two successive dot illuminated and calibrated volumes, each 
120 x 100 x 20 cm3, and projected with a 10 cm overlap. The uncertainty (1σ) 
of the COG of the lit dots is expected to be about 20 μm, as measured by 
camera 1 and 5 for the first volume, and by camera 2 and 6 for the second 
volume. In the overlapped image area, markers will add references for the 
stitching process of successively measured volumes. 

 

 
Figure 104. Distributed KIMS by multiple cameras/projectors at fixed positions but with possibili-
ties to set the camera observation angle at different directions in a well-defined 3-point fixture. 
The red bar represents two partly overlapping calibrated volumes, each 120 x 100 x 20 cm3. 
The cameras and projectors are enlarged compared to the scale of the rest of the graph. The 
actual field of view of each camera is larger (187 x 124 cm2) than the calibrated volume, which 

is limited by depth of focus to keep the 1 σ uncertainty at ~20 μm [97]. 
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9. Conclusion 

The aim of this PhD thesis was to test if camera-based measurement 
methods, combined with high performance image analysis techniques, can 
provide high precision metrology solutions for the micro as well as macro 
manufacturing. The camera-based measurement methods must be robust 
enough to handle challenges of machined surfaces, such as metallic reflec-
tions and shadowing from burrs and debris. The developed algorithms were 
tested and then applied to three different industry relevant measurement 
problems performed as three case studies.  

In the first case study a 3D measurement method based on a low cost set-
up consisting of a projector and two ordinary cameras was used to capture 
stereo images of surfaces in the half-meter scale. Advanced image analysis 
algorithms have been developed in MATLAB to process the 2D images and 
calculate the center of gravity of projected points on the surface and generate 
the 2D point matrices.  These points are then used as an input together with 
the calibration data to a 3D reconstruction algorithm. The output of this final 
step is a matrix of 3D points separated by ~10 mm in X and Y that represent 
the sampled shape of the investigated object. We have shown that the re-
peatability in the 2D captured images suffers from noise of the order of 10 
µm (1 ).However, due to the doubling of data for the points in the recon-
structed 3D grid, the repeatability there improves to ~4 µm (1 ) within a 
measured volume of 60 x 50 x 10 cm3.  It should be noted that this result 
includes all involved noise generators, such as projector, cameras, lenses, 
and uncertainty in the calibration models and in the image processing. To 
validate the performance of our measurement method, a wing spar has been 
measured by our camera-technique, a laser scanner mounted on an articu-
lated arm and a high precision coordinate machine. Data indicate a very 
good fit between the three measurement methods. This data is typical for the 
application of measuring shims between parts without pre-assembly in the 
aircraft industry. For more demanding applications of the technique, it is 
vital to know the total uncertainty of the measurements. Summing up all 
known uncertainty contributions and multiplying with a coverage factor of 2, 
the expanded uncertainty at 95% confidence is estimated to be 83 μm with 
the present system using a metal ruler used as a scaling reference. The devel-
oped system, KIMS, performs similar to commercial metrology systems, but 
at ~2% of their cost  the second study optical microscopy, performed on an 
ultraprecision 2D-stage, was combined with high performance image analy-
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sis that stressed subpixel resolution in the images of micro machined cross 
marks. The results provided previously unavailable information about the 
machine’s X, Y position accuracy, pseudo-repeatability and reproducibility. 
Thus, we have managed to support the micro manufacturing labs with con-
siderably improved large area measurements at sub‐micrometer levels, and 
made the machine operators fully aware of that the machine specifications 
stated in brochures is not the same as the machine performance in real pro-
cessing operations.  

In the third case study we were interested in measuring waviness in the 
micron range over cm long spatial wavelengths. The artefact, a test sample 
representing an aerodynamic surface, was a flat, casted and painted carbon- 
fiber composite surface. By using a simple and low cost fringe reflection 
technique, combined with image analysis algorithms, high resolution data 
were obtained. The results match well with reference data obtained by a Co-
herix interferometer with height measures of some ten micrometers over 
waviness having a lateral structure of several cm.  

The strengths and limitations of the proposed methods, from the hard-
ware point of view to the image analysis approaches, were discussed in de-
tails in the discussion chapter. The experiences gained from these case stud-
ies pave the way for future high speed and high precision metrology by digi-
tal camera techniques, combined with self-calibration procedures.  
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10. Appendix A 

Sample 
Pattern 

Max 
Total Dev 

Max 
X Dev 

Max 
Y Dev 

STD 
X 

STD 
Y 

S1.P1 7.6 4.3 6.3 1.7 2.0 
S1.P2 5.9 2.3 5.6 1.3 3.1 
S1.P3 4.6 4.4 4.2 1.6 1.8 
S2.P1 3.6 2.3 3.4 1.3 1.6 
S2.P2 4.9 4.8 1.6 1.5 1.0 
S2.P3 4.9 4.8 2.4 1.7 1.2 

Table A1. Summary of position accuracy results for micro milling equipment 1 

 
Sample 
Pattern 

Max 
Total Dev 

Max 
X Dev 

Max 
Y Dev 

STD 
X 

STD 
Y 

S1.P1 7.0 3.8 6.4 1.4 3.0 
S1.P2 5.5 2.3 5.0 0.9 1.6 
S1.P3 3.6 2.3 3.0 1.4 1.5 
S2.P1 4.4 4.3 2.0 1.8 1.0 
S2.P2 8.9 8.3 3.2 2.5 1.3 
S2.P3 5.0 4.8 4.2 2.0 1.7 
S3.P1 4.3 2.8 4.3 1.4 1.1 
S3.P2 4.1 3.1 2.6 1.4 1.1 
S3.P3 5.1 5.1 4.0 1.7 1.2 

Table A2. Summary of position accuracy results for micro- milling equipment 2 

 
Sample 
Pattern 

Max 
Total Dev 

Max 
X Dev 

Max 
Y Dev 

STD 
X 

STD 
Y 

S1.P1 4.7 4.0 3.1 1.9 1.5 
S1.P2 4.0 3.9 3.1 1.7 1.5 
S1.P3 3.7 3.2 2.7 1.6 1.3 
S2.P1 4.4 2.9 3.8 1.4 1.9 
S2.P2 4.2 3.9 4.2 1.4 2.2 
S2.P3 3.2 2.5 3.1 1.4 1.4 

Table A3. Summary of position accuracy results for micro milling equipment 3 
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