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Abstract 

Surface finish usually affects the quality, performance and lifetime of engineering 

products. With the emerging advanced manufacturing technologies developed in last 

decades, it is also critical to evaluate and control surface characteristics of various 

products in engineering and manufacturing fields.  

Currently, the surface texture of a workpiece is inspected by post-process methods 

where the finished workpiece is removed from the machine and sent to a metrology 

laboratory for measurement. The measurement process requires precise alignment 

which takes considerable time to achieve. These off-line instruments are also difficult 

to be integrated into an automatic inspection system. In order to improve the 

manufacturing accuracy and quality control of the advanced manufactured products, an 

accurate and in-situ surface measurement has become increasingly important. This 

research aims to develop in-situ surface inspection solutions for various advanced 

manufacturing surfaces such as mirror finishing, additive manufacturing and free-form 

surfaces. 

Firstly, an automated surface inspection system is developed using fringe pattern 

illumination method, the method allows for an in-situ surface roughness measurement 

and through a dedicated surface roughness calculation algorithm, an on-line data 

acquisition and processing on mirror finish surface can be carried out. In addition, the 

developed surface inspection system is also able to detect the directions of machining 

mark and measure the surface uniformity. For defect detection on mirror finish surfaces, 

a developed system based on light scattering model is able to perform in-situ surface 

defect detection. 
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Secondly, a displacement measurement system based on image grating technique is 

developed to improve the robustness and flexibility for displacement measurement using 

conventional optical encoder and can be integrated into various surface metrology 

instruments. The performance of the proposed image grating system is compared with 

a high-accuracy heterodyne laser interferometer. A measurement error compensation 

method based on optical distortion model is evaluated both theoretically and 

experimentally. Then, the error compensation method is implemented in the developed 

image grating system to reduce the optical distortion error. The experimental result 

shows that the measurement error is less than 0.35 µm within 50 mm measurement range. 

In addition, a repeatability study of the proposed system is conducted, and the residual 

errors are within ±0.15 µm. 

Finally, a surface finish measurement system based on laser confocal method is 

developed to measure the surface roughness of the different machined and additive 

manufacturing surfaces. To reduce the inherent disadvantages of confocal sensor such 

as scattering noise at sharp peaks and background noise caused by specular reflection 

from the optical elements, the developed system has been calibrated and a linear 

correction factor has been applied. The proposed system was integrated into a robotic 

system with the measurement distance and angle adjusted during measurement based on 

a CAD model of the workpiece in question. Experimental data confirms the capability 

of this system to measure the surface roughness within the Ra range of 0.2–7 μm, with 

a relative accuracy of 5%. To overcome the vertical scanning limitation of the laser 

confocal sensor, an adaptive surface tracing algorithm is developed and tested to 

measure free-form surfaces. The developed image grating system is also integrated in 

to the adaptive surface tracing system for validation. Experimental result demonstrates 

the capability of surface tracing system to measure the free-form surface with surface 
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height deviation more than 8 mm and the surface texture and profile measurement errors 

can be controlled within 0.03 µm.  
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1. Introduction 

1.1 Background 

With the emerging advanced manufacturing technologies developed in the last decades, 

surface finish measurement plays an increasingly important role in many industries such 

as optical engineering, additive manufacturing, precision engineering and 

semiconductor manufacturing [1–4]. A lot of research and development work has been 

undertaken to improve the quality control of different surface finish products to 

guarantee a high quality standard [5–8]. During the manufacturing process, an accurate 

and real-time surface finish measurement has become increasingly important to improve 

the machining accuracy and efficiency [9]. Ideally, if an error occurs in the machining 

process, it should be corrected and compensated for instantly. However, this is almost 

impractical due to the difficulty of real-time measurement and hence correcting 

machining process parameters [10]. Therefore, it became apparent that the surface finish 

characteristics needs to be investigated while the product is still in the manufacturing 

cell (in-situ) or even during machining (in-process) [11]. 

1.2 Motivation 

In most manufacturing industries, post-process inspection is the standard mode where 

the finished workpiece is detached from the machine and sent to a metrology laboratory 

for measurement. This process, however, results in long production time and it is also 

cost ineffective when it comes to mass production. Hence, post-process inspection has 

to be replaced by an automatic surface inspection to reduce the labour cost and to 
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improve quality control. An automated in-situ surface inspection system is, therefore, 

seen as a potential solution to improve the efficiency of the manufacturing process. 

1.3 Objective 

The general objective of this research is to solve some key challenges in surface finish 

measurement that include: 

1. Develop an automated in-situ inspection system for mirror finish surface 

roughness measurement and surface defect detection 

2. Develop a precision displacement measurement method with high robustness 

and flexibility compared to conventional optical encoder which can be integrated 

into various surface metrology instruments 

3. Develop a surface finish measurement system based on laser confocal method 

to measure the surface roughness of different workpiece fabricated by 

conventional machining, additive manufacturing and free-from surfaces. 

1.4 Scope 

In order to achieve the objectives mentioned above, several research scopes are 

indicated as follows: 

1. To develop a surface roughness measurement system using machine vision 

technique. The system needs to offer in-situ surface roughness measurement. 

The developed surface roughness calculation algorithm is able to conduct on-

line data acquisition and processing on mirror finish surface. 

2. To develop a surface defect detection system using machine vision technique. 

The system needs to offer in-situ surface defect detection. The developed 
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algorithm for defect detection is able to perform on-line defects recognition and 

measurement on flat mirror finish surface. 

3. To develop a displacement measurement system based on image grating 

technique. The developed image grating system with subpixel image registration 

algorithm is able to achieve inline absolute displacement measurement.  

4. To develop a surface finishing system based on the laser confocal method. The 

developed system is able to achieve in-situ surface roughness measurement of 

different machined, additive manufacturing and free-from surfaces. 

1.5 Outline 

The structure of the thesis is organized as follows: 

In Chapter 2, a literature review on overview of surface texture, characterization of 

surface texture, typical methods for surface roughness measurement is undertaken. 

Several key challenges in surface finish measurement are also described and discussed.  

Chapter 3 presents the developed machine vision inspection system based on patterned 

area illumination method and surface scattering model, and the in-situ system 

integration for mirror finish surface roughness measurement and surface defect 

detection. The experimental results on different polished samples are compared with the 

reference measuring instrument to validate the measurement accuracy and robustness of 

the proposed inspection system.  

Chapter 4 presents a displacement measurement system based on image grating 

technique to improve the robustness and flexibility for displacement measurement using 

conventional optical encoder. Several subpixel image registration algorithms based on 

spatial domain and Fourier domain approaches are compared and investigated. Then, 
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the performance of the proposed system is compared with a high-accuracy heterodyne 

laser interferometer. A measurement error compensation method based on optical 

distortion model is investigated and hence implemented to improve the measurement 

accuracy of the proposed displacement measurement system. The proposed system is 

then tested to measure the displacement of a motorized linear stage and the results are 

analyzed. 

Chapter 5 presents a surface finish measurement system based on laser confocal 

technique. Firstly, a real-time surface roughness calculation software is developed 

according to ISO standards. Then, the laser confocal sensor (LCS) is validated to 

measure a precision roughness reference specimen and different depth measurement 

standards. A profile data stitching algorithm based on least-squares linear regression 

method is also developed to expand the lateral measurement range of the LCS. 

Furthermore, an adaptive surface tracing algorithm is proposed and analyzed to improve 

the vertical scanning range of the LCS. Subsequently, the developed surface finish 

measurement system is used to measure different additive manufacturing and Free-form 

surfaces. Finally, the measurement results are analyzed and the feasibility for in-situ 

measurement is discussed. 

Chapter 6 summarizes the contribution, followed by future research plan.  
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2. Approach and Methodology 

2.1 Literature Review 

2.1.1 An Overview of Surface Texture 

During a manufacturing process, machining operations leave characteristic marks on the 

machined surface. The marks are in the form of fine irregularities (peaks and valleys) 

generated by the machining tools. Different types of machining tool imprint their 

specific pattern which can be recognized. These kinds of pattern are referred to as a 

surface texture [12]. By convention, the surface texture comprises two components, 

namely short spatial-wavelength part called roughness and longer spatial-wavelength 

part called waviness [13]. 

Surface texture usually affects the quality, performance and lifetime of the products. It 

is also critical to evaluating and controlling surface characteristics of various products 

in engineering and manufacturing fields. All manufacturing processes involve the 

generation of surface textures (e.g. turning, milling, grinding and polishing). 

Furthermore, there is an obvious relationship between the quality of the surfaces 

generated by different manufacturing processes and the functional requirements of 

surfaces. The need to understand the relationship has been a common topic in the surface 

metrology field for many years [14]. 

Surface texture affects the quality and precision of many types of industrial product, 

varying from mechanical and biomedical parts to semiconductors and optics [15]. 

Surface texture has become a vital factor in manufacturing processes, most notably for 

the following reasons: 
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• Industry is constantly trying to drive down manufacturing costs and find efficient 

ways of improving surface quality. This has become an established objective of 

world-class competing corporations nowadays [16]. 

• Surface texture defines products quality. The service life of mating surfaces, such as 

shafts and cylinders are dependent on surface texture. Shaft is often subjected to load 

reversals, thereby it can worn out and its life span is reduced. On the other hand, 

surface irregularities are often at the root of product failure, therefore, the more 

consistently flat surface texture is necessary to prolong the service life of the product 

[17]. 

• The lifetime of a product is governed by the wear rate of its component parts. This 

wear rate depends on the surface in contact and the characteristics of the materials. 

A rough surface with more sharp surface peaks has less contact surface area, so it 

wears at a faster rate than the smooth surface with less sharp surface peaks [18]. 

• There is a growing demand to identify the implications of product's performance. 

The product reliability is directly related to the technique of the production process 

and, hence, to surface textures [16]. 

• The surface manufacturing process selected for a part of the product has been shown 

to have some influences on the reliability of components [16]. 

To evaluate and control the surface texture characteristics of products, they first have to 

be measured. During the manufacturing cycle, measurement can affect the decisions 

taken on the manufacturing systems and processes. It allows them to be controlled and 

optimized, thus improving the product quality. Measuring surface texture in the end of 

the manufacturing cycle helps researchers and engineers to access the components’ 

performance capability. 
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2.1.2 Characterization of Surface Texture 

Essential Definition 

The following parts focus on the characterization and illustration of surface texture. It 

is worth giving some useful definitions here: 

• Nominal surface: The work piece surface with form and dimensions prescribed in 

the engineering drawing and no surface irregularities are taken into consideration 

[12]. 

• Real profile: The surface profile measured by mechanical or optical means. The 

profile measurements are always carried out in the direction of a characteristic 

orientation of surface texture. It usually coincides with the direction normal to the 

surface being measured [19]. A surface reveals maximum evenness parallel to the 

lay direction, whereas maximum asperity values are established in the normal 

direction [12]. 

In general, a surface texture, as illustrated in Figure 2-1, can be divided into its 

respective components as follows: 

• Roughness: these are irregularities inherent in the production process left by the 

machining agent such as tearing, cutting and surface fatigue. 

• Waviness: the component of surface texture upon which roughness is superimposed. 

Possible causes are machine or work deflections, vibrations in the manufacturing 

system, tool wear and material strains.  
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• Form Error: caused by inaccuracies of the machine elements such as elastic 

deformations, slideway errors, severe tool wear and general machine/ workpiece 

flexures. 

• Lay: can be defined as the dominant direction or pattern of the surface texture. It is 

determined by manufacturing method used to generate the surface, commonly from 

the accomplishment of a cutting tool. Classification and symbols for surface lay are 

depicted in Figure 2-2. 

 

Figure 2-1 Major components that constitute a typical surface texture [18] 

 

Figure 2-2 Indication of surface lay [20] 
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Surface Profile Parameter Characterization 

Surface profile measurement is achieved by measuring a line across the surface and 

representing that line mathematically as a height function with lateral displacement [21]. 

According to ISO 4287 [22], a surface profile can be separated into the roughness profile 

and the waviness profile using a profile filter. Surface roughness is a key parameter for 

surface characterization in many engineering applications such as friction, contact 

deformation, tightness of contact joints and position accuracy [23,24]. For this reason, 

surface roughness has been investigated both theoretically and experimentally for 

decades. As a result, a wide range of surface roughness parameters have been developed. 

The majority can be divided into three groups: 

• Amplitude parameters: Measurement of vertical characteristics of the surface 

deviations. 

• Spacing parameters: Measurement of the horizontal characteristics of the surface 

deviations. 

• Hybrid parameters: Some combination of amplitude and spacing parameters. 

 

Figure 2-3 Classification of surface parameters [25] 

In Figure 2-4, Z(x) is defined as the absolute ordinate values from the center line; lr is 

defined as the sampling length; C1 and C2 are thresholds used to define the surface peak; 

XS is defined as the profile element width. 



28 

 

    

Figure 2-4 Surface profile elements  [25] 

In the following tables, some of the available surface roughness parameters are 

summarized separately. 

Table 2-1 Amplitude Parameters 

Parameter Definition 

Arithmetic average roughness (Ra) Ra =
1

𝑙𝑟
∫|𝑍(𝑥)|𝑑𝑥 

𝑙𝑟

0

 

Root mean square roughness (Rq) Rq = √
1

𝑙𝑟
∫ 𝑍2(𝑥)𝑑𝑥 

𝑙𝑟

0

 

Maximum height of peaks (Rp) 
The maximum height of the profile above the 

mean line within a sampling length. 

Maximum depth of valleys (Rv) 
The maximum depth of the profile below the 

mean line within a sampling length. 

Maximum height of the profile (Rt) Rt = Rp + Rv 

Skewness (Rsk) Rsk =
1

𝑅𝑞
3 [
1

𝑙𝑟
∫ 𝑍3(𝑥)𝑑𝑥 

𝑙𝑟

0

] 

Kurtosis (Rku) Rku =
1

𝑅𝑞
4 [
1

𝑙𝑟
∫ 𝑍4(𝑥)𝑑𝑥 

𝑙𝑟

0

] 
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Table 2-2 Spacing Parameters 

Parameter Definition 

Peak count number (Pc) Pc is defined as the number of local peaks, which 

intersects the selected band located above and below 

the mean line. 

Mean spacing parameter (Rsm) 
Rsm =

1

𝑚
∑𝑋𝑠𝑖

𝑚

𝑖=1

 

where Xs is defined as the spacing distance between 

each adjacent local peaks and m is the total number 

of local peaks. 

 

Table 2-3 Hybrid Parameters 

Parameter Definition 

Root mean square slope of the profile (R∆q) 

R∆q = √
1

𝑙𝑟
∫ (

𝑑𝑍

𝑑𝑋
)
2

𝑙𝑟

0

𝑑𝑥 

 

The Ra value is by far the most universally recognized and well-used parameter for 

surface roughness. However, Ra has some disadvantages namely that it is insensitive to 

wavelengths. In addition, it only provides information on the departure of the surface 

from the mean line but no details about the shape of the surface [26].  

Rq can be used to statistically examine a profile, because it is the standard deviation of 

the profile height distribution. Besides, Rq is more sensitive to peaks and valleys than 

Ra (due to the squaring function).  

Rsk provides information regarding the shape of the distribution of heights. It will 

distinguish between asymmetrical profiles which exhibit the same Ra. A negative 
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skewness indicates a predominantly valley-based surface, while a peak-based surface 

has positive skewness.  

Rku provides a means of measuring the sharpness of a profile. It may be relevant in the 

assessment of surfaces which are subject to sealing or stress fracture.  

Rsm, together with the parameter Ra, can be used for evaluating fine plating for its 

capability of being painted.  

RΔq is highly related to certain mechanical properties such as elasticity, hardness and 

the crushability of a surface. Moreover, if the RΔq value is small, it indicates that the 

surface has a good optical reflection property [18]. Together with Rq, RΔq provides 

information on the functional behaviour of the surface such as light reflection, galvanic 

coatings and tribology conditions. 

 

Areal Surface Parameters Characterization 

Since the first roughness measuring instrument appeared at the beginning of the 1930s, 

the measurement of surface texture has been based on profile surface parameters. The 

profile surface parameters are useful for showing manufacturing process change, but 

they are often difficult to determine the exact nature of the surface topographic feature. 

Much more functional information about the surface can be gained from an analysis of 

the areal surface texture which has more statistical significance than an equivalent 

profile measurement [21].  

Starting from 1990s, various important work on areal surface texture has been carried 

out [27–29]. Based on these research outcomes, ISO published a series of international 
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standards ISO-25178 as a guide for the specification and analysis of areal surface texture. 

In part 2 of ISO-25178 [30], the prefix S is used for the majority surface texture 

parameters which can be categorized into height parameters, spatial parameters, hybrid 

parameters and function related parameters. In the following tables, some of the key 

parameters are summarized. 

Table 2-4 Height Parameters 

Parameter Definition 

Root mean square height (Sq) 

Sq = √
1

𝐴
∬𝑧2(𝑥, 𝑦)𝑑𝑥𝑑𝑦
𝐴

 

A is defined as the evaluation area derived from the 

primary surface by removing the form and large 

scale components. z(x, y) is the height of the surface 

at position (x, y). 

Arithmetic mean height (Sa) 
Sa =

1

𝐴
∬|𝑧(𝑥, 𝑦)|𝑑𝑥𝑑𝑦
𝐴

 

Maximum peak height (Sp) Sp is defined as the largest peak height value of the 

surface. 

Maximum pit height (Sv) Sv is defined as the smallest pit height value of the 

surface. 

Maximum height (Sz) Sz = Sp + Sv 

Skewness (Ssk) 
Ssk =

1

𝑆𝑞
3 [
1

𝐴
∬𝑧3(𝑥, 𝑦)𝑑𝑥𝑑𝑦
𝐴

] 

Kurtosis (Sku) 
Sku =

1

𝑆𝑞
4 [
1

𝐴
∬𝑧4(𝑥, 𝑦)𝑑𝑥𝑑𝑦
𝐴

] 
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Table 2-5 Spatial Parameters 

Parameter Definition 

Autocorrelation length 

(Sal) 

Sal = min√𝑡𝑥2 + 𝑡𝑦2 

Auto-correlation function is defined as the correlation 

between a surface and the same surface translated by (tx, ty). 

Sal is the horizontal distance of the autocorrelation function 

which has the fastest decay to a specified value s. 

Texture aspect ratio 

(Str) 

Str =
min√𝑡𝑥2 + 𝑡𝑦2

max√𝑡𝑥2 + 𝑡𝑦2
 

Str is defined as the ratio of the fastest to slowest decay to 

correlation length of the surface autocorrelation function. 

 

Table 2-6 Hybrid parameters 

Parameter Definition 

Root mean square 

gradient (Sdq) 
Sdq = √

1

𝐴
∬ [(

𝜕𝑧(𝑥, 𝑦)

𝜕𝑥
)
2

+ (
𝜕𝑧(𝑥, 𝑦)

𝜕𝑦
)
2

] 𝑑𝑥𝑑𝑦
𝐴

 

Developed interfacial 

area ratio (Sdr) 
Sdr =

1

𝐴
[∬ (√1 + (

𝜕𝑧(𝑥, 𝑦)

𝜕𝑥
)
2

+ (
𝜕𝑧(𝑥, 𝑦)

𝜕𝑦
)
2

− 1)𝑑𝑥𝑑𝑦
𝐴

] 
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The Sa and Sq parameters are strongly correlated to each other [29]. The Sq parameter 

has more statistical significance as the standard deviation and often has a more physical 

foundation than Sa. Sq is directly related to surface energy and the way light is scattered 

from a surface. By examining both the Sq value and the Sz value, it may be possible to 

indicate whether the apparent roughness is due to isolated features or the overall surface 

roughness. The Ssk parameter correlates well with load carrying ability and porosity. 

Sku parameter provides a measure of the spikiness of the area and is a useful parameter 

in predicting component performance with respect to wear and lubrication retention 

[21,31]. 

The Sal is the parameter to identify the surface is dominated by low spatial frequency 

components or high spatial frequency components.  The Str parameter is the parameter 

used to characterize the uniformity of the surface texture [26]. 

The Sdq parameter is useful for assessing surfaces in sealing applications and for 

controlling surface cosmetic appearance. The Sdr parameter is used as a measure of the 

surface complexity, especially in comparisons between several stages of processing on 

a surface, and it can provide useful correlations in adhesion applications [21]. 

 

2.1.3 Surface Roughness Measurement Techniques 

In the following paragraphs, the various surface roughness measurement methods are 

described in two groups (stylus and optical) separately. Then, a comparison discussion 

will be conducted between stylus and optical methods. 
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Stylus Based Systems 

A typical measurement loop of stylus-based system was shown in Figure 2-5 . The 

closed loop comprises all mechanical components in the system such as positioning 

fixture, measuring stand, drive unit, stylus and probe. 

 

Figure 2-5 Example of measurement loop of a stylus instrument [32] 

The stylus is loaded against the workpiece and is moved across the stationary workpiece 

surface using the traverse unit at a constant speed [33]. As the stylus moves, the stylus 

rides over the workpiece surface detecting surface deviations by the transducer. It 

converts the vertical movement of the stylus into an analogue signal. This signal is then 

amplified and digitized for subsequent processing and parameters calculating in the 

computer. In general, stylus instrument can be further classified into two groups, 

depending on their operating principles. 
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• Analogue Transducers 

As the stylus follows the workpiece surface, the analogue transducers generate voltage 

(inductive transducer and moving coil transducer) or electrical charge (piezoelectric 

transducer) which related to height of the peaks and valleys on the surface. Then, the 

analogue signal is amplified and passed through an analogue-to-digital convertor. The 

digital signal is processed and the surface height information is calculated for the 

measurement. The three typical analogue transducers are presented in Table 2-7. 

Table 2-7 Analogue Transducers Based Stylus System [18] 

Inductive Transducer 

(a) 

Piezoelectric Transducer 

(b) 

Moving Coil Transducer 

(c) 

   

 

 

• Digital Transducers 

The digital transducers utilize a miniature laser interferometer (non-contact laser 

transducer) or curved phase grating wavelength (phase grating interferometer transducer) 

to provide the measurement reference. Interference patterns are detected by multiple 

photodiodes. The digital transducers enable an output signal to be interpolated and gives 

a high resolution in few nanometers. The two typical digital transducers are presented 

in Table 2-8. 
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Table 2-8 Digital Transducers Based Stylus [34] 

Non-contact Laser 

(a) 

Phase Grating Interferometer 

(b) 

 

 

 

Optical Techniques 

• Confocal Microscopy 

The fundamental principle of confocal microscopy is shown in Figure 2-6. Basically, 

the confocal method measures the best focus position in the microscope to detect the 

height of a surface point. It is different from the conventional microscope in that it has 

two additional pinhole apertures; one in front of the photodetector and one in front of 

the light source. The optical path from the light source to the specimen surface is the 

same as the path from the specimen surface to the photodetector [35]. 

If the pinhole aperture is located at the best focus position with respect to the specimen 

surface, the light reflected from a surface point can pass through the pinhole aperture 

and focus back on to the detector, therefore, leading to an intensity peak on the 

photodetector. Then, the height of a point on the specimen surface can be determined 

by measuring the signal in the intensity curve (see Figure 2-7). As it does not rely on 

the intensity of the reflected light, the confocal microscopy can measure the surface 

height without being affected by the material, color, or angle of the target [36]. 
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The lateral resolution of confocal microscope is limited by the Rayleigh criterion. The 

resolution 𝑟 is approximately given by 

𝑟 =
𝜆

2NA
 2-1 

where 𝜆 is the wavelength of the incident light and NA is the numerical aperture of the 

objective lens. The lateral resolution normally ranges from above 0.3 mm to about 1.5 

mm. The field of view is limited by the objective magnification. Lower magnification 

objectives with about 10X magnification provide a larger field of view of approximately 

1 mm by 1mm. High magnification objectives with 100X magnification have a field of 

view of about 0.2 mm by 0.2 mm. But low magnification objectives below 20X are in 

general not suitable for surface roughness analysis [33,37]. The vertical scanning range 

of confocal microscope is mainly limited by the working distance of the objective lens. 

Therefore, it is not possible to make high-resolution measurements with large scanning 

range. The vertical resolution can be given a standard deviation of repeated axial 

measurements in tens of nanometer on smooth surfaces in a controlled environment [38]. 

 

Figure 2-6 Schematic illustration of confocal microscopy [36] 
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Figure 2-7 Intensity curve measured during a vertical scanning [39] 

 

• Coherence Scanning Interferometry 

According to ISO 25178-604 [40], coherence scanning interferometry (CSI) is a surface 

topography measurement technique where the interference fringes localization during a 

scanning of optical path length provides a method to characterize a surface topography. 

It includes but is not limited to measuring instruments that use spectrally broadband, 

visible sources (white light) to attain interference fringes localization. CSI is also 

defined in alternative terms that follow some parts of the above definition [31,41], for 

example: 

• Coherence Correlation Interferometry (CCI), 

• Coherence Scanning Microscopy (CSM), 

• White Light Interferometry (WLI), 

• Vertical Scanning Interferometry (VSI). 

Figure 2-8 shows a generic microscopic surface profiler using coherence scanning 

interferometry. Coherence scanning interferometry often uses a broadband light source 

(white light). The optical system focuses the light through an objective lens onto the 
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target surface. An interferometer above the objective lens splits the light into two parts, 

one directed to the surface and another directed to a smooth reference mirror. As the 

reflected beams are recombined, the interference fringes are formed around the equal 

path condition for the two beams. The equal path condition can be detected for each 

surface area corresponding to each pixel of the CCD camera. Scanning the surface 

vertically by the microscope and detecting the best equal path condition at every pixel 

in the CCD camera leads to a topographic image. Coherence scanning interferometry 

method can provide very high resolution of sub-nanometer over the entire vertical 

measurement range of about 2 mm [42–44]. 

A simplified model of signal generation assumes a randomly-polarized, spatially 

incoherent light source and a smooth surface perpendicular to the incident light beam. 

The total signal is the sum of all the incoherent interference contributions of the light 

rays passing through the objective and reflecting from the object surface and reference 

mirror. For example, the light rays at an incident angle 𝛼 corresponds both to a specific 

image point (x’, y’) and to a specific position in the objective pupil. These light rays are 

separated at the beam splitter into the measurement path to the target surface at a 

particular point (x, y) and the reference path to the reference mirror. If (x, y) is the scan 

position of the surface with respect to the microscope, and the interference fringe spatial 

frequency can be expressed as: 

K = 4π
𝛽

𝜆
 2-2 

for a directional cosine 𝛽 = cos(𝛼) and a wavelength λ. The summation over a range 

of frequencies cause a peak signal where all the individual contributions are equally in 

phase. This position is often defined as the stationary phase point and stand for the peak 
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of the signal envelope shown in Figure 2-9. The incoherent superposition model using 

mathematical prediction of signal shape and can be used to determine surface heights 

from the coherence scanning interferometry signals [40]. 

 

Figure 2-8 Schematic illustration of an coherence scanning interferometer [45] 

 

Figure 2-9 Coherence correlation interference signal simulation [41] 



41 

 

Comparison between Stylus and Optical Methods 

Several studies have been reported in the literature to compare the contact stylus with 

the non-contact optical methods for measurement of surface texture. Shahabi et al. [46] 

proposed a method of roughness measurement using the 2D profile extracted from an 

edge image of the workpiece surface and compared the accuracy with the conventional 

stylus profilometer. Vorburger et al. [15] drew attention to optical methods and 

presented a remarkable comparison in the performance between recent optical 

measurement techniques, which were confocal microscope, phase-shifting 

interferometers, coherence scanning interferometer and the traditional stylus 

profilometers for a wide range of roughness values. Whitehouse [18] expressed some of 

the characteristics as well as the comparison of surface-profiling results obtained from 

the optical methods and stylus profilometer. 

The limitations of stylus type devices can be summarized below: 

• The spherical shape of the stylus tip causes the peaks and steps to become rounded, 

as well as the depth of valleys to be reduced (Figure 2-10). 

• The stylus flank angle (Figure 2-11) also affect the measurement accuracy. The stylus 

cannot penetrate completely into the groove or valley. 

• Repeated use of the device can cause wear of the stylus tip, hence affecting the 

readings. Meanwhile, the wear stylus tip may scratch the workpiece surface (Figure 

2-12). 

 

Figure 2-10 Actual and measured profiles using stylus method [46] 

Actual surface 

Measured profile 

Stylus tip 
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Figure 2-11 Error due to flank angle [18]                                             Figure 2-12 Surface damage due to stylus [35] 

Optical roughness measurement methods have several advantages compared to the 

stylus methods, such as the ability for in-process, rapid measurement capability, no wear 

due to the noncontact nature and the ability to provide area measurement. However, 

optical methods also have their limitations: 

• Optical methods are limited to moderate slopes consistent with the range of 

acceptance angles for the numerical aperture of the objective [15]. 

• Surface colour and reflectivity can also affects the measurement quality of the 

optical methods [47]. 

• Sharp edges, inclusions, defects, and other peculiarities of the surface can scatter 

light away from the objective (Figure 2-13 and Figure 2-14). 

To compare the advantages and disadvantages between stylus-based methods and 

optical method, a summary is given in Table 2-9. 

 

Figure 2-13 Data dropout due to high slope [31] Figure 2-14 Error due to sharp edge [18] 



43 

 

Table 2-9 Summary of differences between the optical and stylus methods. 

Criteria Stylus Optical 

Possible damage during 

measurement 
Possible damage to surface No damage to surface 

Quantitative information Less (line profile) More (areal topography) 

Working distance 0 (contact) 2 - 40 mm 

Lateral resolution 0.125 – 0.5 µm 0.3 - 0.5 µm 

Lateral scanning range Up to 200 mm Up to 200 mm 

Vertical resolution 5 - 10 nm 0.1 - 10 nm 

Vertical scanning range Up to 20 mm Up to 20 mm 

Sensitivity to workpiece 

tilt 

Insensitive to tilt of 

workpiece 

Limited tilt only allowed  

(approximately 30º for 50x 

objective) 

Measuring speed 
Relatively slow speed 

(up to 1mm/s) 

Can achieve fast scan 

(up to 10 mm/s) 

In-situ measurement 

capability 
No Yes 

Time for analysing Rapid Slow 

 

2.2 Key Challenges in Surface Finish Measurement 

2.2.1 In-situ Surface Finish Measurement 

In-situ measurement for surface finish on a workpiece is increasingly demanded in many 

advanced manufacturing products such as mirror finishing [48,49], additive 

manufacturing [50,51] and free-form products [52,53]. In-situ measurement requires 

that the actual measurement needs to be carried out while the machined product is still 

positioned in the manufacturing cell [54]. If an error occurs in the manufacturing process, 

the in-situ measurement results can be used to  rectify the process parameters, and 
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consequently reduce rejections as well as manufacturing costs [49,55]. The conventional 

method for surface finish measurement is to scan surfaces with a contact stylus and 

capture surface height deviations in the form of a surface profile [32]. However, Stylus-

based method is susceptible to environmental disturbance due to its contact nature and 

it is a relatively slow process attributed to the point-to-point measuring mode and the 

risk of ‘stylus flight’ [35]. Hence, it is not a suitable technique for in-situ surface finish 

measurement [56]. 

Non-contact systems based on optical techniques are considered more suitable for in-

situ measurement as they are able to provide high scanning speed and measurement 

accuracy [57]. Umberto et al. [58] developed a novel system based on confocal sensor 

which is capable of measuring dimension, waviness and roughness simultaneously. The 

developed system was proved to provide robust and reliable surface roughness 

measurement, but limited repeatability of 0.2 µm for measuring surfaces roughness Ra 

between 0.3 to 0.7 µm. Yann et al. [57] have integrated a chromatic confocal sensor on 

a 5-axis milling machine to achieve in-situ surface roughness measurement. The 

experimental results showed that the roughness measurement errors are less than 10% 

and probably due to the spot size effect of the chromatic confocal sensor. Jiang X Q et 

al. [59] and Lin D et al. [60] have investigated some critical aspects of spatial light-wave 

scanning techniques and attempted to replace conventional stylus-based methods for in-

situ surface measurement. However, the practical surface roughness measurements have 

not been performed and no accuracy analysis has been conducted. 

More recently, many machine vision based methods have been developed to measure 

surface roughness in the indirect ways. Wong P L et al. [56] proposed an measurement 

method based on a new optical technique using the combine effects of light scattering 
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and interference. The developed system is implemented in a cylindrical grinding process 

to demonstrate the applicability for in-process surface roughness measurement. Tian et 

al. [61] have proposed a hybrid inspection system which applied two digital cameras to 

capture laser speckle pattern and scattering images simultaneously. By using advanced 

image processing and feature fusion algorithm, in-situ surface roughness 

characterization with high measurement range can be obtained. However, the developed 

system has not been systematically validated and tested on wide range of samples. Fuh 

et al [11,62] developed an in-process system for surface roughness measurement by 

combining laser-scattering technique and adaptive optics. The developed adaptive-

optics-assisted system showed equivalent measurement accuracy to the stylus method, 

and relative error values of less than 8.7% are obtained for average surface roughness 

(Ra). 

 

2.2.2 Mirror Finish Surface Measurement 

In the American Society for Testing and Materials (ASTM) standard A480 [63], the 

surface finish of stainless steel is defined at eight grades. The highest grade, mirror finish, 

is defined as a highly smooth finish typically manufactured by polishing process with 

finer grit abrasives and finally with buff polishing. Recent years, mirror finish surface 

products have been widely used in many industries. The aerospace industry has a strong 

demand for high finish quality in the aircraft leading edges to help to reduce drag (air 

resistance) in-flight [64]. In the optical industry, prism arrays [65], polygon mirror [66] 

and projection lens of optical lithography [67] which are key parts of advanced machines 

or optical instruments need to be fabricated with a high quality of surface finishing. 

Semiconductor wafer, a basic component used in integrated circuit (IC) fabrication, is 
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required to be mirror polished to improve the IC chip performance [68–70]. In medical 

industry, orthopaedic implants such as knees or hips prostheses need to be polished to 

mirror finish to reduce friction and increase lifespan [71,72]. 

A mirror finish surface can be achieved by different machining processes such as 

chemical mechanical polishing [73–75],  magnetorheological finishing [76,77], abrasive 

flow machining [78] and elastic emission machining [79]. In semiconductor 

manufacturing, chemical mechanical polishing or planarization is the most widely used 

method to produce mirror finish surface since early 1990s. Polishing is usually 

conducted without allowing the fine abrasive particles create brittle fractures on the 

workpiece surface, while subtracting these materials in minute steps to finally fabricate 

a mirror finish surface [80]. 

According to different national standards [63,81], the quality of the mirror finish surface 

is specified in only a qualitative way like “a non-directional finish that is reflective and 

has good image clarity”. However, the industry needs to qualify the mirror finish surface 

in quantifiable ways to differentiate among different products. The mirror finish surface 

texture and local defects are the most important surface geometry and physical 

properties for mirror finish components [49,82]. 

For mirror finish surface measurement, optical techniques have great potential due to 

their non-contact mechanism to avoid surface damage and contamination. 

Interferometers are widely used both in academic and industry for surface 

characterization of mirror surfaces [83,84]. Extremely high measurement accuracy 

down to sub-nanometer can be achieved with heterodyne or phase modulation 

techniques [85,86]. However, most commercial interferometers are usually expensive 

and must be operated in a clean and vibration-free laboratory environment. Some 
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research has been carried out to develop fast and in-situ methods to measure the mirror 

finish surface. Gao et al [9] developed an optical probe by combining a displacement 

sensor and an angle meter to measure the profile of mirror surfaces. Fuh et al [87] 

developed an in-process measurement of surface roughness by combining an optical 

probe and adaptive optics. Speckle metrology [69,88,89] has been tested and used to 

measure surface roughness of semiconductor wafer through light scattering method and 

has shown feasibility to be integrated into a manufacturing cell for in-situ measurement 

[55]. Recently, Tadanori et al [90,91] proposed a patterned area illumination method to 

measure the specular reflection of the polished metal surfaces and study the relationship 

between the surface texture and gloss values. A summary and comparison of the 

reviewed technical methodologies for mirror surface finish measurement is presented in 

Table 2-10. 

Table 2-10 Technology comparison for mirror surface texture measurement 

 

 

 



48 

 

Apart from the surface texture, the defects on the mirror finish surface such as scratches, 

dents and pitting corrosion can also influence the appearance and functionality of mirror 

finish products [78,92]. The defects detection on mirror finish components is usually 

conducted manually by skilled workers in industry. In this method, the skilled workers 

inspect the work piece using an optical microscope and decide by experience whether 

certain defects exist on the surface and which types of defect they are. If any defect is 

discovered on the surface, the work piece will be either scrapped or repaired according 

to the condition of the defect [93]. In recent years, some research has been reported 

which use vision inspection methods to replace the manual inspection. Rosati et al [94] 

proposed a real-time defect inspection system for highly reflective curved surface. This 

system employed a non-flat mirror to illuminate and inspect the sample surface and 

collect the reflected light rays from the sample surface using a CCD camera. Zhang et 

al [93] presented an inspection system based on machine vision to measure and classify 

defects on ground and polished surfaces by adopting different extraction methods, e.g. 

Gabor filter, Laws filter and statistical features from co-occurrence matrix. Boby et al 

[95] developed a defect detection system for highly reflective rings used in a textile 

machine and compared four different algorithms based on auto-median, single-step 

thresholding, Fourier transform based filtering and image convolution techniques. Tsai 

et al [96,97] developed several algorithms (Fourier transform, independent component 

and probability density function) for defect detection on randomly textured surfaces. 

Kim et al [98,99] developed a fully automated system for scratch detection on silver 

halide film by defining the texture and shape properties from spatial domain. A 

technology comparison and summary of defects inspection on mirror surface is 

presented in Table 2-11. 
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Table 2-11 Technology comparison for mirror surface defects detection 

 

 

2.2.3 Rough Surface Topography Measurement 

With the recent research and development of additive manufacturing and advanced 

surface engineering processes such as direct metal laser sintering [100], electron beam 

melting [101]and laser shock peening [102], surface topography measurement for 

relatively rough surfaces have attracted much attention. 

Industry adoption of metal additive manufacturing (AM) has increased dramatically in 

the past few years due mainly to the advantages it offers over conventional processes 

such as the freedom to design more complex shaped components as well as a reduction 

in the number of manufacturing stages [103,104]. One challenge which arises from these 

new processes is the measurement and characterization of the surfaces [105]. Surfaces 

made by AM processes normally present higher surface roughness and more irregular 

surface microstructures than conventional machined surfaces [4,106]. This can be 

attributed to a number of factors including loose particle adhesion [107], incomplete 
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melting of the powder [108] as well as the actual process parameters [109]. With so 

many various factors, it is important to be able to link the AM surface to the final 

application and ultimately back to the process parameters [110,111]. 

Triantaphyllou et al. [107] have measured AM surfaces produced by selective laser 

melting (SLM) and electron beam melting (EBM) using both contact and optical 

methods. They found that Sa and Sq were suitable areal measurement parameters for 

AM surfaces. Besides, the optical methods using focus variation technique is able to 

provide accurate surface roughness results, but much faster measurement speed than 

stylus-based method. Calignano et al. [112] have investigated the surface roughness of 

aluminum workpieces manufactured by direct metal laser sintering (DMLS). Scan speed 

was observed to have the greatest impact on the surface roughness compared to other 

process parameters such as laser power and hatching distance. Grimm et al. [113] have 

studied area surface parameters of laser-sintered surfaces measured by a confocal 

microscope. The measurement results showed strong correlations between the surface 

orientation and the areal parameters Sdr and Sdq. Launhardt et al. [110] have conducted 

a systematic comparison between contact and optical surface roughness measurement 

methods on Selective Laser Sintering (SLS) samples. It has been observed that the 

contact measurement methods allow a fast and repeatable measurement of the SLS 

surface profile. In contrast, optical measurement methods are able to provide 3D-

visualization of the SLS surface topography, however measurement results vary 

significantly using different optical techniques and measurement parameters. 
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2.2.4 Free-form Surface Measurement  

Free-form surfaces can be defined as the surfaces which have no axes of rotation and 

may have almost any designed shape [53]. The geometry of free-form surfaces cannot 

be determined by a simple mathematic equation, as is the case for spherical and 

cylindrical surfaces, but a set of equations including: toroidal, biconic, non-uniform 

rational b-spline, etc [114]. Free-form surfaces manufacturing has been used in various 

industries due to their advantages such as reduced geometrical aberrations in optics field 

[114], drag reduction for aero engines [115], and improved manufacturing accuracy for 

knee implants in biomedical industry [116]. Several advanced manufacturing 

technologies have been developed to fabricate designed free-form surfaces, such as 

ultra-precision cutting, single-point diamond turning, CNC multi axis polishing and 

injection molding [117,118]. However, a major problem, relating to the expanding 

application of free-form surface products, is how to measure and characterize free-form 

surfaces with high accuracy [114]. 

The most widely used instrument in industry for free-form surface roughness 

measurement is stylus profilometer. However, the stylus profilometer usually has very 

fragile stylus tip and limited vertical gauging range less than 15 mm [119]. Optical 

profilers such as coherence scanning interferometer and confocal microscope are able 

to provide non-contact surface measurement solutions, but the lateral and vertical 

measurement range are limited. Vertical scanning technique and lateral image stitching 

are able to enlarge the scanning range but it is very time-consuming. 

Fan [120] has integrated a laser triangulation sensor into a coordinate measuring 

machine (CMM) for measuring free-form surface profile. The developed non-contact 

measurement system is able to automatically trace the free-form surface and measure 
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the surface profiles with error less than 5 µm. Bradley [121] has designed an automated 

roughness measurement system integrated with a fiber optic interferometer and a 

computer-controlled CMM. However, the system encounter vibration noise from CMM 

during scanning movement and cause a lot of work on data filtering. The Ultrahigh 

Accurate 3-D Profilometer (UA3P) [122] developed by Panasonic Corporation uses a 

laser-based interferometric three axis positioning system and atomic force microscopy 

(AFM) technology in the stylus. The UA3P system is able to provide the measurement 

range of a CMM with the measurement accuracy of AFM technology. Guo et al. [115] 

developed a reference-free beam-sampling system for measuring optical freeform 

surfaces. The developed system is tested to measure different toroidal samples and 

achieved a tens of nanometers measurement accuracy.  

However, the work mentioned above has mainly focused on the development of 

measuring instruments suitable for laboratory measurements, in a clean and vibration-

free environment, instead of in-process or in-situ measurements in a manufacturing cell. 

Li et al. [52] have invented a measuring system based on laser gauging head and high-

pressure jet device to perform in-process surface roughness measurement. Based on the 

measurement results in the polishing process, this system has been proved to provide 

measurement accuracy of sub-micron level and feasibility to feedback control the 

polishing tool. Chang et al. [123] presented a fuzzy-logic controlled system for on-line 

free-form surface measurement using a scanning contact probe integrated into a CNC 

machine. The fuzzy logic control scheme reduced the scanning robe’s lateral shift and 

made the measuring process continuous, but the measuring errors on certain curved 

surface went up to 20 µm. Recently, Xue et al. [124] developed a novel spatial light 

modulator that can be inserted into a commercial wavefront interferometer to extend the 
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measurement and dynamic range of the conventional interferometry. The developed 

system has been tested on a 4-axis CNC ultra-precision lathe and the measurement error 

is about 0.2 µm over a free-form aperture sample of 150 mm radius. A technology 

comparison and summary of free-form surface measurement is presented in Table 2-12. 

Table 2-12 Technology comparison for free-form surface measurement 

 

 

2.2.5 Precision Displacement Measurement 

2.2.5.1 Overview of Displacement Measurement Techniques 

As a key technical enabler, displacement sensing technology plays a very important role 

in many activities in product quality assessment such as geometric measurement 

[125,126], surface finish measurement [10,127]. Laser interferometer based on the 

heterodyne phase-detection principle is a widely accepted non-contact metrology 

instrument for long displacement measurement with sub-nanometer resolution [128].  
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Figure 2-15 illustrates the typical schematic of a heterodyne interferometer 

configuration. The two frequency components of the laser source obtained from an 

acoustic optical modulation or from a Zeeman split, have linear polarization and 

orthogonal to each other, which are then separated by the polarizing beam splitter (PBS) 

[129]. The measurement and the reference beams have frequencies 𝑓1  and 𝑓2 

respectively. Due to the moving of the target mirror, the measurement beam is Doppler 

shifted by ∆𝑓1. The two beams recombine after the polarizing beam splitter (PBS) and 

interference occurs. The recombined signal has a beat frequency of 𝑓2 − (𝑓1 ± ∆𝑓1). The 

result is a phase shift of the measurement signal compared to the reference signal. A 

phase detector is then used to measure the phase between the reference and the measured 

signals. Displacement of the movable target mirror could be deduced from this phase 

shift [130]. However, it is difficult to integrate a laser interferometer for in-situ 

measurement due to its low robustness and high sensitivity to manufacturing 

environmental conditions [131]. Hence, it is usually used as a reference instrument 

instead of a feedback sensor for motorized stage calibration. 

 

Figure 2-15 Laser interferometer based on the heterodyne phase-detection principle [129] 

Optical encoders are widely equipped for precision positioning systems. An optical 

encoder generally consists of an optical grating scale used as the measurement reference, 



55 

 

an optical reading head for measuring the graduations scale, and electronics for data 

acquisition and processing [131]. With continuous improvement of optical scanning 

algorithms and signal processing technologies, optical encoders are able to achieve 

submicron to nanometer accuracy nowadays. In Figure 2-16, two types of optical 

encoders, namely incremental type and absolute type, are presented as two 

commercially available examples [132,133]. The incremental optical encoder moves the 

scanning reticle with an index grating and the linear scale relative to each other. The 

incident light is modulated and received by the photovoltaic detector, then these light 

fluctuations are subsequently converted into electrical signals. By using pulse counting 

and subdivision technologies, the optical encoders are able to achieve submicron to 

nanometer accuracy [134]. Compare with incremental optical encoder, the absolute 

optical encoder is not required to move the optical reading head to the home position or 

reference position. An additional serial code track is added to the incremental track on 

the scale. The serial code structure has a unique pattern over the whole moving length 

of the optical encoder. The main advantage of the absolute optical encoder is providing 

the absolute position value immediately after switch-on and can be retrieved at any 

moment during the encoder movement [132]. 

      

(a) (b) 

Figure 2-16 Scheme of optical encoder. (a) Incremental type; (b) Absolute type [132,133] 
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Time grating encoder is a newly developed alternative approach to optical grating 

encoder for displacement measurement. By accurately measuring the time and the phase 

of a constant-speed electric field, the displacement can be calculated [135,136]. 

However, most grating-based displacement sensors have some inherent disadvantages 

that limit their inline applications: (1) The short standoff distance limited the installation 

flexibility. (2) Sealing or packaging process may be needed for condemnation concerns. 

(3) Accumulated computation needs continuous signal sampling. In case of any 

unexpected signal discontinuity, the measurement will fail. 

Digital image correlation (DIC) has been widely accepted and generally used as a high-

robustness technology for displacement and deformation measurement [137] and 

suitable for applications in harsh manufacturing environments [138]. By analysing the 

correlation of digital images taken for the same object before and after deformation and 

movement, the displacement can be determined by subpixel interpolation [139,140]. 

Currently the measurement range of DIC is limited to sub-millimeter or less and usually 

only used for surface deformation analysis [141,142]. 

In order to overcome the limitation of measurement range in DIC using a 2D area scan 

camera, a line scan camera with large image sensor is an ideal option for long 

displacement measurement. Line scan camera create an image as a row of single pixel 

at using a CMOS or CCD array detector [143]. Line scan camera is particularly suitable 

for machine vision applications which need high speed, high spatial resolution and 

simple illumination conditions for image capture [144]. 
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2.2.5.2 Image Registration Methods 

Image registration is defined as the process of geometrically aligning the reference and 

sensed images of the same scene taken from different viewpoints at different times [145]. 

Image registration approaches are generally classified in area-based methods and 

feature-based methods. Area-based methods using pixel-to-pixel matching algorithm 

are widely implemented in the applications for deformation and displacement 

measurement such as digital image correlation (DIC) [142]. Since area-based methods 

count each pixel in the image into measurement, the main advantage is that they use the 

whole image during the image registration process without losing any information [146]. 

Feature-based methods extract distinctive features in in the sensed and reference images 

to estimate the geometric transformation between them. In contrast to the area-based 

methods, the feature-based methods do not work directly with image intensity 

values[147] and have been mostly used in remote sensing [148], stereo vision matching 

[149], geometric contour registration [150] and image mosaicking applications [151]. 

Image registration methods with pixel level accuracy can be computed directly and may 

be sufficient in many applications [152], but some important problems including 

displacement measurement require the image registration algorithms with subpixel level 

accuracy [138]. 

In recent years, the most widely used techniques for subpixel image registration are 

based on searching the peak location in the cross-correlation of the two aligned images 

[152]. These techniques have significant registration accuracy and robustness to 

background lighting changes and image noises [153–155]. These techniques can be 

categorized into two groups: spatial domain methods and Fourier domain methods. 
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The spatial domain approaches usually calculate the up-sampled cross-power spectrum 

[156,157] or cross-correlation [158,159] between the reference and sensed images. The 

most commonly used approaches for up-sampling are based on interpolation algorithms, 

such as bilinear interpolation, bi-cubic interpolation and B-spline interpolation. It has 

been investigated that these methods are always sensitive to noise [154] and the 

accuracy depends highly on the quality of the interpolation algorithms [146]. Besides 

the interpolation methods, the commonly used approaches without interpolation are 

based on gradient optimization function [160,161]. This kind of methods iteratively 

search for the maximum value of in the formulated function such as cross-correlation 

and retrieve the shifted subpixel values and avoid the interpolation need for a large up-

sampling factor [162]. The main shortage of these methods is that they highly depend 

on the assumption of image intensity conservation and might fail when large 

illumination differences are present between reference and sensed images [163]. 

If the computational speed is concerned or if the images were acquired under the 

frequency-dependent noise, then Fourier domain approaches are preferred rather than 

the spatial domain approaches [147]. The foundation principle of Fourier domain 

methods is based on the well-known Fourier shift theorem. Given two images 𝑓(𝑥, 𝑦) 

and 𝑔(𝑥, 𝑦) , assumed that horizontal shift 𝑥0  and vertical shift 𝑦0  between the two 

images as shown in Figure 2-17, 𝑓(𝑥, 𝑦)  and 𝑔(𝑥, 𝑦)  are related by the following 

transformation: 

𝑓(𝑥, 𝑦) = 𝑔(𝑥 − 𝑥0, 𝑦 − 𝑦0) 2-3 
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(a) (b) 

Figure 2-17 (a) Original image 𝑓(𝑥, 𝑦); (b) Shifted image 𝑔(𝑥, 𝑦) 

According to the Fourier shift theorem, the Discrete Fourier Transform (DFT) of 𝑓(𝑥, 𝑦) 

and 𝑔(𝑥, 𝑦) satisfy: 

𝐹(𝑢, 𝑣) = 𝐺(𝑢, 𝑣)exp [−𝑖2𝜋 (
𝑢𝑥0
𝑀
+
𝑣𝑦0
𝑁
)] 2-4 

where 𝐹(𝑢, 𝑣) and 𝐺(𝑢, 𝑣) are DFT of 𝑓(𝑥, 𝑦) and 𝑔(𝑥, 𝑦) respectively, 𝑀 and 𝑁 stand 

for the image dimensions. The normalized cross-correlation spectrum is defined as 

following:  

𝑅(𝑢, 𝑣) =
𝐹(𝑢, 𝑣)𝐺∗(𝑢, 𝑣)

|𝐹(𝑢, 𝑣)𝐺∗(𝑢, 𝑣)|
= exp [−𝑖2𝜋 (

𝑢𝑥0
𝑀
+
𝑣𝑦0
𝑁
)] 

2-5 

where * indicates the complex conjugation. The inverse Fourier Transform (IFT) of the 

normalized cross-correlation spectrum 𝑅(𝑢, 𝑣) is a Dirac Delta function [154] centered 

at (𝑥0, 𝑦0) as following: 

IFT[𝑅(𝑢, 𝑣)] = 𝛿(𝑥 − 𝑥0, 𝑦 − 𝑦0) 2-6 
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It can be observed the accuracy of Fourier domain methods fully depends on calculation 

of the peak in the Dirac Delta function as in Equation 2-6. 

Since the Fast Fourier Transform (FFT) can be implemented with very high speed, a 

conventional method is to compute the up-sampled cross-correlation by zero-padding 

the normalized cross-correlation spectrum in Fourier domain and use the inverse Fast 

Fourier Transform (IFFT) to locate its peak [164]. This method preserves high 

registration accuracy and robust results, but the computational time and memory 

consuming are huge, especially for large-size images and high up-sampling factor [152]. 

To troubleshoot the problem of low computational efficiency in the conventional FFT 

method, many researchers have proposed various methods. Hassan Foroosh et al. [154] 

proposed a method using a Sinc function to approximate the Dirac Delta function in 

frequency domain, which has less computation complexity but limited registration 

accuracy (0.05 pixel resolution) compared to the conventional FFT method. Murat Balci 

et al. [165] have demonstrated that the discrete phase difference of two shifted images 

is a two-dimensional sawtooth signal. Hence, subpixel registration can be carried out 

directly in the Fourier domain by counting cycles’ number of the phase difference on 

each frequency axis. Guizar Sicairos et al. [166] proposed a new method that uses 

matrix-multiply Discrete Fourier Transform (DFT) algorithm to compute the up-

sampled cross-correlation between the reference and sensed images. This method is able 

to achieve subpixel registration accuracy equivalent to that of the conventional FFT 

method in much reduced computation time and memory requirements. In addition, this 

method has also been implemented in many machine vision applications by other 

researchers [152,167,168] and been validated with high registration efficient and 

robustness to noise. 
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2.3 Research Gaps 

Based on the literature review and key challenges in surface finish measurement, it can 

be concluded that there are clear research gaps in the following area: 

1. In-situ inspection solution for mirror finish surface roughness measurement and 

surface defect detection in harsh industrial environment. 

2. Precision position measurement sensor with high robustness and flexibility 

which can be integrated into various surface metrology instruments. 

3. In-situ surface finish measuring system to access the surface topography of 

different workpiece fabricated by conventional machining, additive 

manufacturing and free-from surfaces. 

2.4 Methodology 

To measure mirror finish surface roughness measurement, an automated surface 

inspection system is developed using fringe pattern illumination method, the method 

allows for an in-situ surface roughness measurement and through a dedicated surface 

roughness calculation algorithm, an on-line data acquisition and processing on mirror 

finish surface can be carried out. In addition, the developed surface inspection system is 

also able to detect the directions of machining mark and measure the surface uniformity. 

To detect defects on mirror finish surfaces, an automated inspection system based on 

Rayleigh criterion in surface scattering model is developed to perform in-situ 

measurement. 

To improve the robustness and flexibility for displacement measurement using 

conventional optical encoder in many surface metrology instruments, a displacement 

measurement system based on image grating technique is developed. Sub-pixel image 
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registration algorithm based on Fourier domain approach is proposed to improve the 

registration accuracy from pixel-level to sub-pixel level. The performance of the 

proposed image grating system is compared with a high-accuracy heterodyne laser 

interferometer. An error compensation method based on optical distortion model is also 

proposed to reduce the measurement error of the developed system. 

To achieve in-situ surface roughness measurement on different machined and additive 

manufacturing surfaces, a surface finish measurement system based on laser confocal 

method is developed. To reduce the inherent disadvantages of confocal sensor such as 

scattering noise at sharp peaks and background noise caused by specular reflection from 

the optical elements, the developed system has been calibrated and a linear correction 

factor has been applied. In addition, to overcome the vertical scanning limitation of the 

laser confocal sensor, an adaptive surface tracing algorithm is developed to measure 

free-form surfaces. The developed displacement measurement system based on image 

grating technique is also integrated in to the adaptive surface tracing system to improve 

the positioning accuracy. 

2.5 Summary 

In this chapter, a brief overview of surface texture as well as the importance of surface 

texture measurement are given in the first section. Then, some essential definitions of 

surface characterization were described. Different surface profile parameters and areal 

surface parameters are introduced and discussed in separate groups (height, spatial, 

hybrid). The next section of the chapter illustrated different surface roughness 

measurement methods in stylus and optical techniques respectively. A detailed 

comparison has also been conducted among them. 
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Then, several key challenges in surface finish measurement are reviewed and 

summarized in the next section. Firstly, in-situ surface finish measurement requires that 

the actual measurement needs to be carried out while the machined product is still 

positioned in the manufacturing cell. Non-contact systems based on optical techniques 

such as confocal microscopy and white light interferometry have been implemented in 

manufacturing system to provide high scanning speed and measurement accuracy. More 

recently, many machine vision based methods have been developed to measure surface 

roughness in the indirect ways and demonstrated good compromise between 

measurement speed and accuracy. 

The next part of this section has reviewed the recent research and development of 

surface measurement techniques in three advanced manufacturing surfaces, which are 

mirror finish surfaces, additive manufacturing surfaces and free-form surfaces. The non-

contact measurement method based on different machine vision and optical profiling 

techniques have been proved to provide comparable measurement accuracy to stylus-

based contact method, but faster scanning speed, non-destructive measurement and 

feasibility for in-situ measurement. 

Lastly, a review of different techniques for precision displacement measurement is 

presented. Accurate displacement measurement is a critical requirement in all surface 

metrology instruments. Laser interferometer has been widely used as a reference 

metrology instrument for long displacement measurement with sub-nanometer 

resolution. Optical encoders are widely equipped for precision positioning systems, but 

have some inherent disadvantages. Digital image correlation using subpixel 

interpolation algorithm is an ideal option for accurate deformation and displacement 

measurement, but the measurement range is limited to sub-millimeter or less.  
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3. Mirror Finish Surface Inspection based on Machine Vision 

Methods 

During a typical robotized polishing process as Table 3-1 indicated below, the quality 

control needs to be conducted from the initial stage (after CNC machining) with Ra 

around 2 µm to the final mirror polish stage with Ra down to 0.01 µm. The polishing 

process for the production of mirror finish surfaces is costly due to long manufacturing 

time and high probability of polishing errors. The surface texture and local defects are 

the most important surface geometry and physical properties for mirror finish 

components [49]. An in-situ surface texture and defect measurement system is highly 

demanded to reduce the rejections and costs. The in-situ measurement system should 

achieve fast and non-contact inspection and send measurement results to the polishing 

operator to make decision for further processing. The in-situ measurement for the mirror 

finish surfaces has several requirements: 

• The inspection system should be flexible and portable and be able to fit into a 

compact industrial robot cell. 

• The weight of the inspection system should be less than 5 kg to meet the payload 

of a compact industrial robot. 

• The inspection system should be simple to be integrated into the industrial robot. 

The developed software should be able to provide on-line data processing. 

• The inspection speed needs to be fast enough to meet the demands from 

robotized surface finishing industry. 
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Table 3-1 Typical robotized polishing process 

Polishing 

process 

Dry process using abrasive adhesive disc 

with grit size from 30 µm to 15 µm. 

 

Wet process using diamond slurry 

compound with particle size from 3 µm to 

0.25 µm and cushioned backing pad. 

 

Polished 

sample 

    

Ra (um) 2 – 0.2 0.2 - 0.01 

 

3.1 Modelling and Software Development 

3.1.1 Surface Roughness Measurement 

A patterned area illumination system is developed using a programmable illumination 

source and a monochrome machine vision camera. Figure 3-1 shows the system 

configuration. A black and white fringe pattern is generated by the illumination source. 

In specular reflection, the incidence angle is equal to the reflection angle. Hence, when 

the fringe patterns are projected on the mirror finish surface, a mirror-like reflected 

image of the fringe patterns can be captured by the machine vision camera. The 

sharpness of the fringe patterns in the image provides information related to specular 

reflection on the surface and surface roughness [91]. For analyzing the sharpness and 

contrast of the fringe patterns, the image processing task includes fringe pattern 

generation, pattern recognition and fringe pattern analysis. 
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As an illustration, Figure 3-2 shows the black-and-white fringes projected on samples 

surface and surface topography plots measured by Talysurf CCI with different 

roughness level. It can be clearly seen that from sample 1 to sample 4, image of black-

and-white fringes become blur and surface roughness increases refer to the surface 

height scale bar. Then, by comparing the sharpness of the black-and-white fringes and 

the surface roughness measured by Talysurf CCI HD, a mathematical correlation can be 

determined. 

 

Figure 3-1 Schematic illustration of the roughness measurement system 

 
(a) 

 
(b) 

Figure 3-2 (a) Fringe pattern image captured by machine vision camera; (b) Sample 

surface roughness measured using Talysurf CCI 



67 

 

3.1.1.1 Grayscale Contrast 

As discussed in Section 3.1.1, the sharpness of the fringe patterns in the image provides 

information about the surface specular reflection. The surface roughness and the surface 

specular reflection can be related [169]. Luminance contrast [170] of the fringe patterns 

can be used to evaluate the specular reflection on mirror finish surface. Luminance 

contrast is a measure of the perceived lightness or brightness difference between two 

colours [171]. Michelson contrast is widely used for simple periodic patterns where both 

bright and dark features are equivalent [172]. The Michelson contrast is defined as: 

C =
𝐿𝑚𝑎𝑥 − 𝐿𝑚𝑖𝑛
𝐿𝑚𝑎𝑥 + 𝐿𝑚𝑖𝑛

 3-1 

Where 𝐿𝑚𝑎𝑥 and 𝐿𝑚𝑖𝑛 are the maximum and minimum luminance in the image. 

However, the Michelson contrast is often influenced by the location of the distribution 

of grayscale level and the maximum or minimum value of brightness which is 

sometimes noise. In order to reduce the noise level, the luminance contrast C in the 

developed imaging processing algorithm was modified as: 

C =
𝐴𝑊 − 𝐴𝐵

𝐴𝑊 + 𝐴𝐵
 3-2 

where 𝐴𝑊  and 𝐴𝐵  are the average intensity of the white fringes and black fringes. 

 

3.1.1.2 Grayscale Histogram Standard Deviation 

Grayscale histogram is an important tool for image analysis, which plots the number of 

pixels as a function of their brightness values in the range from 0 to 255 [173]. Two 

images with different sharpness and their corresponding histograms are presented in 



68 

 

Figure 3-3 and Figure 3-4. It can be observed that the width of the two histogram 

distribution plots are significantly different. The standard deviation is often used to 

evaluate the extension of a distribution in the field of statistics [169]. By evaluating the 

standard deviation of the histogram distribution of grayscale histogram, the intensity 

variation between different images can be quantified. 

    

Figure 3-3 A sharp image and its grayscale histogram 

    

Figure 3-4 A blur image and its grayscale histogram 

For this study, areal surface texture parameters Sa and Sq were chosen for system 

evaluation and comparison. Then the contrast ratio values and grayscale histogram 

standard deviation were separately compared to the roughness values measured by the 

Talysurf CCI HD which will be demonstrated in Section 3.3. 
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3.1.2 Surface Defect Detection 

According to Rayleigh criterion in surface scattering [174], a sample surface can be 

considered as smooth which mainly cause specular reflection if it meets the following 

condition: 

∆h <
𝜆

8 cos 𝛼
 3-3 

Where ∆h is RMS roughness (Rq), α is the incidence angle and λ is the wavelength of 

the lighting source (Figure 3-5). 

 

Figure 3-5 Schematic of the defect detection model 

If α and λ decrease, 
𝜆

8 cos𝛼
 will be smaller, so ∆h will be larger than 

𝜆

8 cos𝛼
. When the 

surface scattering happens, the imaging device can capture the scattering lights mainly 

caused by the surface defects. The most widely used monochrome lighting source is red 

and green light. Because the wavelength of green light is smaller than wavelength of red 

light, the proposed system is integrated with a green LED light source for preliminary 

study. By setting the system configuration with 90° imaging and 30° lighting angles as 

shown in Figure 3-5, surface defects with ∆h (Rq) larger than 76.5 nm will scatter light 

based on Rayleigh criterion. 
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3.1.3 Software Program Development 

The proposed software program consists of image acquisition part and image processing 

part. LabVIEWTM vision development module was chosen to conduct the software 

program development in order to achieve in-situ inspection. LabVIEWTM vision 

development module has a wide applicable library to access different types of machine 

vision cameras. The image acquisition part of the software program was completed 

using the IMAQ function inside the vision development library. Besides, the machine 

vision camera can be controlled through computer and the captured image can be 

subsequently post-processed. The image processing part was separated into two 

individual programs for surface roughness measurement and defect detection as below. 

• Image processing for surface roughness measurement: 

1. Create region of interest on the acquired image. 

2. Extract intensity plane of the image to get the grayscale image. 

3. Dilate the grayscale image to increase contrast and sharpness. 

4. Using median filter to remove the background noises. 

5. Locate measurement areas and calculate the average intensity of the black and white 

fringes. 

6. Calculate the contrast and surface roughness based on the proposed empirical 

equations. 

7. Display contrast and roughness measurement results in the inspection front window. 
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Figure 3-6 shows a preliminary image process result for surface roughness measurement 

of a tested sample. It can be observed that the image contrast and sharpness increased 

and background noises reduced after image processing. The contrast and surface 

roughness calculated based on empirical equations can be displaced in the inspection 

front window. 

     

Original image Result display 

Figure 3-6 Image processing for surface roughness measurement 

• Image processing for surface defect detection: 

1. Create region of interest on the acquired image. 

2. Extract green plane of the image to get grayscale image. 

3. Dilate the grayscale image to increase contrast and sharpness. 

4. Using median filter to remove the background noises. 

5. Using local threshold with background correction method to convert the grayscale 

image to binary image and isolate the defects. 

6. Adapt Sobel edge detection to further separate the defects. 
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7. Locate all the defects and display results in the inspection front window. 

In order to verify the proposed defect detection model, some inspection images of the 

validation experiments were conducted.  Figure 3-7 shows the image processing 

procedure from original image to the final results display for three different samples. It 

can be seen that most incident lights were reflected away from the image field. The 

surface defects which scatter the light can be detected by the machine vision camera, 

while the other parts of the image field remain dark. The preliminary results show good 

capability and feasibility of the proposed image processing program for detecting the 

surface defects.  

     

     

     

(a) Original image (b) Results display 

Figure 3-7 Image processing for defect detection 
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3.2 System Setup and Experimental Materials 

3.2.1 Hardware Details of Inspection System 

The main components in the proposed inspection system are: 

• Machine vision camera and lens 

An industrial machine vision camera (EXG50c, Baumer, Friedberg, Germany) with 

1/2.5” progressive scan CMOS sensor and 2592x1944 pixel resolution was integrated 

into the inspection system. It has a sensor pixel size of 2.2 µm x 2.2 µm and frame rate 

of 13 fps at full resolution. 

Two ultra-low distortion lenses (M1620 and M5028, Computar, Cary, NC, USA) were 

selected for surface roughness measurement and defect detection. The M1620 lens with 

EXG50c camera is able to provide a spatial resolution about 1.5 µm at the field of view 

of 3.08cm x 4.11cm. Its minimum working distance of 0.2 m is suitable for surface 

roughness measurement. The M5028 lens with EXG50c camera is able to provide a 

spatial resolution about 3.3 µm at the field of view of 6.40cm x 8.53cm. Its long working 

distance of 0.4 m is suitable for surface defects detection. 

 

• Patterned area illumination source: 

A programmable pattern illuminator (Ipad mini 3, Apple Inc., Cupertino, CA, USA) 

equipped with 7.9" liquid crystal display which has 2048 x 1536-pixel resolution at 326 

pixels per inch. This high resolution illumination display is able to generate different 

kinds of high quality fringe patterns. 
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• Collimated illumination source: 

This collimated light (M530L3-C1, Thorlabs, Newton, NJ, USA) with high-power 

mounted LED and adjustable light intensity will be used to illuminate the workpiece 

surface for defect detection. Its nominal wavelength is 520 nm and maximum power is 

3200 mW. 

 

• Industrial Robot: 

A six-axis multipurpose industrial robot (ABB IRB 140, ABB Group, Zurich, 

Switzerland) is integrated with the inspection module to achieve automated and in-situ 

surface measurement. It has a payload of 6 kg with a reach of 810 mm and position 

repeatability of 0.03 mm. 

 

3.2.2 Coherence Correlation Interferometer 

The test samples used for roughness measurement modelling were calibrated by using a 

coherence correlation interferometer (Talysurf CCI HD, AMETEK Inc, Berwyn, PA, 

USA) with 50X objective lens as shown in Figure 3-8. The principles and detailed 

characteristics of coherence correlation interferometer are described in Section 2.1.3. It 

basically uses coherence scanning interferometry to measure the surface texture and is 

able to provide spatial resolution of 0.5 µm and vertical resolution of 0.1 nm using 50X 

objective lens. 
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Figure 3-8 Taylor Hobson Talysurf CCI 

 

3.2.3 Test Samples 

For roughness measurement, a set of sixteen stainless steel samples labelled from 1 to 

16 (Figure 3-9) were ground and polished to achieve different roughness values to 

represent different surface conditions of fan blades and turbine blades which have been 

widely used in aerospace and power generation industries. These sixteen tested samples 

were finished using tissue, felt, soft wood, copper, hard wood and grit seperately. These 

six finishing materials have been commonly used sequentially to achieve mirror finish 

quality in surface finishing industry. For defect detection, three mirror finished flat test 

sample shown in Figure 3-10 were manufactured. The first sample has been well 

polished to achieve a surface without obvious defects. The second sample has been 

semi-polished to leave different kinds of defects like scratches, pits and rust stains. The 

third sample has been scratched to fabricate two artefact scratches on the surface to 

validate the developed algorithm and the proposed inspection system. 
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Figure 3-9 Test samples for roughness measurement 

a)  b)  c)  

Figure 3-10 Test samples for defect detection (a) polished surface without defects (b) 

polished surface with defects (c) polished surface with artefact scratches 

 

3.2.4 System Integration 

 

Figure 3-11 System flow of the proposed post-process inspection system 

The inspection system includes two modules, a sensor module and an image processing 

module. The system setup, including imaging distance and angle, lighting source 

distance and angle, and camera settings were determined based on the results of the 

modelling described in Section 3.1 and hardware characteristics in Section 3.2.1. The 

robot carried the inspection unit to approach the target area at a fixed distance and angle 
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to capture images. Next, the captured images were sent to the processing unit for 

roughness measurement and defect detection. 

 

3.2.5 Surface Roughness Measurement Setup 

     

Figure 3-12 System configuration for surface roughness measurement 

Figure 3-12 shows the configuration for surface roughness measurement and the whole 

inspection unit was installed on a robot arm to demonstrate the capability of in-situ 

measurement. The robotized inspection system will be used to achieve the automatic 

surface inspection for the future research work. A black and white fringe pattern was 

generated by the tablet screen. Reflected by the mirror finish surface, the image of the 

pattern can be captured by the machine vision camera. After analyzing the contrast value 

or histogram standard deviation of the fringe pattern image, the roughness can be 

quantified. The 16 mm focal lens were used under this configuration. The camera and 

patterned backlight were angled 45˚ from horizon and the distance between camera and 

workpiece was set to be 0.1 m. 
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3.2.6 Surface Scratch Inspection Setup 

           

Figure 3-13 Configuration for surface scratch inspection 

Figure 3-13 shows the configuration for surface defect detection and the whole 

inspection unit integrated within an industrial robot system. A collimated LED light was 

employed to illuminate the workpiece surface and enhance the visibility of the surface 

defects. The distance between camera and workpiece was set to be 0.4 m. With a 

collimated light, most incident light will be reflected away from the view of vision 

camera, but the scattering light generated by the surface defects will be captured by the 

machine vision camera. The 50 mm focal lens were used under this configuration. The 

camera was set at 90° angle to the sample surface and the collimated LED light was 

settled at 30° incident angle to the sample surface. 

 

3.3 Surface Roughness Measurement 

As discussed in previous chapter, sixteen test samples with different surface roughness 

were used for measurement. Sample size is 30mm diameter and each sample has been 

measured in five areas as shown in Figure 3-14. 
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The calibrated roughness values Sa and Sq were measured by the Taylor Hobson Talysurf 

CCI. Each measurement area is 2 mm by 2 mm. The roughness measurement results are 

presented in Figure 3-15. It can be observed that the sixteen samples have different Sa 

and Sq values in the range of 1 nm to 120 nm and 2 nm to 165 nm respectively. 

           

Figure 3-14 Measured areas on the sample surface 

 

Figure 3-15 Roughness measurement result using Talysurf CCI 

 

3.3.1 Grayscale Contrast Measurement 

The grayscale contrast (C) measurement results and the average values with standard 

deviation were shown in Figure 3-16. The Sa-contrast curve in Figure 3-17 and Sq-

contrast curve in Figure 3-18 show good feasibility of the proposed system for surface 

roughness measurement. As widely accepted, the coefficient of determination R2 value 
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indicates how well data points agree with the fitted line. The closer the R2 value is to 

one, the better the linear relationship between two sets of data points. The high R2 value 

of 0.9707 in Sa-contrast curve and R2 value of 0.9819 in Sq-contrast curve indicate that 

linear regression of the data set is reliable. 

 

Figure 3-16 Grayscale contrast measurement result using proposed system 

 

Figure 3-17 Sa-Contrast curve 

 

Figure 3-18 Sq-Contrast curve 
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Based on the Sa (Sq) and contrast values in Figure 3-17 and Figure 3-18, a linear relation 

can be modelled as Equation 3-4 and 3-5 as below. These empirical equations are based 

on the preliminary measurement results of the sixteen samples. More samples need to 

be measured to get additional data points to validate the proposed empirical equations.  

𝑆𝑎 = −131.3𝐶 + 120.66 3-4 

𝑆𝑞 = −175.24𝐶 + 165.84 3-5 

  

3.3.2 Grayscale Histogram Standard Deviation 

The grayscale histogram standard deviation (STD) measurement results and the average 

values with standard deviation were shown in Figure 3-19. The Sa-STD curve in Figure 

3-20 and Sq-STD curve in Figure 3-21 showed there are a linear relationship between 

grayscale histogram standard deviation (STD) and surface roughness (Sa and Sq). The 

R2 value of 0.9813 in Sa-STD curve and R2 value of 0.9694 in Sq-STD curve indicate 

that linear regression of the data set is dependable. By comparison these R2 values with 

the contrast measurement results with R2 value of 0.9707 in Sa-contrast curve and R2 

value of 0.9819 in Sq-contrast curve, the correlation between grayscale contrast (C) and 

surface roughness is similar to the correlation between histogram standard deviation 

(STD) and surface roughness. 

By comparing Figure 3-17 and Figure 3-20 as well as Figure 3-18 and Figure 3-21, it 

can be observed that the error bar in Sa-STD and Sq-STD curves is much larger than the 

error bar in Sa-contrast and Sq-contrast curves. Based on the above observations, the 

results based on contrast algorithm were more reliable than the histogram standard 

deviation algorithm. 



82 

 

 

Figure 3-19 Histogram standard deviation measurement result using proposed system 

 

Figure 3-20 Sa-STD curve 

 

Figure 3-21 Sq-STD curve 

3.3.3 Surface Uniformity Measurement 

According to ISO 25178-2 [30], Str is defined as the ratio of the fastest to slowest decay 

to correlation length of the surface autocorrelation function. For evaluating the surface 

texture, Str is the parameter to characterize the surface uniformity. 
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Sample 2 and Sample 8 were chosen to study the effect of machining pattern on mirror 

surface isotropy. Figure 3-22 shows the microscopic images of the two samples. It can 

be clearly seent that these two samples represent two typical mirror finish surfaces with 

unidirectional machining pattern and multi-directional machining pattern. They have a 

very close Sq value (mean ± st.dev) of 59.4 ± 1.5 nm and 60.1 ± 1.8 nm respectively. 

But the Str value of sample 2 and sample 8 is 0.072 ± 0.006 and 0.426 ± 0.013. In 

principle, Str has a value between 0 and 1. Larger values, say Str > 0.5, indicates uniform 

texture in all directions. Smaller values, say Str < 0.3, indicates an increasingly strong 

directional structure or machining pattern. 

       

Figure 3-22 Machining pattern on sample 2 and sample 8 

The contrast values are measured using the image processing algorithm described in 

Section 3.1.3. The contrast results at different measurement angles for sample 2 and 

sample 8 were plotted in Figure 3-23 to compare the grayscale contrast difference. The 

grayscale contrast value at 0 degree and 180 degree is much larger than those at the other 

measurement angles for sample 2. As a comparison, sample 8 has random and similar 

grayscale contrast value from 0 degrees to 180 degrees. Other samples will be 

investigated to check whether they have a similar trend that the samples with Str value 

close to zero have two peaks in 0 degree and 180 degree. 



84 

 

In conclusion, the grayscale contrast ratio has correlation with directions of the 

machining marks and the projected fringes at different measurement angles. The surface 

texture aspect ratio parameter Str which provides information about the strength of the 

machining marks was experimentally evaluated and compared with grayscale contrast 

change. 

 

Figure 3-23 Contrast value in different measurement angles 

 

3.4 Surface Defect Detection 

3.4.1 Artefact scratches detection 

Based on developed system configuration and using the proposed image processing 

program, the inspection results are presented in Figure 3-24. The camera captured the 

original image, then the image was processed and the two artefact scratches were 

detected and displayed. 

To test the resolution of the proposed system, the artefact scratches 1 and 2 were also 

measured using Talysurf CCI and the results are presented in Figure 3-25 and Figure 

3-26. The average width and depth of the artefact scratch 1 is 18.5 µm and 3.0 µm 
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separately. The average width and depth of the artefact scratch 2 is 10.4 µm and 0.7 µm 

separately. 

Based on the inspection results of the artefact scratches, the proposed system and image 

processing algorithm is able to detect the scratches which are difficult for manual 

inspection. 

       

(a) Original image (b) Results display 

Figure 3-24 Artefact scratches detection 

      

Figure 3-25 Artefact scratch 1 measured by Talysurf CCI 

     

Figure 3-26 Artefact scratch 2 measured by Talysurf CCI 
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3.4.2 Sample Defect Detection 

The developed system was tested on the polished sample without defect on the surface 

to validate the inspection accuracy. The inspection results are presented in Figure 3-27. 

After the original image being processed through the proposed image processing 

algorithm, the results displayed zero defects on the sample surface. The proposed system 

was also tested to inspect the polished sample with different kinds of defects on the 

surface. Figure 3-28 shows the inspection results of the middle and bottom area on the 

sample surface. From the results display images, the proposed system is able to detect 

and count different defects such as scratches, pits and rust stains.  

In order to test the resolution of the proposed system, four detected scratches labelled 

from 1 to 4 in Figure 3-28 were also measured using Talysurf CCI and the results are 

presented in Figure 3-29 and Table 3-2. The average width and depth of the four 

scratches are similar to the artefact scratches measured in last section. Based on the 

inspection results of the surface defects, the proposed system and image processing 

algorithm is able to detect the surface defects with width above 10 µm and depth above 

0.2 µm which are difficult for manual inspection. 

     

(a) Original image (b) Results display 

Figure 3-27 Defect detection results on polished surface without defect 
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(a) Original image (b) Results display 

Figure 3-28 Defect detection results on polished surface with defects 

 

Figure 3-29 Scratch 1 to 4 surface topography measured by Talysurf CCI 
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Table 3-2 Scratch 1 to 4 dimensions measured by Talysurf CCI 

                                     Scratch 

Number 

Scratch dimension 

1 2 3 4 

Average width (µm) 12.59 17.19 10.94 12.38 

Average depth (µm) 0.25 0.66 0.28 0.23 

 

3.5 Summary 

In this chapter, a surface roughness measurement system using the fringe pattern 

illumination method is developed to address in-situ roughness measurement on mirror 

finish surface. By analyzing the grayscale contrast ratio of the fringe pattern reflection 

image and comparing to the measurement results from the referenced coherence 

scanning interferometer, the experimental results showed that the developed system was 

able to measure different mirror finish surfaces with Sa and Sq values in the range of 1 

nm to 120 nm and 2 nm to 165 nm respectively. The experimental results demonstrated 

a good correlation between the grayscale contrast value and the surface roughness 

parameters (Sa and Sq). In addition, the grayscale contrast ratio was also correlated with 

directions of the machining marks and the projected fringes at different measurement 

angles. The surface texture aspect ratio parameter Str which provides information about 

the strength of the machining marks was experimentally evaluated and compared with 

grayscale contrast change. Besides, a surface defect inspection system based on 

Rayleigh criterion in surface scattering was developed. The defect inspection system 

was integrated into the robotic cell to achieve in-situ defect detection on mirror finish 

surface. The experimental results showed that the developed system is able to detect 

surface defects with width above 10 µm and depth above 0.2 µm. 
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4. Position Measurement System Based on Image Grating 

Technique 

4.1 Introduction to Image Grating System 

The position measurement system was developed using the concept of image grating 

technique which is based on 1D subpixel image registration algorithm.  As discussed in 

Section 2.2.5.1, line scan camera creates an image as a row of single pixel (1D image) 

and particularly suitable for measurements which require high speed, high spatial 

resolution and simple illumination conditions. In order to focus on 1-dimensional 

precise measurement and achieve high efficiency, a line scan camera with large image 

sensor is selected instead of a conventional 2D area scan camera in the developed system 

as the displacement reader. 

As shown in Figure 4-1, an image grating system includes a patterned target attached or 

printed on the motorized stage and a stationary line scan camera as the displacement 

reader. By applying different optics, the standoff and measurement range can be 

adjusted. When the system is properly aligned, position of the moving object will be 

correlated to the pixel translation of the patterned target on the image. 

This system can be pre-calibrated using a visible feature with known dimension. In this 

study, line patterns with known interval distance was used. Through calibration, the 

pixel-to-dimension ratio can be determined. After calibration, the focusing mechanism 

of the optical lens shall be locked. During the measurement practice, the first image 

captured at the starting position is used as the reference. As shown in Figure 4-2, pattern 

shift can be calculated in pixels between the first image and subsequent images using 
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image registration approach. Then, the displacement can be computed according to the 

pixel-to-dimension ratio. 

 

Figure 4-1 Schematic of an image grating system 

 

Figure 4-2 Schematic of pattern shift between two images 

In order to implement the image grating system into practical position measurement, the 

measurement accuracy needs to be determined. Most commercial surface topography 

measuring instruments are integrated with motorized stages configured with stepper or 

DC motor with lead screw. The positioning accuracy of these types of cost-effective 

motorized stages are within the range from 0.5 µm to 5 µm [175–177]. Therefore, the 

target of our developed image grating system is to achieve position measurement 

accuracy less than 0.2 µm. However, the image sensor in a typical line scan camera has 

the pixel size in millimeter level. To break through the pixel-level resolution of the line 

scan camera, subpixel image registration algorithm was introduced in the image grating 

system. 
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4.2 Image Registration Techniques 

Due to the requirement for real-time position measurement, computational speed is a 

main concern for the image registration techniques. Hence, as discussed in Section 

2.2.5.2, the Fourier domain approaches are preferred to spatial domain approaches. 

4.2.1 Fourier-based Image Registration 

The foundation principle of image registration in Fourier domain is based on the well-

known Fourier shift theorem [146]. Given two images 𝑓(𝑥, 𝑦) and 𝑔(𝑥, 𝑦), assumed 

that horizontal shift 𝑥0  and vertical shift 𝑦0  between the two images, 𝑓(𝑥, 𝑦)  and 

𝑔(𝑥, 𝑦) are related by the following transformation: 

𝑓(𝑥, 𝑦) = 𝑔(𝑥 − 𝑥0, 𝑦 − 𝑦0) 4-1 

According to the Fourier shift theorem, the Discrete Fourier Transform (DFT) of 𝑓(𝑥, 𝑦) 

and 𝑔(𝑥, 𝑦) satisfy: 

𝐹(𝑢, 𝑣) = 𝐺(𝑢, 𝑣)exp [−𝑖2𝜋 (
𝑢𝑥0
𝑀
+
𝑣𝑦0
𝑁
)] 4-2 

where 𝑀  and 𝑁  stand for the image dimensions, 𝐹(𝑢, 𝑣)  and 𝐺(𝑢, 𝑣) are DFT of 

𝑓(𝑥, 𝑦) and 𝑔(𝑥, 𝑦) respectively, as given by the relation: 

𝐹(𝑢, 𝑣) =
1

√𝑀𝑁
∑ ∑𝑓(𝑥, 𝑦)exp [−𝑖2𝜋 (

𝑢𝑥

𝑀
+
𝑣𝑦

𝑁
)]

𝑁−1

𝑦=0

𝑀−1

𝑥=0

 

4-3 

𝐺(𝑢, 𝑣) =
1

√𝑀𝑁
∑ ∑𝑔(𝑥, 𝑦)exp [−𝑖2𝜋 (

𝑢𝑥

𝑀
+
𝑣𝑦

𝑁
)]

𝑁−1

𝑦=0

𝑀−1

𝑥=0
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A widely used method to perform image registration is to compute the cross-correlation 

function of the two images [161,178]. The cross-correlation function of 𝑓(𝑥, 𝑦) and 

𝑔(𝑥, 𝑦) [167] is defined as: 

𝑐(𝑥0, 𝑦0) = ∑ ∑𝑓(𝑥, 𝑦)𝑔∗(𝑥 − 𝑥0, 𝑦 − 𝑦0)

𝑁−1

𝑦=0

𝑀−1

𝑥=0

 

4-4 

where * indicates the complex conjugation. By using Fourier shift theorem and inverse 

Fourier Transform (IFT), Equation 4-4 can be rewritten as: 

𝑐(𝑥0, 𝑦0) = ∑ ∑𝐹(𝑢, 𝑣)𝐺∗(𝑢, 𝑣)

𝑁−1

𝑣=0

𝑀−1

𝑢=0

exp [𝑖2𝜋 (
𝑢𝑥0
𝑀
+
𝑣𝑦0
𝑁
)] 

4-5 

So transformation 𝑥0 and 𝑦0 can be obtained by locating the peak of cross-correlation 

𝑐(𝑥0, 𝑦0) in the Fourier domain. The Fast Fourier Transform (FFT) algorithm can be 

implemented to speed up the calculation. 

Recently, image registration using phase correlation method in the Fourier domain has 

been a hot research topic [153,155]. Compared to cross-correlation function, phase 

correlation function normalizes (whitens) the cross power spectrum [179] which is 

defined as following:  

𝑅(𝑢, 𝑣) =
𝐹(𝑢, 𝑣)𝐺∗(𝑢, 𝑣)

|𝐹(𝑢, 𝑣)𝐺∗(𝑢, 𝑣)|
= exp [−𝑖2𝜋 (

𝑢𝑥0
𝑀
+
𝑣𝑦0
𝑁
)] 

4-6 

The phase correlation function 𝑟(𝑥, 𝑦) is the inverse Fourier Transform (IFT) of the 

normalized cross power spectrum 𝑅(𝑢, 𝑣)  which is a Dirac Delta function [154] 

centered at (𝑥0, 𝑦0) as following: 
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𝑟(𝑥, 𝑦) = IFT[𝑅(𝑢, 𝑣)] = 𝛿(𝑥 − 𝑥0, 𝑦 − 𝑦0) 4-7 

Compared with the cross-correlation method, the most outstanding advantage of the 

phase correlation method is that the peak of the correlation function can be more 

accurately located. Figure 4-3 shows an example of cross-correlation function and phase 

correlation function of two aerial images [154]. As can be seen, the cross-correlation 

method produces a few broad peaks among the main peak whose maximum may not be 

correctly centered at the registration point. In contrast, the phase correlation method 

yields a more distinctive peak at the correct registration point. 

A second significant advantage is due to the normalizing process, which makes the 

phase correlation method particularly robust to the images degraded with background 

noise, gain error owing to calibration and illumination variations [145]. This advantage 

also makes phase correlation method especially suitable for image registration across 

various spectral bands [154]. 

    

(a) (b) 

Figure 4-3 (a) cross-correlation (b) phase correlation of two aerial images [154] 
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4.2.2 Subpixel Image Registration in Fourier Domain 

Based on the phase correlation function as Equation 4-7 in Section 4.2.1, it can be 

observed the accuracy of phase correlation methods fully depends on calculation of the 

peak in the Dirac Delta function. The basic phase correlation method can only be used 

for pixel-level registration as a coarse estimation. To improve the coarsely registered 

images to higher accuracy, subpixel image registration methods need to be introduced. 

A conventional approach to calculate the image translation within a fraction, 1/k, of a 

pixel is to embed the cross power spectrum in a zero-padded matrix in Fourier domain 

and compute an inverse FFT to obtain the k-times up-sampled phase correlation and 

locate its peak [180]. This approach provides high registration accuracy and robust 

results, but the computational time and memory consuming are huge, especially for 

large-size images and high up-sampling factor (k) [152]. To solve the problem of low 

computational efficiency in the conventional FFT approach, some commonly used 

approaches are based on interpolation algorithm such as iterative intensity interpolation 

[155] and correlation interpolation [181]. However, these methods are usually sensitive 

to image noise [163] and their accuracy largely depend on the quality of the interpolation 

algorithms [154]. 

In recent years, many researchers have proposed different new methods to obtain fast 

and highly accurate image registration. Foroosh et al. [154] proposed a phase correlation 

method on downsampled images using a Sinc function to approximate the Dirac Delta 

function in frequency domain, which has less computation complexity but limited 

registration accuracy (0.05 pixel resolution) compared to the conventional FFT method. 

Murat et al. [165] have demonstrated that the discrete phase difference of two shifted 

images is a two-dimensional sawtooth signal. Hence, subpixel registration can be 

performed directly in the Fourier domain by counting cycles’ number of the phase 
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difference on each frequency axis. Guizar et al. [166] proposed a single-step Discrete 

Fourier transform (SSDFT) that uses matrix-multiply Discrete Fourier Transform (DFT) 

algorithm to compute the up-sampled cross-correlation between the reference and 

sensed images. This method is able to achieve subpixel registration accuracy equivalent 

to that of the conventional FFT method in much reduced computational complexity. 

Wang et al. [163] have done some comparison experiments between Foroosh’s method 

[154], Murat’s method [165], and SSDFT method [166] for accurate translation 

calculation on two classical images and the comparison results of different registration 

methods are shown in Table 4-1. It can be observed that among the three subpixel 

registration methods, the registration accuracy of SSDFT method exceeds the Foroosh’s 

method, and has a little superiority compare to the Murat’s method. 

Table 4-1 Comparison between different subpixel image registration methods [163] 

Image True 

translation 

Foroosh’s 

method 

Murat’s 

method 

SSDFT method 

Up-sampling factor k 

Pentagon (0.500, -0.500) (0.480, -0.510) (0.496, -0.493) k = 100 (0.500, -0.500) 

 (0.250, 0.500) (0.280, 0.490) (0.255, 0.498) (0.240, 0.500) 

 (-0.250, -0.500) (-0.250, -0.520) (-0.250, -0.520) (-0.250, -0.500) 

 (0.000, 0.750) (0.000, 0.800) (0.000, 0.744) (0.000, 0.750) 

Paris (0.167, -0.500) (0.152, -0.490) (0.163, -0.510) k = 200 (0.165, -0.500) 

 (0.670, -0.500) (0.690, 0.330) (0.679, 0.242) (0.670, 0.250) 

 (-0.330, -0.167) (-0.320, -0.150) (-0.331, -0.159) (-0.330, -0.165) 

 (0.330, 0.330) (0.325, 0.320) (0.333, 0.329) (0.330, 0.330) 

 

Yousef et al. [179] and Douini et al. [152] proposed a phase correlation registration 

algorithm based on Guizar’s method by using a down-sampled Fourier Transform to 
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reduce the computation time and memory requirements. However, this algorithm is 

limited to register images that differ by a small shift otherwise its performance 

significantly degrades. 

Therefore, in this research, single-step Discrete Fourier transform (SSDFT) method is 

chosen as the subpixel image registration algorithm for position measurement. 

 

4.2.3 Subpixel Image Registration Procedure Based on SSDFT method 

The single-step Discrete Fourier transform (SSDFT) approach has two steps. The first 

step finds a coarse estimation for the peak location of the phase correlation between two 

images using the conventional zero-padding FFT approach with up-sampling factor of 

k = 2. In the second step, the SSDFT approach refines the estimation for the accurate 

peak in a 1.5×1.5 pixel neighbourhood around the coarse estimation based on matrix-

multiply DFT. 

Based on our application for position measurement using a line scan camera which 

create a 1D image as a row of single pixel, the 2D SSDFT algorithm is simplified to 1D 

SSDFT algorithm and explained in the following. 

A 1D image can be defined as a 1D discrete signal 𝑓(𝐗) and the Fourier Transform (FT) 

of the signal in matrix form can be written as: 

𝐹(𝐔) =  𝐸(𝐔𝐗) ∙ 𝑓(𝐗) 4-8 

where 𝐗 = (𝑥0, … , 𝑥𝑁𝐴−1)
𝑇
, 𝐔 = (𝑢0, … , 𝑢𝑁𝐵−1)

𝑇
and  
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𝐸(𝐔𝐗) =

(

 
 
  

𝑒−𝑖2𝜋𝑥0𝑢0     …       𝑒−𝑖2𝜋𝑥𝑘𝑢0      …       𝑒−𝑖2𝜋𝑥𝑁𝐴−1𝑢0

    …            …              …             …            …             
𝑒−𝑖2𝜋𝑥0𝑢𝑘       …        𝑒−𝑖2𝜋𝑥𝑘𝑢𝑘     …        𝑒−𝑖2𝜋𝑥𝑁𝐴−1𝑢𝑘  
       …            …             …             …               …            
𝑒−𝑖2𝜋𝑥0𝑢𝑁𝐵−1  …   𝑒−𝑖2𝜋𝑥𝑘𝑢𝑁𝐵−1   …   𝑒−𝑖2𝜋𝑥𝑁𝐴−1𝑢𝑁𝐵−1)

 
 

 4-9 

Equation 4-8 is the FT in matrix form deduced from the representation by Riemann sum 

of continuous FT and if 𝑁𝐴 is equal to 𝑁𝐵, Equation 4-8 become the DFT of the signal 

[182]. Based on the matrix Fourier Transform (FT) described in Equation 4-8 and 4-9, 

the up-sampling matrix inverse FT can be defined similarly. Firstly, the initial 

normalized cross power spectrum 𝑅(𝑢, 𝑣) from Equation 4-6 is modified as 𝑅(𝑢) in 

Equation 4-10. 

𝑅(𝑢) =
𝐹(𝑢)𝐺∗(𝑢)

|𝐹(𝑢)𝐺∗(𝑢)|
= exp [−𝑖2𝜋

𝑢𝑥0
𝑀
] 

4-10 

We define 𝑚 as the pixel size of up-sampled region around the coarse estimation (𝑚 =

1.5  in SSDFT algorithm), and 𝑘 as the up-sampling factor in spatial domain, and Ŝ as 

the coarse estimation of the peak location of 𝑅(𝑢) from Equation 4-10. The up-sampling 

range 𝐿 is defined as: 

𝐿 = { 𝑥′, 𝑘 ∙ �̂� −
𝑘𝑚

2
≤ 𝑥′ ≤ 𝑘 ∙ �̂� +

𝑘𝑚

2
 } 

4-11 

It is known that the discrete spectrum in Fourier domain corresponds to a continuous 

periodic signal in spatial domain. Therefore, increasing sampling rate of the signal can 

obtain a higher resolution of the spatial domain signal. Given a normalized cross power 

spectrum 𝑅(𝐔), the up-sampling matrix inverse FT on 𝐿 is defined based on the matrix-

multiply FT: 
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𝑟(𝐗′) = {𝑒
𝑖2𝜋𝐗′𝐔𝑇 ∙ 𝑅(𝐔), 𝐗′ ∈ 𝐿

0, 𝐗′ ∉ 𝐿
 

4-12 

where 𝐗′ is spatial distribution of the up-sampled phase correlation 𝑟(𝐗′). 

It is assumed that the sampling step of 𝑥′ is 1/𝑘  pixel. The up-sampling matrix inverse 

FT operator restricts the region of the 𝑅(𝐔) and [−𝑚/2,𝑚/2] is the region of the coarse 

estimation. The accurate phase correlation peak is located within this region. Firstly, 

after the coarse estimation Ŝ is obtained in the conventional zero-padding FFT approach 

and the up-sampling region is set according to 𝑚, the region [�̂� − 𝑚/2, �̂� + 𝑚/2] is 

up-sampled with factor 𝑘 to get vector 𝐗′. Finally, the up-sampled phase correlation 

𝑟(𝐗′) can be calculated based on Equation 4-12. By searching the maximum in vector 

𝐗′, the fine estimation ∆Ŝ can be obtained. Then, the final estimation of the translation 

S between the two images is achieved by Equation 4-13. 

𝑆 = �̂� + ∆ 𝑆 4-13 

Figure 4-4 shows an example of two 1D images for translation calculation. The 

normalized cross power spectrum between the reference image and shifted image can 

be obtained by Equation 4-10 which is shown in Figure 4-5 (a). The enlarged view 

around the peak location is shown in Figure 4-5 (b). It can be seen that the peak location 

on the spectrum is in pixel-level accuracy. Then the normalized cross correlation 

spectrum is up-sampled by SSDFT method in the neighborhood around the peak 

location in Figure 4-5 (b), and the up-sampled cross correlation spectrum is depicted as 

in Figure 4-5 (c). Comparing Figure 4-5 (b) and Figure 4-5 (c), it can be concluded that 

the location of the peak is more accurate after up-sampling using SSDFT algorithm. 
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(a) 

 

(b) 

Figure 4-4 1D images for phase correlation calculation (a) Reference image (b) Shifted 

image 

 

(a) 

 

(b) (c) 

Figure 4-5 Phase correlation of two 1D images (a) Full phase correlation plot;  

(b) Enlarged phase correlation plot; (c) Up-sampled phase correlation (up-sampling 

factor 𝑘 = 10) 
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The image registration process based on SSDFT method is presented in Figure 4-6 and 

described as follows: 

(1) Input reference and sensed images.  

(2) The normalized cross power spectrum 𝑅(𝑢)  is constructed and then the coarse 

estimation of the peak location of 𝑅(𝑢), Ŝ, is calculated by conventional inverse FFT 

method.  

(3) Identify the up-sampling factor 𝑘, if  𝑘 > 1 then continue, else if 𝑘 < 1, Ŝ is set to 

zero and go to step (6). 

(4) Construct an up-sampling kernel function based the coarse estimate Ŝ and up-

sampled region 𝑚. 

(5) Calculate the locally up-sampled cross power spectrum 𝑅(𝑢) and then the fine 

estimation ∆Ŝ using matrix-multiply Fourier Transform.  

(6) Compute the final estimation S by adding up the coarse estimate Ŝ and the fine 

estimation ∆Ŝ. 
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Figure 4-6 Flow chart of image registration based on SSDFT 

 

4.3 Image Grating System Validation 

4.3.1 Image Grating System Setup 

The image grating system for measuring motorized stage position was set up as shown 

in Figure 4-7. A heterodyne laser interferometer 5530 (Agilent, California, USA) with 

linear measurement resolution of 0.5 nm was used as the reference instrument for 

position measurement. A linear interferometer and a linear retroreflector are assembled 

for linear measurement. A line scan camera (raL12288-8gm, Basler AG, Ahrensburg, 
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Germany) with 43 mm sensor size and 12288-pixel resolution was integrated in the 

system. Its sensor pixel size is 3.5 µm and sampling line rate is 8 kHz. A consumer lens 

(NIKKOR 60mm F2.8G, Nikon Inc., Melville, NY, USA) was selected to provide 

magnification ratio from 1:1 to 1:10. 

The patterned target (Hong Cheng Optical Products, Dongguan, China) used in the 

developed image grating system includes a set of 40 line pairs with 50 µm interval 

printed on an optical glass. The measurement uncertainty of the line feature is ±1 µm. 

A microscope view of the line features on the patterned target is shown in Figure 4-8. 

In order to enhance the contrast and shorten the exposure time for the line scan camera, 

a LED illumination backlight (CV-NFL-100X96W, Moritex Corporation, Asaka, Japan) 

was placed as the substrate of the patterned target. A motorized stage (TSA100-B, Zolix 

Instruments Co., Ltd., Beijing, China) was selected for position measurement. It has a 

travel range of 100 mm, a minimum incremental motion of 1.25 µm and a positioning 

repeatability less than 5 µm. 

 

Figure 4-7 Image grating system configuration 
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Figure 4-8 Microscope view of the patterned target  

 

4.3.2 Error correction caused by optical distortion  

The image registration algorithms discussed in Section 4.2 are all based on an 

assumption that the optical magnification is uniform over the full field of view, which 

is unrealistic for actual optics. Most lenses have either barrel or pincushion distortion 

[183,184]. This section will provide the discussion of measurement errors caused optical 

distortion. 

Theoretical modeling: 

With an ideal optical lens, the magnification of which is uniform over the whole image 

field, the displacement of the target in the object field 𝐷𝑜 is proportional to that in the 

image field 𝐷𝑖: 

𝐷𝑜 = 𝑘𝐷𝑖 4-14 

where 𝑘 is the reciprocal of lens magnification. If the lens has either barrel or pincushion 

distortion, leading to a variable magnification, the relationship between 𝐷𝑜 and 𝐷𝑖 can 

be expressed: 
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𝐷𝑜 = ∫ 𝑘(𝑥)

𝑥𝑡

𝑥0

𝑑𝐷𝑖 4-15 

where 𝑘(𝑥) is the reciprocal of the lens magnification with respect to 𝑥. With Equation 

4-14 and Equation 4-15, the measurement error can be expressed as: 

𝐸 = ∫ 𝑘(𝑥)

𝑥𝑡

𝑥0

𝑑𝐷𝑖 − �̅� ∙ (𝑥𝑡 − 𝑥0) 4-16 

where �̅� is the undistorted reciprocal of lens magnification; 𝑥0 and 𝑥𝑡 are the starting 

and stopping locations of the patterned target in the image. In a digital image, where the 

positioning information is discretized by pixilation, Equation 4-16 can be replaced by: 

𝐸 = ∑ 𝑘(𝑖) ∙ 𝑑 − �̅� ∙ (𝑛 − 𝑚)𝑑

𝑛

𝑖=𝑚

 4-17 

where 𝑘(𝑖) is the reciprocal of magnification at 𝑖th pixel and 𝑑 is the dimension of one 

pixel; 𝑚 and 𝑛 are the pixel indexes of the starting and stopping locations of the target 

in the image. The unevenness magnification of the lens can be fitted by a 4th-degree 

polynomial equation [147,183,185] and written as: 

𝑘(𝑖) = 𝑎 + 𝑏𝑥2(𝑖) + 𝑐𝑥4(𝑖) 4-18 

where 𝑥 = 0 represents the center of camera and 𝑘(0) =  �̅� which is the undistorted 

reciprocal of magnification. 

To simulate the optical distortion in the consumer lens (NIKKOR 60mm F2.8G ) 

integrated in the developed image grating system, we assume the image starting position 

𝑚 = −4500  and stopping position 𝑛 = 4500 ; the pixel size 𝑑 = 3.35 𝜇𝑚  and the 
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reciprocal of magnification �̅� = 𝑘(0) = 1 , 𝑘(2500) = 1.001 , 𝑘(4500) = 1.01 . 

Substitutes 𝑚, 𝑛, 𝑑, �̅�, 𝑘(0), 𝑘(2500) and 𝑘(4500) into Equation 4-17 and 4-18, the 

simulated optical distortion curve and position error curve can be plotted as Figure 4-9. 

It is obvious that the position error curve can be fitted by a 5th-degree polynomial 

equation which is consistent with the integral of 4th-degree polynomial equation 𝑘(𝑥) 

in Equation 4-16. 

     

(a) (b) 

Figure 4-9 (a) Optical distortion curve (b) position error curve 

 

Experimental verification: 

In order to verify the theoretical modeling of the optical distortion in the consumer lens 

(NIKKOR 60mm F2.8G) at its closest focus distance (magnification 1:1), a 100 mm 

patterned target with line pairs of 100 µm interval which covers the whole field of view 

in the line scan camera, was used to quantify the optical distortion. The full length view 

and enlarged details of the 100 mm patterned target are shown in Figure 4-10. 

 

(a) 
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(b) 

Figure 4-10 100 mm pattern target (a) Full length view (b) Enlarged details 

Due to the optical distortion, the pixel numbers in each line pair (Figure 4-10 (b)) are 

not identical. By counting the pixel numbers in each line pair, the optical distortion and 

the position error of pattern shift can be analysed. In this experimental verification, a 

linear interpolation method is used to find the points of intersection between the mean 

grayscale intensity of the whole 1D image and the 1D image intensity curve (Figure 

4-11). 

Then, the pixel numbers within one line pair can be calculated in sub-pixel level shown 

as in Figure 4-12 (a). To reduce the measurement and interpolation error, a 4-th degree 

polynomial equation is used to fit the measured data points. It can be seen that the pixel 

number within one line pair at the image center (line pair index = 150) is lesser than the 

pixel number at the image edges (line pair index = 0, 300). It can be also concluded that 

the consumer lens (NIKKOR 60mm F2.8G) has a pincushion distortion that the image 

magnification increases with distance from the image center. By integrating the 4-th 

degree polynomial equation and then subtracting the integration of the pixel number 

within one line pair at the image center, the error curve of cumulated pixel between line 

pairs can be plotted as Figure 4-12 (b). 
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Figure 4-11 Points of intersection between the mean intensity of the whole 1D image 

and the 1D image intensity curve 

    

(a) (b) 

Figure 4-12 (a) Pixel numbers between a line pair (b) Cumulated pixel error between 

line pairs 

4.3.3 Choosing up-sampling factor based on environmental conditions 

Concerning the linear measurement resolution of the laser interferometer is in the 

nanometer scale, the stability of the ground vibration and ambient temperature are very 

critical to the measured measurement accuracy. A stability test was carried out to see 

the readings of the laser interferometer at every 10 second for 500 seconds. Figure 4-13 

shows that the laser interferometer fluctuates between 40 nm and –30 nm. The line scan 

camera used in the developed image grating system has a pixel size of 3.5 µm, so the 
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subpixel registration resolution of 0.01 pixel is suitable for the position measurement. 

Hence, the up-sampling factor 𝑘 defined in Section 4.2.3 is selected to be 100 for the all 

experiments. 

 

Figure 4-13 Stability test of the laser interferometer (5530 dynamic calibrator) 

 

4.3.4 1D SSDFT Algorithm Validation 

In order to validate the image registration accuracy and computational cost of the 

proposed 1D SSDFT method, a comparison study has been carried out between the 

proposed 1D SSDFT method and the 2D SSDFT method. 

To test 2D SSDFT method, 8 line images has been captured sequentially to form an 

8×9000 pixel 2D image. The 1D SSDFT method takes average of each column in the 

8×9000 pixel 2D image to obtain a 1×9000 pixel 1D image. Each image registration has 

been repeated 100 times in MATLAB software platform to reduce the random 

computational fluctuation of the CPU and RAM. The image translation and 

computational time of image registration using 1D and 2D SSDFT method are shown 

in Table 4-2. It can be observed that 1D SSDFT method obtained equal registration 

accuracy, but less computational time compared to the 2D SSDFT method. 
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Table 4-2 Registration speed and accuracy comparison between 1D and 2D SSDFT 

SSDFT method Image translation (pixel) Computational time (s) 

1D 2984.180 2.9693 

2D 2984.180 4.9092 

 

 

4.4 Results and Discussion 

4.4.1 Measurement results 

In the 25mm travel length of the motorized stage, measurement results of both the 

reference instrument (Agilent laser interferometer 5530) and the developed image 

grating system were recorded with 0.1 mm interval as shown in Figure 4-14 (a).Then 

the measurement deviation values were plotted into the measurement error curve, as 

shown in Figure 4-14 (b).  

The trend of measurement error from experimental tests is consistent with the theoretical 

analysis presented in Section 4.3.2. From both theoretical analysis and experimental 

tests, it can be concluded that the measurement error is pixel-location-dependent. When 

the optical lens is fixed on the camera, a preloaded error curve can be used for error 

compensation. 
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(a) (b) 

Figure 4-14 (a) Pattern shift (mm) in the image grating system (b) Measurement error 

of the image grating system 

 

4.4.2 Fifth-degree polynomial fitting 

As discussed in Section 4.3.2, the measurement error curve shown in Figure 4-14 (b) 

can be fitted to a 5th-degree polynomial equation using least squares algorithm. Five 

repeated measurements were conducted with 1 mm interval in 25 mm travel range. So, 

five sets of 26 data points and a 5th-degree polynomial curve fitting the data points are 

plotted in Figure 4-15 (a). The residual errors after 5th-degree polynomial fitting are 

shown in Figure 4-15 (b) which are in the range of ± 0.15 µm. 

    

(a) (b) 

Figure 4-15 (a) 5th-degree polynomial fitting, (b) Residual errors after fitting 
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4.4.3 Position measurement and error compensation 

The position measurement of the motorized stage was carried out with 0.1 mm 

incremental step in 25 mm travel range and the moving speed was set to 1 mm/s. The 

measurement was repeated five times, and the 5-degree polynomial fitting curve plotted 

in Figure 4-15 (a) was used to compensate the optical distortion and misalignment error 

of the image grating system. The five sets of measurement error curves are shown in 

Figure 4-16. It can be concluded that after correcting the optical distortion and 

misalignment, most of the measurement residual errors from the developed image 

grating system can be controlled within ± 0.2 µm.  

In order to test the versatility of the developed image grating system, the camera lens 

magnification was changed from 1:1 to 1:2 to measure a longer travel distance. The 

reconfigured image grating system was used to measure 50 mm displacement of the 

motorized stage with 0.2 mm incremental step. The five sets of measurement error 

curves are plotted in Figure 4-17. It can be observed that the measurement residual error 

is in the range of ±0.35 µm after 5th-degree polynomial fitting. 
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Figure 4-16 Residual error after 5th-degree polynomial fitting 
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Figure 4-17 Residual error after 5th-degree polynomial fitting (50 mm) 

 

4.4.4 Measurement repeatability study 

To test the measurement repeatability of the image grating system, the whole system 

was reassembled, and five locations (5 mm, 10 mm, 15 mm, 20 mm and 25 mm) were 

taken for the comparison study. The laser interferometer 5530 was used as the reference 

instrument. For each location, the position measurement was repeated 10 times. The 
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measurement error curve plotted in Figure 4-18 shows a good repeatability after error 

compensation using the 5-degree polynomial equation, and the residual errors are within 

± 0.15 µm. 

 

Figure 4-18 Positioning repeatability of image grating system 

 

4.5 Conclusion 

The position measurement results presented in Section 4.4 have demonstrated that the 

developed image grating system has measurement error of ±0.2 µm within 25 mm 

measurement range compared with the measurement results of the laser interferometer. 

When the optical lens is working with 1:1 magnification, the standoff distance is around 

100 mm. If optics with longer focal length is applied, maintaining the same 

magnification, the standoff can be enlarged. This is helpful in the applications when 

long clearance is needed. When the camera is moved further from the object, the field 

of view will be enlarged. When the optical lens is working with 1:2 magnification, the 

measurement error of ±0.35 µm within 50 mm measurement range is still acceptable. 
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Conventional position measurement technologies, such as optical grating and laser 

interferometry, rely on continuous signal sampling. Signal discontinuity due to sensor 

contamination or optical path blocking will lead to measurement failure. The proposed 

image grating system is able to determine the absolute position of the targeted object 

whenever the patterned feature is detectable. This advantage helps to improve the 

system robustness for in-situ position measurement. 
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5. Surface Finish Measurement System Based on Laser 

Confocal Method 

5.1 Surface Topography Measurement System based on Laser 

Confocal Sensor 

5.1.1 Introduction to Confocal Microscopy 

Figure 5-1 illustrates the typical optical structure of a single-point confocal system. Most 

reflected light will pass through the pinhole only when the target point is on the focal 

plane. In the range of confocal system’s Depth of Field (DOF), the reflected light 

intensity detected by the photodiode forms a Depth Response Curve (DRC). The peak 

point of the DRC detected by the photodiode indicates the focus plane of the target point 

on the measured surface [186,187]. With a high-resolution encoder of the confocal 

system, the height of the target point on the surface can be measured. Thus through the 

recording of the heights, a surface profile can be obtained and roughness derived 

[38,188]. 

Apart from the pinhole scanning technique, some confocal microscopes use the slit 

scanning method. The slit scanning method has an advantage of increasing the signal 

intensity and speed, but its vertical resolution is significantly deteriorated by the lateral 

cross-talk [189]. Another critical consideration for surface measurement is the lateral 

resolution. Compared to white light, as a point light source, laser can achieve a smaller 

spot size. In addition, laser has more concentrated power than that of the white light. 

This allows higher light intensity levels at the focal point [190]. 
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(a) (b) 

Figure 5-1 Structure of single-point confocal system. (a) Target point is on focus; (b) 

Target point is out of focus. 

With respect to the above consideration of vertical and lateral resolution, in this study a 

single-point laser confocal sensor, Keyence LT-9010M (KEYENCE, Osaka, Japan), is 

employed for developing an in-situ roughness measurement system. The sensor utilizes 

a red semiconductor laser with a wavelength of 655 nm. The laser beam spot diameter 

is 2 µm and the vertical resolution of the laser confocal sensor is 0.1 µm. In addition to 

the basic optical system, the laser confocal sensor has two embedded scanning 

mechanisms, which determine a vertical measurement range of 0.6 mm and a lateral 

scanning length of 1.1 mm. 

Figure 5-2 shows the working principle of the laser confocal sensor. The tuning fork is 

implemented in the LT-9010M as an oscillation unit. The tuning forks have several 

advantages such as high amplitude and phase sensitivities, high mechanical quality 

factor and corresponding high gain, which make the system able to achieve accurate 

sensor tip positioning in scanning probe microscope and confocal microscope[191,192]. 

While vibrating the objective lens up and down using tuning fork, the focusing point 

moves accordingly. The detector will receive the highest light intensity when the target 

surface is located at the focal distance. Then, the internal sensor attached to the tuning 
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fork determines the target height by measuring the position of the turning fork. The 

embedded lateral scanner helps to achieve a measuring length of 1.1 mm by using a high 

accuracy oscillating mechanism. A 2D surface profile, in the form of (X, Z) data points, 

is sent to the control station via serial communication and then processed in real-time 

by an algorithm to compute the surface roughness. The sampling frequency of the laser 

confocal sensor is able to achieve 1.5 kHz, which is suitable for surface profile 

measurement. 

 

          
(a) (b) 

Figure 5-2 Working principle of the laser confocal sensor. (a) Vertical scanning 

mechanism; (b) Lateral scanning mechanism. 

 

5.1.2 Surface Roughness Calculation 

In general, any surface profile comprises of roughness, waviness and form features. 

Roughness is an irregularity as a result of any production processes such as tearing, 

cutting and surface fatigue. Waviness is a periodic texture, usually caused by vibration, 

chatter or machine deflections. Form often results from inaccuracies of the machine 

elements such as elastic deformations, linear guide errors and long-term thermal effects. 
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A surface roughness calculation software program was developed for the proposed laser 

confocal system to achieve in-situ surface measurement. The computational flow chart 

of the software program is presented in Figure 5-3. 

 

Figure 5-3 Computational flow chart of surface roughness 

Firstly, in order to obtain the roughness profile, the surface form needs to be separated 

from the surface profile. To eliminate the surface form from the measurement result, 

best-fit least-squares methods are recommended in ISO 4287 [22]. A second order 

polynomial fitting method using least squares algorithm was introduced for illustration 

purpose. The surface roughness standards set (FLEXBAR SKU-16008, Flexbar, 

Islandia, NY, USA) used in experiments are machined by grinding, turning and milling 

processes. The form errors introduced by these machining processes are relatively 

simple, such as lines and curvatures, which make a second order polynomial fitting 

suitable for form error removal. The second order polynomial regression algorithm is 

described by Equation 5-1: 
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𝑓(𝑖) = 𝑎0 + 𝑎1𝑥(𝑖) + 𝑎2𝑥
2(𝑖) 5-1 

Where 𝑓(𝑖) represents the output element after polynomial regression, 𝑥(𝑖) represents 

the 𝑖𝑡ℎ data point in longitudinal direction of the assessed profile. The polynomial 

regression function finds the polynomial coefficients 𝑎𝑖 by minimizing the residue (RSS) 

according to Equation 5-2. 

RSS =
1

𝑛
∑𝑤(𝑖) × [𝑓(𝑖) − 𝑍(𝑖)]2
𝑛−1

𝑖=0

 5-2 

where 𝑛 is the number of data points acquired in measurement; 𝑤(𝑖) is the 𝑖𝑡ℎ element 

of weight; 𝑍(𝑖) is the 𝑖𝑡ℎ data point in height direction of the assessed profile. After 

removal of the surface form error, the leveled surface profile 𝑍𝐿(𝑥) is obtained by 

Equation 5-3. 

𝑍𝐿(𝑖) = 𝑍(𝑖) − 𝑓(𝑖) 5-3 

To separate short wave components such as micro-fracture marks and a waviness profile 

from the roughness profile, a Gaussian profile filter has been introduced following ISO 

16610-21 [193]. The Gaussian profile filter is a phase correct filter that does not result 

in phase shift and asymmetrical profile distortion [194]. The weighting function for the 

Gaussian profile filter is given by Equation 5-4. 

𝑠(𝑥) =
1

𝛼 × 𝜆
× 𝑒𝑥𝑝 [−𝜋 (

𝑥

𝛼 × 𝜆
)
2

] 5-4 

where x is the distance from the center of the weighting function; 𝛼 equals to √ln2/π 

to provide 50% transmission characteristic of the Gaussian profile filter at the cut-off 

wavelength  𝜆. The long cut-off wavelength 𝜆𝑐 is determined based on ISO 4288 [19] to 
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separate the waviness profile. The short cut-off wavelength 𝜆𝑠 defines the intersection 

between roughness and even shorter wave components. The cut-off wavelength ratio 

𝜆𝑐/𝜆𝑠 should be determined based on ISO 3274 [32]. The primary surface profile 𝑍𝑃(𝑥) 

can be obtained by applying short wavelength filter of 𝜆𝑠  on leveled surface profile 

𝑍𝐿(𝑥). 

The waviness profile 𝑍𝑊(𝑥) is the discrete convolution of the primary profile 𝑍𝑃(𝑥) and 

weighting function 𝑠(𝑥) given by Equation 5-5: 

𝑍𝑊(𝑥) = ∑ 𝑍𝑃(𝑖)𝑠(𝑥 − 𝑖)

𝑥+𝐿𝑐𝜆𝑐

𝑖=𝑥−𝐿𝑐𝜆𝑐

 5-5 

where, 𝐿𝑐 is the truncation constant of the weighting function. For general use following  

ISO 16610-21 [193], 𝐿𝑐 equals to 0.5 and results in a 0.76% implementation error. 

The roughness profile 𝑍𝑅(𝑥) is the deduction between the leveled surface profile 𝑍𝐿(𝑥) 

and the waviness profile 𝑍𝑊(𝑥) given by Equation 5-6: 

𝑍𝑅(𝑥) = 𝑍𝐿(𝑥) − 𝑍𝑊(𝑥) 5-6 

In this study, the surface roughness parameter used to validate the developed surface 

measurement system is the arithmetical mean roughness (Ra), the most widely used 

surface texture parameter. The definition of Ra parameter following ISO 4287 [22] is 

expressed by Equation 5-7: 

𝑅𝑎 =
1

𝑛
∑|𝑍𝑅(𝑖)|

𝑛

𝑖=1

 5-7 

where 𝑍𝑅(𝑖) is the 𝑖𝑡ℎ data point in height direction of the roughness profile 𝑍𝑅(𝑥). 
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The surface roughness calculation algorithm presented in Equations 5-1 to 5-7 is 

implemented in the developed data processing software for in-situ surface roughness 

measurement. 

 

5.1.3 Internal Scanning Performance of the Laser Confocal Sensor 

In this study, a precision roughness reference specimen (Mitutoyo 178-602, Mitutoyo 

Corporation, Kawasaki-shi, Japan) with calibrated Ra value of 2.97 μm is used to verify 

the measurement capability of the laser confocal sensor (LCS). The surface pattern of 

this reference specimen has a harmonic form and the surface profile measured from the 

LCS is illustrated in Figure 5-4. This reference specimen was measured five times on 

the same spot using the LCS and the Ra values listed in  

 

 

Table 5-1 give a mean value of 3.07 ± 0.05 μm (mean ± 1 std. dev). The measurement 

results show a good correlation with the stated Ra value and demonstrate the feasibility 

of surface roughness measurement using the LCS. 

      

 (a) (b) 

Figure 5-4 (a) Precision roughness reference specimen; (b) Measured surface profile. 
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Table 5-1 Ra values of the precision roughness reference specimen. 

 1 2 3 4 5 Mean Std. Dev. 

Ra (µm) 3.11 3.03 3.01 3.14 3.08 3.07 0.05 

 

5.1.4 Extended Measurement Range and Profile Data Stitching Algorithm 

A The measurement length achieved by the embedded scanner was 1.1 mm, which can 

only cover one cut-off length of 0.8 mm when the surface Ra value is in the range of 

0.1–2 μm (following ISO 4288 [19]). However, measurement of five cut-off lengths is 

the default recommendation according to ISO 4288. In order to expand the lateral 

measurement range and improve the vertical positioning accuracy of the laser confocal 

sensor (LCS), a compact XZ-configured 2-axis motorized linear stage (New Focus 

9066-XY-PP-M, Newport Corporation, Irvine, CA, USA) is integrated to improve the 

lateral scanning range. The XZ-configured linear stage has a travel range of 12.7 mm 

and a minimum incremental motion of 30 nm in both X and Z axis. By accessing the 

Dynamic Link Library (DLL) in the driver of the XZ-configured linear stage, the in-

house developed software is able to set the speed, acceleration and PID control 

parameters of the linear stage. 

The Z-axis linear stage carries the LCS and moves to its working distance of 6 mm from 

the sample surface. The LCS performs a local scan of 1.1 mm length to measure the 

surface profile and outputs the surface profile data to the developed data processing 

software. Then, the X-axis linear stage moves a distance equal to 80 percent of the local 

scan length in order to overlap 20 percent of the two adjacent surface profiles. 
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Due to the misalignment between the LCS scanning axis and linear stage movement 

axis, jump errors were observed at the overlapping surface profile. To reduce this 

misalignment error, a data stitching algorithm was introduced, which was based on the 

iterative least-squares method. Figure 5-5 shows the model of n-times of surface profile 

data stitching, where f(x) and D represent the entire profile to be measured and its length, 

fi(x) and L represent part of the whole profile to be measured and its length in each 

measurement, 0.2 L represents a 20 percent overlapping length between two adjacent 

surface profiles. Several publications [195–197] report that a 20 percent overlapping 

surface will give a good trade-off between having good stitching accuracy and obtaining 

large measurement range with minimum data sets. 

Assuming that the local surface roughness information is consistent in the overlapping 

area of the two adjacent surface profiles, the mismatch is only caused by slope and offset 

differences during measurement. The error propagation of the stitching algorithm has 

been analyzed in [198–200] and was shown that the stitching error was in the tens of 

nanometer level for a range longer than 50 mm stitched length. 
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Figure 5-5 Model of n-times of profile data stitching. 

In Equation 5-8, ∆𝑓𝑖(𝑥) denotes the difference between 𝑓𝑖−1(𝑥) and 𝑓𝑖(𝑥) within the 

overlapping section. In Equation 5-9, 𝑎𝑖  and 𝑏𝑖  represent the slope and offset 

coefficients in the least-squares linear regression equation, respectively: 

∆𝑓𝑖(𝑥) =  𝑓𝑖−1(𝑥) − 𝑓𝑖(𝑥)   ; 𝑥 ∈ [ 0.8𝑖𝐿, 0.8𝑖𝐿 + 0.2𝐿] 5-8 

∆𝑓𝑖(𝑥) =  𝑎𝑖𝑥 + 𝑏𝑖   ; 𝑥 ∈ [ 0.8𝑖𝐿, 0.8𝑖𝐿 + 0.2𝐿] 5-9 

In this nth iterative stitching algorithm, 𝑓𝑖
′(𝑥) corresponds to the shifted profile in the 

ith iteration derived in in Equation 5-10. 

𝑓0
′(𝑥) =  𝑓0(𝑥)  ;   𝑥 ∈ [ 0, 0.8𝐿] 

𝑓1
′(𝑥) =  𝑓1(𝑥) + 𝑎1𝑥 + 𝑏1   ;   𝑥 ∈ [ 0.8𝐿, 1.8𝐿] 

5-10 𝑓2
′(𝑥) =  𝑓2(𝑥) + 𝑎2𝑥 + 𝑏2 + 𝑎1𝑥 + 𝑏1   ;   𝑥 ∈ [ 1.6𝐿, 2.6𝐿] 

. 

. 

. 

𝑓𝑛
′(𝑥) =  𝑓𝑛(𝑥) +∑(𝑎𝑖𝑥 + 𝑏𝑖

𝑛

𝑖=1

)  ;   𝑥 ∈ [ 0.8𝑛𝐿, 0.8𝑛𝐿 + 𝐿] 

By adding both sides of Equations 5-10, the whole stitched profile 𝑓(𝑥) can be written 

as Equation 5-11. 

𝑓(𝑥) =  𝑓0(𝑥) +∑𝑓𝑖
′(

𝑛

𝑖=1

𝑥) 5-11 

With the integration of the XZ-configured linear stage and data stitching algorithm, the 

proposed system could achieve a surface profile measurement up to 12.7 mm in length. 

The laboratory set-up of the proposed system and the precision roughness reference 

specimen are shown in Figure 5-6a. To verify the extended data stitching algorithm, the 
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precision roughness reference specimen was measured using the proposed laser confocal 

system and the Talysurf PGI 800 stylus profilometer (AMETEK Inc, Berwyn, PA, USA) 

separately. The measured surface profiles are plotted in Figure 5-6b. As can be seen 

from this figure, a good match between the laser confocal profile and the stylus profile 

was observed.  

To compare the discrepancies between the two profiles in Figure 5-6b, the enlarged 

partial surface profiles are plotted in Figure 5-6c. It can be observed that the laser 

confocal profile has higher peak-to-valley amplitudes compared to that from the stylus 

profile. It also indicates noise-like spikes at the profile peaks and valleys. In addition, 

the laser confocal profile is not as symmetric as that from the stylus profile, which is 

mainly attributed to the light scattering effect at the steep slope section in the surface 

profile. These observations are consistent with the results from previous studies 

[15,53,201], which showed that the area of high curvature at surface peaks and valleys 

may produce severe measurement distortions and noises.  

The Mean Squared Error (MSE) of five overlapped sections in the stitched profile are 

presented in Figure 5-7. The stitching error in the form of MSE is 0.024 ± 0.010 μm 

(mean ± std. dev). The stitching error is considered acceptable referring to the sample’s 

Ra value of 3 μm. 
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(a) 

 

(b) 

 

(c) 

Figure 5-6 (a) Laboratory set-up; (b) Extended surface profiles of the precision 

roughness reference specimen; (c) Enlarged partial profiles of the precision roughness 

reference specimen. 

 

Figure 5-7 Stitching errors of the laser confocal profile. 
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5.1.5 Step Height Measurement 

Step heights of six depth measurement standards (type A1) were measured following 

the guidelines in ISO 5436-1 [202]. Five measurements have been distributed evenly 

over each depth measurement standard as attached in Appendix A. Figure 5-8 shows the 

calculated step heights of six depth measurement standards measured by Talysurf PGI 

800 stylus profilometer and the proposed laser confocal system. It can be observed that 

although all measurement results are in good correlation, the confocal measurement 

results have slightly higher values compared to the stylus measurement results. This 

may be due to the measurement distortions [15] and noises at the high curvature surface 

area which is explained in Section 5.1.4. 

 

Figure 5-8 Measurement results of the depth measurement standards. 

 

5.1.6 In-Situ Measurement Procedure 

The proposed system is also integrated with a 3-stage motion control to minimize 

vibration caused by the positioning system or scanning mechanism. For in-situ 

measurement, the motion system, which could be a robot or other motion stages, may 

cause notable vibration. Lateral scanning is also another source of vibration, which is 

an important consideration for conventional off-line measurement systems. In this 
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research work, in order to minimize the vibration, the proposed system only actuates the 

embedded scanning mechanism simultaneously with data collection. The robot arm is 

used only for approaching and alignment operations, roughly adjusting the measurement 

distance and angle. 

In this process the measurement system is positioned based on the CAD model of the 

component. The Z-axis linear stage is used to precisely move the laser confocal sensor 

(LCS) to its working distance of 6 mm from the work piece surface. The X-axis linear 

stage is used to shift the LCS for every 0.88 mm interval. When placement of the LCS 

is completed, the motion function of the robot arm and XZ-configured linear stage will 

be disabled. 

In every positioning interval, surface scanning of 1.1 mm is done by the embedded 

lateral scanner in the LCS. During the surface data collection, the embedded lateral 

scanner, where the vibration is negligible, is the only moving unit. Upon the completion 

of the measurement procedure, the profile data in every interval will be stitched together 

using the developed algorithm described in Section 5.1.4. The motion control algorithm 

for in-situ surface roughness measurement can be summarized as shown in the flowchart 

in Figure 5-9. 

 

Figure 5-9 Three-stage movement strategy for surface measurement. 



130 

 

 

5.1.7 Measurement Results and Data Analysis for Machined Surfaces 

It has been discussed in Section 5.1.2 that following ISO 4288 [28], surface roughness 

can be calculated based on the surface profile collected by the developed laser confocal 

measurement system. In order to determine the accuracy of the proposed confocal 

system, the Talysurf PGI 800 stylus profilometer is used as a reference. A series of 

roughness standard data from several samples representing different machining 

processes with nominal Ra value in a range of 0.2–6.3 μm were used for calibration 

purpose. The error curve of the proposed system and error compensation are presented 

in this section. 

 

5.1.7.1 Experimental Setup and Roughness Measurement 

The experimental setup in a robot cell is illustrated in Figure 5-10. The developed laser 

confocal measurement system is integrated with an industrial robot (ABB IRB 2400, 

ABB Group, Zurich, Switzerland) for roughly positioning and alignment. This industrial 

robot provides a payload of 12 kg and position repeatability of 0.05 mm. 

 

Figure 5-10 Experimental system setup. 
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The Talysurf PGI 800 stylus profilometer shown in Figure 5-11 is used as a reference 

instrument. The stylus profilometer is a high accuracy instrument and widely used as a 

standard instrument for surface roughness measurement. It employs a phase grating 

interferometer to trace the diamond tip stylus that is in contact to the target surface to 

achieve nanometer resolution. The roughness standard samples have been repeatedly 

measured five times using both Talysurf PGI 800 and the proposed laser confocal 

measurement system. By comparing the averaged roughness measurement results, the 

accuracy and measurement range of the proposed laser confocal system is assessed. 

 

Figure 5-11 Schematic of Talysurf PGI 800 during measurement of roughness 

standard samples 

 

5.1.7.2  Data Analysis 

Table 5-2 shows the roughness standard samples measurement results of the stylus 

profilometer Taylor Hobson PGI 800 and the proposed laser confocal measurement 

system. As a major contributor to the overall measurement uncertainty of the stylus 

profilometer, the repeatability, expressed as two standard deviations from five repeats, 

is also stated for each measurement. Other factors, such cut-off wavelength and stylus 

tip radius may have nanometer-level contribution to the overall uncertainty [203–205].  
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Table 5-2 Ra of different surfaces measured using laser confocal system and stylus 

profilometer. 

Machining 

Stylus Profilometer Measured  

Ra (µm) (Reference) 

Laser Confocal System Measured  

Ra (µm) (To Be Evaluated) 

Error 

(µm) 

Grinding 

0.20 ± 0.01 0.22 0.02 

0.36 ± 0.01 0.38 0.02 

0.83 ± 0.01 0.88 0.05 

1.55 ± 0.02 1.63 0.08 

3.20 ± 0.04 3.33 0.13 

Milling 

0.40 ± 0.00 0.41 0.01 

0.58 ± 0.01 0.59 0.01 

1.40 ± 0.00 1.46 0.06 

3.00 ± 0.02 3.16 0.16 

4.06 ± 0.03 4.19 0.13 

6.91 ± 0.02 7.17 0.26 

Turning 

0.26 ± 0.01 0.27 0.01 

0.54 ± 0.01 0.55 0.01 

1.52 ± 0.02 1.57 0.05 

2.70 ± 0.02 2.85 0.15 

3.25 ± 0.04 3.39 0.14 

6.35 ± 0.02 6.63 0.28 

 

The measurement errors of the laser confocal system in Table 5-2 are plotted as the error 

curve in Figure 5-12. For very smooth surfaces with Ra values less than 0.4 μm, the 

laser confocal system shows unpredictable errors, due to two typical inherent 

disadvantages of confocal technology namely the spot size limit and the background 
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noise. The laser spot size limits the lateral resolution of the proposed measurement 

system which cannot resolve surface feature less than 1 µm. The background noise of 

the laser confocal sensor is mainly caused by laser power saturation, stray light and 

scattering effect at sharp edges [206]. In Figure 5-12, unique markers represent the 

different data of grinding, milling and turning for reference. Unfortunately, in practical 

measurement, machining patterns and Key Performance Indicators (KPIs) are 

sometimes unknown. In this study, therefore, a combined linear function was provided 

for error correction. 

 

Figure 5-12 Error curve of different machining surface 

Accommodating a fixed intercept value will cause a notable relative error when the Ra 

value is very small. In this case, a zero-pass linear function y = 0.041x is forced to fit 

the measurement errors, as shown in Figure 5-12. The coefficient of determination R2 

value, as usual, indicates how well the data points agree with the fitted line. The high R2 

value of 0.9459 suggests that the data set can be regressed linearly. 

As observed in Figure 5-12, the measurement error increases linearly with increasing 

roughness Ra. This might be caused by two factors. Firstly, rough surfaces usually have 
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sharper edges, defects and other small surface imperfections than smooth surfaces. 

These surface features can scatter the laser light away from the sensor objective and can 

lead to larger errors and more non-measured data points. Secondly, the stylus tip acts as 

a mechanical filter to reduce the peak-to-valley distance in surface profile (see Figure 

5-13). This mechanical filter has more significant effect on the surface with higher 

roughness due to more small and narrow surface features. 

 

Figure 5-13 Actual and measured profiles using stylus method [46] 

After linear correction, the residual relative errors can be calculated as the results shown 

in Figure 5-14. It can be seen that most of measurement relative errors can be controlled 

within 5%, regardless of the machining process. It is also shown that for small Ra values, 

the relative error is comparatively large, which means random errors contributed by spot 

size and noises are more influential for smooth surfaces. In this study, therefore, 0.2 μm 

has been observed to be the lower limit of the measurable Ra values due to the inherent 

limitations of laser confocal sensor. 
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Figure 5-14 Residual relative errors after linear error compensation 

 

5.1.8 Feasibility Study on Area Topography Measurement for Additive 

Manufacturing Surfaces                                                                                       

Industry adoption of metal additive manufacturing (AM) has increased dramatically in 

the past few years due mainly to the advantages it offers over conventional processes 

such as the freedom to design more complex shaped components as well as a reduction 

in the number of manufacturing stages. One challenge which arises from these new 

processes is the measurement and characterisation of the surfaces. This can be attributed 

to a number of factors including loose particle adhesion, incomplete melting of the 

powder as well as the actual process parameters. With so many various factors, it is 

important to be able to link the AM surface to the final application and ultimately back 

to the process parameters. 

In this section, the AM test coupons were fabricated by Direct Metal Laser Sintering 

(DMLS) and Electron Beam Melting (EBM) without post-processing. These two AM 

technologies are essentially similar in their principle, the energy source (electron beam 
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or laser beam) melt and fuse a layer of loose powder onto the previous layer. The AM 

coupons are measured using three instruments: coherence scanning interferometry 

(Talysurf CCI HD, AMETEK Inc, Berwyn, PA, USA), confocal microscopy 

(Smartproof 5, ZEISS, Oberkochen, Germany) and the developed laser confocal system.  

Based on the literature review in section 2.1.2, the areal surface texture parameters have 

more statistical significance than 2D profile parameters especially for AM surfaces with 

low surface integrity. Several areal surface texture parameters including height, spatial 

and feature information are chosen to evaluate the AM surfaces and explained as below: 

• Sa and Sq are strongly correlated, but Sq has more statistical significance and 

can be used instead of Sa. 

• Sz is highly sensitive to outliers and noise and S10z can be used instead as a 

robust parameter. 

• Ssk can identify the surface is peak-dominated or valley-dominated. 

• Sku measures the spikiness of surface. 

• Str measures the surface isotropy and is very useful linking to manufacturing 

process. 

• Std indicates the dominated surface texture direction, but very sensitive to the 

sample positioning direction. 

An AM test piece manufactured by Electron Beam Melting (EBM) shown in Figure 

5-15 was repeatedly measured five times using coherence scanning interferometry, 

confocal microscope and the proposed laser confocal system. The surface topography 

measurement results with standard deviations are listed in Figure 5-16. Table 5-3 shows 

the measurement results of different areal surface texture parameters. The experimental 

results show that the coherence scanning interferometry, confocal microscopy and the 
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developed laser confocal system have comparable performance for EBM surface texture 

measurement. The developed laser confocal system is more capable of in-situ surface 

measurement and can be used for the development of AM surface measurement 

techniques. 

 

Figure 5-15 Electron Beam Melting (EBM) test piece 

   

(a) (b) (c) 

Figure 5-16 EBM test piece measured by (a) coherence scanning interferometer; (b) 

confocal microscope; (c) proposed laser confocal system 
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Table 5-3 Measurement results of different surface texture parameters 

 
Coherence scanning 

interferometer 

Confocal 

microscope 

Proposed laser 

confocal system 

Sa (µm) 2.50 ± 0.10 2.42 ± 0.13 2.41 ± 0.12 

Sq (µm) 3.26 ± 0.16 3.09 ± 0.19 3.04 ± 0.17 

S10z (µm) 24.95 ± 0.16 23.02 ± 0.27 22.09 ± 0.17 

Ssk -0.18 ± 0.01 -0.14 ± 0.01 -0.17 ± 0.02 

Sku 3.40 ± 0.04 3.58 ± 0.04 3.37 ± 0.08 

Str 0.19 ± 0.01 0.21 ± 0.00 0.18 ± 0.02 

Std (˚) 69.97 ± 0.14 71.04 ± 0.10 70.58 ± 0.13 

 

Two coupons fabricated by Direct Metal Laser Sintering (DMLS) with different 

building layer thickness of the DMLS process were measured using the developed laser 

confocal system. Coupon A (20 µm layer thickness) and Coupon B (20 µm layer 

thickness) and their surface topography measurement results are shown in Figure 5-17. 

Table 5-4 presents the measurement results of different areal surface texture parameters 

and their repeatability, expressed as two standard deviations from five repeats. The 

measurement results show that both coupons have extreme high values for Ssk and Sku, 

meaning they have peak-dominated surfaces with high spikiness. Coupon A has larger 

values for Sa, Sq, S10z and Str compared to Coupon B, which means that Coupon A has 

a rougher surface but better surface uniformity. It can be concluded that Sq, S10z and 

Str can be used to correlate with the process parameters providing information regarding 

the layer thickness of the DMLS process. 



139 

 

 

(a) (b) 

      

(c) (d) 

Figure 5-17 DMLS coupons (a) Coupon A (20 µm layer thickness); (b) Coupon B (40 

µm layer thickness); Surface topography measurement results (c) Coupon A; (d) 

Coupon B 

Table 5-4 Measurement results of different surface texture parameters 

Build layer thickness A (20 µm) B (40 µm) 

Sa (µm) 17.15 ± 0.09 4.93 ± 0.08 

Sq (µm) 17.15 ± 0.21 6.76 ± 0.18 

S10z (µm) 99.25 ± 1.64 47.35 ± 0.84 

Ssk 1.90 ± 0.06 1.29 ± 0.06 

Sku 7.48 ± 0.14 7.63 ± 0.09 

Str 0.95 ± 0.02 0.45 ± 0.02 

Std (˚) 2.84 ± 0.12 2.84 ± 0.10 
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5.2 Adaptive Surface Measuring System based on Laser Confocal 

Method 

Compared to conventional surfaces, free-form surfaces have no axes of rotation and may 

have almost any designed shapes. The geometry of free-form surfaces cannot be 

determined by a simple mathematic equation, as in the case of spherical and cylindrical 

surfaces, but by a set of nondeterministic equations, e.g. toroidal, biconic, non-uniform 

rational b-spline, etc [114]. Free-form surfaces are common in some industries, for 

instance in aerospace industries which manufacture turbine blades. Several advanced 

manufacturing technologies are available to machine parts with free-form surfaces, 

where among those are ultra-precision cutting, single-point diamond turning and CNC 

multi-axis polishing. However, a major problem that becomes a concern in any relevant 

industrial application of free-form surface products, e.g. in advanced optics, aerospace 

and biomedical industries, lies more on how to measure and characterize free-form 

surfaces with high accuracy. 

To respond to the problem, an adaptive surface measuring system is developed based 

on the laser confocal approach described in Section 5.1 for automatic surface tracing of 

any free-form surfaces. The system is capable of overcoming the measurement range 

limitation of the laser confocal sensor, which is typically performed for a short-distance 

surface measurement. Owing to a hybrid surface scanning concept, a global scanning 

system is introduced to the system to trace the surface, ensuring the laser confocal sensor 

to stay within its measurement range and at its reference distance (the stand-off distance).  
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5.2.1 System Setup and Surface Tracing Techniques 

The proposed adaptive surface measurement system comprises a laser confocal sensor 

(LCS) and an XYZ-configured positioning system. The LCS serves as a local scanning 

unit, to perform short distance surface scanning measurements, while the XYZ 

positioning system is functioned as a global scanning unit to trace the surface form and 

to keep the local scanning unit stays within the measurement range from the workpiece 

surface. The adaptive surface measurement system, both in simulation and lab platform 

setup, is shown in Figure 5-18. 

  

Figure 5-18 System setup in simulation and lab platform 

The XYZ positioning system holds the LCS and positions it to the reference 

measurement distance at 6 mm from the measurement area of interest on the workpiece. 

Based on the specifications, the measurement range of the confocal sensor is about 

0.6 mm from the reference distance. However, in real practice, the variation of the free-

form surface height of the measured part might exceed the measurement range. 

Therefore, the Z axis positioning stage needs to be continuously adjusted to allow the 

relative LCS position to be within the measurement range during the whole 



142 

 

measurement process. In order to satisfy the need, a surface tracing technique was 

developed based on a continuous tracing path algorithm [120]. 

An illustrated configuration of the laser confocal sensor reading and the Z-axis 

motorized stage is shown in Figure 5-19, where the measuring quantity is described in 

Equation 5-12. 

𝑍𝑎𝑏𝑠 = 𝑍𝑠𝑡 − (𝑍𝑟𝑒𝑓 − 𝑍𝑙𝑐) 5-12 

In the equation, 𝑍𝑎𝑏𝑠 is the absolute position of the measured surface height to the datum 

of the Z-axis motorized stage, 𝑍𝑠𝑡 represents the position of the laser confocal sensor on 

the Z-axis motorized stage, 𝑍𝑟𝑒𝑓 denotes the reference measuring distance of the laser 

confocal sensor and 𝑍𝑙𝑐 indicates the output height result from the laser confocal sensor. 

During the surface measurement process, each internal scanned segment was 

continuously fitted by a second degree polynomial function to define the subsequent 

vector 𝑀𝑖  to position the sensor to the following to-be-scanned surface profile. The 

motion path for surface tracing is shown in Figure 5-20, while the motion vector 𝑀𝑖 is 

expressed by Equation 5-13. 

𝑀𝑖 = 𝑍𝑎𝑏𝑠̅̅ ̅̅ ̅̅ (𝑖 + 1) − 𝑍𝑎𝑏𝑠̅̅ ̅̅ ̅̅ (𝑖) 5-13 

where 𝑍𝑎𝑏𝑠̅̅ ̅̅ ̅̅ (𝑖) denotes the mean value of the measured absolute positions at the 𝑖th 

internal scanning. 
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Figure 5-19 Relation between the laser confocal sensor reading and the its position on 

the Z-axis motorized stage 

 

Figure 5-20 Motion path for surface tracing 
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5.2.2 Internal Piecewise Scan 

The measurement process flow chart of the proposed system is shown in Figure 5-21. 

Firstly, the XYZ positioning system is controlled to move the laser confocal sensor to 

the starting position. The laser confocal sensor will perform a local scan of 0.1 mm to 

1.1 mm length to measure the surface profile and output the surface profile data to the 

developed data processing program. 

Subsequently, the X axis stage will travel up to 80% of the local scan length capacity to 

provide 20% overlap on the two adjacent surface profiles. In parallel, height information 

will be extracted from the surface profile data and is fed to the system for the vertical 

reference to adjust the distance to the sensor in Z axis in the subsequent positioning step. 

After the X axis stage completes the predefined scan length, Y axis stage moves to the 

predefined step.  

Later, after the height of laser confocal sensor is adjusted to the reference measurement 

distance, the surface profile measurement will be repeated for the next predefined length. 

Each local scan in the X axis direction, as well as in the Y axis position will be stitched 

using the developed algorithm discussed in Section 5.1.4 to reconstruct the surface 

profile that can be used for surface roughness evaluation. 
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Figure 5-21 Flow chart showing measurement process of the proposed system 

 

Since all free-form surfaces should follow the C2 continuity (second order continuity) 

[120], a second degree polynomial regression algorithm described in Equations 5-14 

and 5-15 is chosen to best fit the current measured surface profile and predict the next 

surface profile to be scanned. 

𝑧𝑖(𝑥𝑗) =  𝑎𝑖𝑥𝑗
2  +  𝑏𝑖𝑥𝑗 + 𝑐𝑖 5-14 

𝑧𝑖+1(𝑥𝑗) =  𝑎𝑖(𝑥𝑗 + 0.8𝐿)
2  +  𝑏𝑖(𝑥𝑗 + 0.8𝐿) + 𝑐𝑖 5-15 
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where 𝑧𝑖(𝑥𝑗) represents the surface profile height after polynomial regression, 𝑥𝑗 is the 

𝑗𝑡ℎ data point in the scanned profile and 𝑧𝑖+1(𝑥𝑗) represents the predicted subsequent 

surface profile to-be-scanned. 

The Z axis movement in each step is given in Equation 5-16. 

∆ℎ𝑖 =
1

𝑛
∑[

𝑛

𝑗=1

𝑧𝑖(𝑥𝑗) + 𝑧𝑖+1(𝑥𝑗)] 
5-16 

where ∆ℎ𝑖  represents the displacement in 𝑖𝑡ℎ  measurement, while 𝑛 is the number of 

data points acquired in each internal scan. 

After measurement, a data stitching algorithm presented in Section 5.1.4 is introduced 

to reduce the misalignment error between adjacent scanned sections. 

Figure 5-22 shows a comparison between surface profile measurement with and without 

stitching algorithm. Significant height differences can be observed between two 

adjacent piecewise scans on the reconstructed surface profile without stitching 

technique, while the stitching algorithm is able to eliminate the erratic errors. 

(a)
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(b) 

Figure 5-22 Stitching errors comparison (a) Surface profile measurement (after form 

removal) without using stitching algorithm; (b) Surface profile measurement (after 

form removal) with stitching algorithm 

 

5.2.3 Free-form measurement results 

In order to evaluate the quality and accuracy of the resulting surface profile data, another 

measurement using Talysurf PGI 800 stylus profilometer was used as a benchmark, 

where the setup is shown in Figure 5-23 (a). The positioning system based on image 

grating technique developed in Section 4 is integrated into the adaptive surface 

measurement system, as shown in Figure 5-23 (b). 

The performance evaluation of the proposed system was carried out on a free-form 

surface coupon as shown in Figure 5-24. Since Talysurf PGI 800 stylus profilometer has 

a limited vertical movement of 8 mm, only a certain segment of the workpiece surface 

was measured as indicated by red area in Figure 5-24. The area indicated by rea colour 

on the coupon is 30mm×10mm and has been repeatedly measured five times using both 

Talysurf PGI 800 and the adaptive surface measurement system. The measured surface 

topographies from both systems are shown in Figure 5-25 and Figure 5-26, respectively. 
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Two typical surface texture parameters Sa and Sq were chosen to quantify the surface 

topography measurement. The Sa and Sq values calculated according to ISO 25178-2 

[30] and the repeatability, expressed in standard deviation, are presented in Table 5-5. 

    

(a) (b) 

Figure 5-23 Measurement setup (a) Talysurf PGI 800 stylus profilometer; (b) Adaptive 

surface measurement system 

 

Figure 5-24 Free-form surface coupon 
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(a) (b) 

Figure 5-25 Free-form surface measured by Talysurf PGI 800. 

(a) Original surface topography; (b) Surface topography after form removal 

    
(a) (b) 

Figure 5-26 Free-form surface measured by the adaptive surface measurement system. 

(a) Original surface topography; (b) Surface topography after form removal 

Table 5-5 Sa and Sq of free-form surface measured using stylus profilometer and the 

adaptive surface measurement system. 

 PGI 800 Stylus 

Profilometer 

Adaptive Surface 

Measurement System  
Error (µm) 

Sa (µm) 1.09 ± 0.00 1.12 ± 0.01 0.03 ± 0.01 

Sq (µm) 1.42 ± 0.00 1.44 ± 0.01 0.02 ± 0.01 
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In order to better visualize the measurement results from the both systems, one surface 

profile data has been extracted from the respective area surface topography, as shown 

in Figure 5-27. 

Aligned with the Sa and Sq parameters chosen for the surface texture assessment, the 

roughness parameters Ra and Rq were chosen to evaluate the measurement accuracy of 

the surface texture. One hundred and one surface profiles were extracted from the 

measured surface topography after nominal form removal. The calculated Ra and Rq 

values according to ISO 4287 [22] and the repeatability, expressed in standard deviation, 

are presented in Table 5-6. The errors of Ra and Rq are about 0.03 µm, which are 

consistent to the measurement error in surface topography measurements. 

 

(a) 

 

(b) 



151 

 

 

(c) 

 

(d) 

Figure 5-27 Measurement results (a) Original surface profile measured by the developed 

system; (b) Original Surface profile measured by Talysurf PGI 800; (c) Surface profile 

(nominal form removed) measured by developed system; (d) Surface profile after 

(nominal form removed) measured by Talysurf PGI 800. 

Table 5-6 Comparison of surface roughness parameters 

 PGI 800 Stylus 

Profilometer 

Adaptive Surface 

Measurement System  
Error (µm) 

Ra (µm) 0.99 ± 0.05 1.02 ± 0.08 0.03 ± 0.09 

Rq (µm) 1.21 ± 0.06 1.24 ± 0.11 0.03 ± 0.012 
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A feasibility of measuring profile with large surface height deviation was also studied 

to validate the capability of the adaptive surface measurement system. A stylus arm of 

120 mm length with sapphire ball (1 mm tip radius) was equipped for Talysurf PGI 800 

stylus profilometer for surface form measurement. It was selected as the reference 

measuring instrument which can achieve a vertical measurement repeatability of 0.1 µm 

and vertical measurement range of 16 mm. The free-form surface profile measured by 

Talysurf PGI 800 stylus profilometer and adaptive laser confocal system are shown in 

Figure 5-28. Based on the figure, it can be observed that the adaptive laser confocal 

system has a measurement error of ±10 µm within 100 mm measurement distance 

compared with the measurement results of the Talysurf PGI 800 stylus profilometer. 

 
(a) 

 
(b) 
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(c) 

 

Figure 5-28 Free-form surface measurement results (a) Surface profile measured by 

the developed system; (b) Surface profile measured by Talysurf PGI 800 with sapphire 

ball contact; (c) Surface profile measurement error 

 

5.3 Summary 

Firstly, a laser confocal based measurement system for non-contact and in-situ surface 

topography measurement has been developed. The motivation of this development is to 

exploit a roughness measurement technology to be used in manufacturing environment, 

instead of using the traditional desktop measurement in laboratories. A laser confocal 

sensor has been integrated with a precise 2-axis linear stage and robot arm. Experimental 

data demonstrates the capability of the proposed system to measure surfaces with Ra 

from 0.2–7 μm. This covers a typical roughness of milling, turning and grinding 

products. In this range with linear error compensation, measurement relative errors can 

be controlled within 5%. 

Secondly, a novel displacement sensor, as the so-called image grating encoder, is 

presented. It is featured by adjustable measurement range, flexible standoff and in-line 

measurement capability. An image grating system comprises a target feature that is 

attached to the moving stage and a line scan camera as the stationary displacement 
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reader. By observing the position of the target feature in the image and applying subpixel 

interpolation, the displacement of the moving stage can be determined. In order to 

improve the measurement efficiency, a computation for pattern correlation and subpixel 

interpolation are performed in frequency domain. The calibration and error correction 

method were also developed to compensate for the measurement error caused by optical 

distortion. Experimental data shows that the image grating technology is able to reach 

measurement accuracy of ±0.2 µm in a measurement range of 50 mm. By applying 

different optics, the standoff distance and the measurement range can be customized for 

different applications. 

Lastly, an adaptive surface measurement system was developed to measure free-form 

surfaces by integrating a laser confocal displacement sensor and the image grating 

system. The laser confocal displacement sensor serves as a local scanning unit to 

perform short distance surface scanning and the XYZ positioning stage is programmed 

as a global scanning unit to trace the surface form and to ensure that the local scanning 

unit is always within the measurement range from the reference measurement distance. 

The adaptive surface measurement system is able to overcome the inherent 

measurement range limitation of laser confocal sensors for free-form surfaces with large 

surface height deviation. Experimental data shows that the developed system is able to 

measure surfaces with surface height deviation more than 8 mm and the surface texture 

and profile measurement errors can be controlled within 0.03 µm. 
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6. Conclusions 

6.1 Thesis Conclusions 

In this thesis, two automated in-situ surface measurement systems have been developed 

to characterize various manufactured surfaces that include mirror finished, conventional 

machined, additive manufactured and free-form surfaces. 

Firstly, a patterned area illumination method and an in-situ measurement system have 

been developed to replace manual inspection of mirror finish surface. The experimental 

results show that the developed system is able to measure different mirror finish surfaces 

with Sa between 1 nm to 120 nm and Sq ranging from 2 nm to 165 nm, respectively. 

The surface texture aspect ratio parameter Str, which provides information about the 

strength of the machining marks, was experimentally evaluated and compared with 

grayscale contrast change. In addition, a robotized surface defect inspection system 

based on Rayleigh criterion in surface scattering was developed. The experimental 

results show that the developed system is able to detect surface defects with width less 

than 10 µm and depth above 0.2 µm. 

Secondly, a novel image grating system has been developed to improve the robustness 

and flexibility for position measurement. When the optical lens is working with 1:1 

magnification, the standoff distance is around 100 mm. The measurement results show 

that the developed system is able to achieve 0.2 µm measurement accuracy within 25 

mm measurement range compared with the measurement results of the laser 

interferometer. If optics with longer focal length is applied, maintaining the same 

magnification, the standoff can be enlarged. When the camera is moved further from the 

object, the field of view will be enlarged. When the optical lens is working with 1:2 
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magnification, the measurement error of ±0.35 µm within 50 mm measurement range is 

still acceptable. 

Finally, a non-contact and in-situ surface topography measurement system has been 

developed using laser confocal technology. A profile data stitching algorithm based on 

least-squares linear regression method is also developed. Experimental data shows that 

the proposed system is able to measure surfaces with Ra from 0.2–7 μm. After applying 

linear error compensation, relative measurement errors are less than 5%. Subsequently, 

an adaptive surface measurement system has been developed to overcome the 

measurement limitation of the laser confocal sensor. The experimental data shows that 

the developed system is able to measure free-form surfaces with surface height deviation 

more than 8 mm and the surface texture and profile measurement errors are less than 

0.03 µm. 

 

6.2 Innovative Contributions 

In most manufacturing industries, the post-process inspection is a standard mode, where 

typically the finished workpiece is detached from the manufacturing cell and transported 

to the metrology laboratory for measurement. This process, however, results in long 

production time and it is also cost ineffective when it comes to mass production. Hence, 

an automatic surface inspection is seen to be a potential alternative for post-process 

inspection to reduce labour costs and to improve quality control procedures. 

A surface roughness measurement system based on fringe pattern illumination method 

has been developed to address the engineering problem statement of in-situ roughness 

measurement on mirror finish surface. By analysing the grayscale contrast ratio of the 
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fringe pattern reflected image and comparing it to the measurement results from the 

referenced coherence scanning interferometer, the experimental results show that the 

developed system is able to measure different mirror finish surfaces with Sa in the range 

of 1 nm to 120 nm and Sq values between 2 nm to 165 nm, respectively (as published 

in [A3], [A5] and [A7]). 

A novel position measurement system based on image grating sensor has been 

developed to improve the robustness and flexibility for displacement measurement using 

conventional optical encoder. The measurement results showed an error of ±0.35 µm 

within 50 mm measurement range after calibration using the laser interferometer (as 

published in [A2] and [A4]). Conventional displacement technologies, such as optical 

grating and laser interferometry, rely on a continuous signal sampling. Signal 

discontinuity due to sensor contamination or optical path blocking will lead to 

measurement failure. The proposed image grating system is able to determine the 

absolute position of the targeted object whenever the patterned feature is detectable. 

This advantage will help to improve the system robustness for in-situ displacement 

measurement. 

In order to measure manufactured surfaces other than mirror finish surfaces, a non-

contact and in-situ surface topography measurement system has been developed owing 

to laser confocal technology. A laser confocal sensor was integrated to a precise 2-axis 

linear stage and robot arm. Experimental data shows that the proposed system is able to 

measure surfaces with Ra from 0.2–7 μm, which covers a typical range of milling, 

turning and grinding products (as published in [A1]). In this range with linear error 

compensation, measurement relative errors can be controlled within 5%. The proposed 

system was also used to measure additive manufacturing surfaces fabricated by Direct 
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Metal Laser Sintering (DMLS) and Electron Beam Melting (EBM). The measurement 

results showed that the proposed system has comparative performance to the stylus 

profilometer and optical profilers (as published in [A6] and [A8]). 

To improve the vertical scanning range of the laser confocal sensor, an adaptive surface 

measuring system is developed to measure free-form surface by integrating the laser 

confocal sensor system and the image grating system (as published in [A9]). The 

adaptive surface measurement system is able to trace the surface form and keep the local 

scanning unit always within the measurement range from the reference measurement 

distance. Experimental data showed that the developed system is able to measure 

surfaces with surface height deviation more than 8 mm and the surface texture and 

profile measurement errors can be controlled within 0.03 µm. 

 

6.3 Future Work 

In this thesis, the proposed fringe pattern illumination system is able to measure the 

surface roughness on flat mirror finish surfaces. Moving forward, the challenge is to 

characterize non-flat mirror finish surfaces, which have an underlying form and 

waviness topography in free-form surfaces. In addition, the image grating system and 

the adaptive surface measurement system need to be improved to reduce measurement 

error and time. 

The future work will involve the following. 

• Use optics simulation software to validate the fringe pattern illumination method 

for measuring curved mirror finish surfaces. 
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• The defects detection system based on machine vision technology will be 

systematically evaluated with industrial components with different surface 

defects. 

• Design a new patterned target with reference mark and improve the sub-pixel 

image registration algorithm to be integrated into the image grating system for 

position measurement larger than 100 mm. 

• Develop a single-point continuous measurement algorithm for the adaptive 

surface measurement system to integrate single-point confocal sensor and 

eliminate the profile stitching process. 

• Compensate the abbe error of the adaptive surface measuring system by 

introducing a XYZ configured positioning system with three image grating 

sensors. 
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Appendix A 

Chapter 3.3 Roughness measurement result using Talysurf CCI 

 

Chapter 3.3.1 Grayscale contrast measurement result using proposed system 

 

 

1 2 3 4 5 Average

Standard 

Deviation 1 2 3 4 5 Average

Standard 

Deviation

1 17.2 18.2 17.7 18.4 17.1 17.7 0.5 31.8 33.5 33.1 34.1 31.5 32.8 1.0

2 39.4 37.2 39.1 37.5 39.7 38.6 1.0 59.9 61.2 58.4 57.1 60.5 59.4 1.5

3 50.8 50.6 49.1 46.4 47.8 48.9 1.7 71.7 72.3 72.4 65.6 70.2 70.4 2.5

4 78.2 78.8 75.6 76.9 78.8 77.7 1.2 110.5 108.1 103.5 104.1 109.5 107.1 2.8

5 96.5 98.7 90.3 99.4 92.6 95.5 3.5 128.4 131.7 120.6 133.1 121.9 127.1 5.1

6 121.7 113.6 114.6 119.5 122.9 118.5 3.7 161.1 174.9 165.5 160.8 163.5 165.2 5.2

7 14.9 14.4 13.9 15.4 14.3 14.6 0.5 28.9 28.1 27.6 30.6 26.4 28.3 1.4

8 38.8 42.6 41.2 38.3 41.0 40.4 1.6 58.4 62.3 60.8 57.6 61.4 60.1 1.8

9 59.7 60.8 55.9 55.1 57.3 57.8 2.2 88.3 94.2 84.0 82.9 86.1 87.1 4.0

10 106.2 99.1 100.5 101.6 97.8 101.0 2.9 147.7 134.2 137.1 139.0 133.3 138.3 5.1

11 104.4 109.5 107.1 105.2 111.7 107.6 2.7 143.5 152.4 148.1 145.2 158.7 149.6 5.5

12 116.1 126.5 118.8 116.7 118.1 119.2 3.8 155.1 169.8 158.8 154.3 156.9 159.0 5.6

13 1.1 1.4 1.2 1.3 1.1 1.2 0.1 1.8 2.1 1.8 2.2 2.1 2.0 0.2

14 4.3 3.3 4.4 3.7 4.2 4.0 0.4 6.1 5.0 6.4 5.1 5.8 5.7 0.5

15 2.7 4.1 3.1 3.3 3.8 3.4 0.5 5.5 7.8 6.1 6.7 7.9 6.8 0.9

16 19.3 18.6 20.2 23.6 22.5 20.8 1.9 33.2 31.5 34.8 38.5 37.7 35.1 2.6

Sa (nm) Sq (nm)
Sample 

No.

1 2 3 4 5 Average
Standard 

Deviation

1 0.756 0.762 0.752 0.753 0.762 0.757 0.004

2 0.559 0.565 0.558 0.559 0.564 0.561 0.003

3 0.535 0.516 0.515 0.524 0.538 0.526 0.009

4 0.274 0.285 0.278 0.294 0.262 0.279 0.011

5 0.257 0.275 0.258 0.275 0.281 0.269 0.010

6 0.071 0.045 0.051 0.069 0.053 0.058 0.010

7 0.787 0.792 0.790 0.796 0.799 0.793 0.004

8 0.520 0.508 0.515 0.518 0.510 0.514 0.005

9 0.379 0.392 0.388 0.381 0.395 0.387 0.006

10 0.154 0.161 0.164 0.160 0.169 0.162 0.005

11 0.089 0.089 0.091 0.083 0.097 0.090 0.004

12 0.106 0.085 0.095 0.102 0.090 0.096 0.008

13 0.957 0.954 0.954 0.953 0.951 0.954 0.002

14 0.941 0.937 0.939 0.934 0.932 0.937 0.003

15 0.942 0.942 0.942 0.941 0.944 0.942 0.001

16 0.766 0.784 0.775 0.782 0.769 0.775 0.007

Contrast (C)
Sample 

No.
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Chapter 3.3.2 Histogram standard deviation measurement result using proposed system 

 

Chapter 5.1.4 Stitching errors of the laser confocal profile. 

 1 2 3 4 5 Mean Std. Dev. 

MSE (µm) 0.034 0.023 0.022 0.027 0.016 0.024 0.010 

 

Chapter 5.1.5 Measurement results of the depth measurement standards. 

Nominal Value 

(µm) 

Instrument 

5 10 15 20 25 30 

Stylus (µm) 5.09 ± 0.02 9.95 ± 0.01 15.10 ± 0.02 19.98 ± 0.01 24.62 ± 0.05 29.99 ± 0.01 

Confocal (µm) 5.24 ± 0.04 10.12 ± 0.05 15.21 ± 0.04 20.15 ± 0.11 24.78 ± 0.07 30.22 ± 0.05 

 

 

1 2 3 4 5 Average
Standard 

Deviation

1 105.817 103.517 105.689 105.435 105.371 105.166 0.840

2 86.562 79.698 84.602 85.171 79.468 83.100 2.943

3 81.706 71.084 71.801 73.972 81.744 76.061 4.721

4 37.382 32.937 41.016 35.569 41.181 37.617 3.175

5 36.190 41.529 29.689 28.561 28.145 32.823 5.235

6 13.474 19.356 8.065 27.123 23.944 18.392 6.911

7 106.902 105.711 106.395 106.161 107.606 106.555 0.651

8 81.602 78.679 79.103 78.020 78.760 79.233 1.235

9 65.453 62.431 69.752 63.503 67.565 65.741 2.663

10 22.259 23.919 21.100 27.596 22.627 23.500 2.237

11 19.754 18.425 18.600 18.998 20.526 19.261 0.781

12 20.372 16.892 16.112 16.419 20.185 17.996 1.881

13 109.602 109.990 109.712 109.442 109.452 109.640 0.202

14 104.746 104.100 103.986 103.393 104.446 104.134 0.457

15 105.128 104.015 107.065 106.341 105.133 105.536 1.061

16 101.491 101.485 99.436 98.730 104.269 101.082 1.935

Sample 

No.

Grayscale Histogram Standard Deviation (STD)
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Journal Articles 
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Microscopy. Sensors 2018, 18, 2657. 

• [A2] Fu. S, Cheng. F, and Tjahjowidodo. T. Image Grating: A New Technology for 

In-line Displacement Measurement. Optics Express 2019 (Under review) 

• [A3] Fu. S, Cheng. F, and Tjahjowidodo. T. Surface texture evaluation on mirror 

finish surface using patterned area illumination method. Metals 2019 (Manuscript in 

preparation for submission) 

 

Conference Proceedings 
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