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Abstract 

Additive manufacturing (AM) is increasingly being used to fabricate fully 

functional parts. In this scenario, tolerances for dimensions and surface finish 

become crucial, especially for applications with stringent requirements. 

Therefore, the measurement of AM parts is essential to ensure adequate 

performance and to inform the manufacturing process. Typical metal AM surfaces 

are highly irregular, exhibiting a large number of high aspect-ratio topographic 

features, deep recesses and loose particles, while polymer AM surfaces are often 

translucent or have low reflectivity. Because of these characteristics, it can be 

challenging for any surface measuring technique to accurately measure the 

topography of metal and polymer AM surfaces. 

Coherence scanning interferometry (CSI) is one of the most accurate methods for 

areal surface topography measurement. CSI uses an interferometric objective lens 

and spatially extended, spectrally broadband illumination. When scanning a 

surface along the optical axis through the focus of the interferometric objective 

lens, interference fringes will be visible only within a narrow surface height range, 

corresponding to the zero group-velocity optical path difference of the 

interferometer. This phenomenon is known as ‘low-coherence interference’ and 

provides a highly accurate non-contact sensing mechanism to determine the 

three-dimensional topography of a surface. 

CSI has the ability to measure a wide range of surface types, from optically smooth 

to rough, as well as discontinuous surfaces without the 2π ambiguity that can 

arise with single-wavelength, phase-shifting interferometry. However, due to the 

limited numerical aperture of the imaging system, CSI may suffer from poor 

signal-to-noise ratios when measuring high-slope angle topographic features and 

surfaces with significant texture, or more generally, surfaces with low reflectance, 

compromising the ability to reliably determine surface heights. 

Although previous CSI technologies have shown difficulties when measuring AM 

surfaces, recent progress in the development of CSI allows a significantly 

enhanced detection sensitivity through the use of advanced analysis techniques, 
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such as filtering of the light source spectrum bandwidth, high dynamic range 

lighting levels, oversampling (i.e. adjusting the number of camera acquisitions 

over each interference fringe) and sophisticated topography reconstruction 

algorithms. In this thesis, the effects of the aforementioned advanced analysis 

techniques on the measurement of typical as-built metal AM surfaces covering 

various textures and slope distributions are empirically investigated and 

systematically analysed. Guidelines are provided for the optimisation of the 

measurement of metal AM surfaces by balancing the total data acquisition time, 

the size of the measurement area, and the percentage of measured data points (i.e. 

data coverage). 

The detailed surface topography information captured with CSI is essential for 

providing feedback to the manufacturing process and for quality control of AM 

products. To validate this, a challenging case study has been considered.  The 

feasibility of ink-jet printing a transparent polymer of tetrafluoroethylene, 

hexafluoropropylene and vinylidene fluoride (known as THV) to produce films of 

a few nanometres to several micrometres in thickness has been assessed using 

CSI. Solutions to minimise the ‘coffee ring’ effect and the formation of undesired 

wrinkle-like features on the surface when ink-jet printing THV are demonstrated. 

This work contributes to the field of polymer AM by providing insight into how to 

control and optimise the quality of ink-jet printed parts with the aid of surface 

metrology. 

Reducing measurement noise in CSI is an important consideration when 

measuring AM surfaces, in particular when the ability to capture data is 

compromised by poor signal-to-noise ratios. This thesis contributes to the 

understanding of the workings of measurement noise reduction methods and 

compares their effects when measuring surface topography in the presence of 

environmental vibration. The results provide guidance for the reduction of error 

in surface measurement for AM surfaces, and could be applied in a wider range of 

applications. The knowledge developed in this research is relevant to the 

manufacturing and scientific communities as CSI technologies are increasingly 

applied to the measurement of complex surfaces and in environments that 

resemble production areas more than metrology laboratories.
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1 Introduction 

1.1 Motivation, aim and objectives 

Additive manufacturing (AM) holds substantial promise for the fields of 

engineering and industrial production [1]. By providing the ability to selectively 

add material to a part as it is formed, AM can produce complex part geometries 

that were previously beyond the capabilities of conventional subtractive 

manufacturing [2], finding applications in fields from biomedical implants [3] to 

aerospace engineering [4]. Since AM technologies rarely require part-specific 

tooling, setup costs are reduced, allowing for economic low volume production 

[5]. Other advantages of AM include functional integration, shorter lead times and 

reduced material waste [6, 7]. 

While there are substantial advantages with AM, there are still open challenges in 

improving the manufacturing process. One of these challenges is the surface finish 

of as-built AM parts, which is still poor when compared to that achievable with 

well-established methods (e.g. subtractive manufacturing) [8, 9]. In general, the 

understanding of the complex physical interactions occurring during AM 

processes is still limited [10-12]. One motivation for carrying out the work 

presented in this thesis is that accurate surface topography information can be 

useful for better understanding, controlling and optimising AM processes, 

ultimately allowing the achievement of higher quality manufactured goods [13]. 

As Lord Kelvin, one of the most important physicists of the 19th century, once 

said, “To measure is to know,” and also, “If you cannot measure it, you cannot 

improve it” [14]. 

Yet another challenge is the ability to reliably measure the topography of AM 

surfaces [8]. Common issues of surface metrology for metal and polymer AM arise 

from the complex and highly irregular surface topographies that result from the 

AM processes. Metal AM surfaces typically present local high slopes, deep 

recesses, high aspect-ratio features and undercuts, as well as varying surface 

texture and regions with a large variation in reflectance [8, 9]. In the case of 
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polymer AM, surfaces are often translucent or have low reflectivity [15-17]. An 

example image taken from a metal AM surface is shown in Figure 1.1. This image 

provides a qualitative notion of the complexity of the topographic features that 

must be faced when measuring AM surfaces. 

 

Figure 1.1 Topography of a metal AM surface: top surface of a Ti-6Al-4V part 
produced by laser powder bed fusion and imaged via a digital optical microscope 
(adapted from [13]). 

A variety of technologies are currently available for measuring the three-

dimensional topography of surfaces at the micrometre and sub-micrometre 

scales, including optical methods such as coherence scanning interferometry (CSI) 

[18, 19], focus variation microscopy (FV) [20, 21] and confocal microscopy (CM) 

[22, 23]. Surface metrology instruments based on optical techniques are 

considerably faster in terms of independent surface measurement points per unit 

time than those using a contact stylus, which involve mechanical raster scanning 

to measure a surface area [24]. Furthermore, the non-contact nature of optical 

instruments provides the benefit of avoiding the risk of damaging the measured 

surface [25]. 

Optical interferometers can be used to measure length in terms of the wavelength 

of light [26]. For the measurement of areal surface topography, optical 

interferometers divide the source light so that it follows two independent paths, 

with one path to the reference surface and the other to the object surface. The two 

light beams are then recombined and directed to a digital camera that captures 

the resulting light intensity over an array of image points simultaneously. The 

resulting light intensity is highly sensitive to the differences in path lengths, 
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providing measurement sensitivity along the axial direction in the nanometre 

range [27]. A fundamental characteristic of optical interferometry methods is that 

the measurement sensitivity in the axial direction does not depend on the lens 

magnification, as opposed to other optical methods that rely on focus [28]. This is 

due to the use of the wavelength of light as a metric for length measurement, 

rather than the focus position. 

At present, the dominant optical interferometry methods for the measurement of 

areal surface topography are phase-shifting interferometry (PSI) and CSI [29]. 

The CSI technique is based on the localisation of broadband light interference 

fringes during axial scanning as a means to evaluate the topography of a surface. 

CSI has the ability to measure a wide range of surface types, from optically smooth 

to surfaces featuring large height variations or discontinuities without the height 

range limitation related to the 2π ambiguity that can arise with PSI [18]. 

However, because of the limited numerical aperture of the optical imaging system, 

CSI and other optical methods may come under poor signal-to-noise ratios when 

measuring surface topography features with high slope angles and surfaces with 

high levels of texture, compromising the ability to reliably determine surface 

heights [30]. As mentioned before, these surface topography characteristics are 

common in AM parts. Although CSI can achieve sub-nanometre measurement 

noise when measuring flat surfaces with a smooth texture [31], measurement 

noise levels can rise significantly when measuring complex surfaces [32] and 

environmental disturbances may further compromise measurement accuracy. 

New developments in CSI technology have enhanced the baseline sensitivity of a 

measurement, expanding the capability of CSI instruments to measure surface 

features with high slopes or low reflectance and therefore making CSI a 

potentially valuable tool for process development and quality control of AM parts. 

The aim of this thesis is to identify, demonstrate and optimise new applications 

for CSI in AM. The objectives are to: 

 Investigate the effects of CSI measurement parameters on the 

measurement of AM surfaces. 

 Optimise the conditions and settings for the measurement of AM surfaces 

with CSI. 
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 Demonstrate the use of CSI as an off-line process development and quality 

control tool in AM. 

 Advance the understanding of the workings of data acquisition strategies 

to reduce measurement noise in CSI. 

1.2 Research novelty 

This thesis contributes to the development of guidelines for optimal CSI 

measurement of AM surfaces and a wide variety of applications. The novelty of 

the work presented here lies in the following: 

 Evaluation of the effectiveness of recent technical enhancements in CSI 

when measuring as-built metal AM surfaces. 

 Development of approaches to optimise the measurement of metal AM 

surfaces with CSI. 

 Demonstration of the application of CSI as an off-line tool for process 

development and optimisation in ink-jet printing (material jetting). 

 Advancement in the understanding of the topographic formations that 

result from the ink-jet printing process of THV (a fluoropolymer material). 

 Experimental comparison of the effectivity of measurement noise 

reduction methods on surface topography measurement. 

 Development of a simple method to model the effects of measurement 

noise reduction methods where the environmental vibration is considered. 

 Advancement in the understanding of the practical application of noise 

reduction methods in real-world conditions. 

1.3 Thesis outline 

A brief description of the content of each chapter is given below: 

 Chapter 2 begins with an overview of additive manufacturing technologies, 

focusing on powder bed fusion and material jetting processes. The roles of 
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surface topography measurement in additive manufacturing are 

discussed. This is followed by a review on surface topography 

measurement, covering profile and areal measurement, contact and non-

contact methods, as well as relevant terms related to measurement 

uncertainty and error. Finally, the metrological characteristics for areal 

surface topography measuring instruments are presented, focusing on 

measurement noise. 

 Chapter 3 addresses the working principles of CSI, including instrument 

configuration, signal formation and surface topography reconstruction 

methods. The characteristic measurement errors that have been reported 

in the literature are discussed, followed by a review on industrial 

applications and recent technical advances. 

 Chapter 4 presents the findings of an experimental investigation of the use 

of coherence scanning interferometry for measuring metal additively 

manufactured surfaces. The implemented approach takes advantage of 

recent technical enhancements in coherence scanning interferometry, 

including high dynamic range lighting levels and adjustable data 

acquisition rates to improve the signal-to-noise ratio. The investigation 

covered several typical metal additively manufactured surfaces made from 

different high-performance engineering materials and powder bed fusion 

processes. This chapter provides recommendations for measurement 

optimisation, balancing data coverage, measurement area, and 

measurement time. 

 Chapter 5 presents the results of an investigation into the relationship 

between the ink-jet printing process of a transparent fluoropolymer and 

the resulting surface topography measured with coherence scanning 

interferometry. The experimental design covered a variety of ink-jet 

printed single- and multi-layer structures with basic geometries. Relevant 

printing parameters, including polymer concentration, drop spacing and 

number of layers were selected and varied to produce the samples used for 

the investigation. This chapter provides a better understanding of the 

characteristic topographic features that result from the ink-jet printing 
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process and an insight into how to control and optimise the quality of ink-

jet printed polymer parts. 

 Chapter 6 presents an investigation into data acquisition strategies to 

reduce measurement noise in coherence scanning interferometry, 

consisting of 1) averaging a sequence of repeated topography 

measurements, and 2) increasing the sampling frequency of the fringe 

signal during a single data acquisition. This chapter improves the 

understanding of the mechanisms of the two noise reduction methods and 

compares their effects on surface topography measurement in the 

presence of environment-induced vibration. The results provide guidance 

for the reduction of uncertainty in surface measurement for a wide range 

of applications. 

 Finally, Chapter 7 summarises the main conclusions and provides 

recommendations for future research that expands upon the new 

knowledge that is presented within this thesis. 
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2 Surface topography measurement for 

additive manufacturing 

2.1 Additive manufacturing 

2.1.1 Overview of additive manufacturing technologies 

The joint ISO/ASTM terminology standard defines additive manufacturing (AM) 

to be the ‘process of joining materials to make parts from three-dimensional 

model data, usually layer upon layer, as opposed to subtractive manufacturing 

and formative manufacturing methodologies’ [33]. The benefits of AM include 

geometric design flexibility, functional integration, minimum material waste, 

economic low volume production and shorter lead times [5-7]. Due to the 

reduction of design constraints that AM facilitates relative to conventional 

manufacturing, the production of complex parts that would previously have been 

constructed as multi-component assemblies is possible. In summary, AM 

processes involve the following eight steps, starting with a computer-aided design 

(CAD) model, and resulting in a finished part [2]: 

 Step 1: CAD. A digital three-dimensional model is created according to the 

specifications set by the designer. 

 Step 2: Conversion to triangulated model. The CAD model is converted into 

a triangulated model, often in .STL format. This file describes the external 

surfaces of the original CAD model as a set of connected triangles and 

forms the basis for calculation of the slices. 

 Step 3: File transfer to the AM machine. The file describing the triangulated 

model of the part (e.g. .STL file) is loaded onto the AM machine. The file is 

then configured to have the correct position and orientation for building. 

The triangulated model is sliced into layers and machine-readable code is 

generated to manufacture the layers. 
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 Step 4: Machine setup: The process parameters must be properly set up on 

the machine prior to the build process. 

 Step 5: Build. The part is built by the machine. 

 Step 6: Removal. Once the AM machine has completed the build, the 

produced part must be removed. Since many AM machines operate at high 

temperatures, the build volume is cooled down if necessary. 

 Step 7: Post-processing. The produced part is cleaned. Any support 

structures are removed. 

 Step 8: Application. The finished part is ready for use. 

AM processes are classified into seven categories based on the binding 

mechanism and the feedstock morphology or delivery: binder jetting, directed 

energy deposition, material extrusion, material jetting, powder bed fusion (PBF), 

sheet lamination, and vat polymerization [34]. In this thesis, the processes used 

to produce the investigated AM samples were PBF and material jetting. AM is 

broadly applicable to all classes of materials including metals, polymers, ceramics 

and composites [35]. 

AM saw its first successful commercialisation in the late 1980s with a 

stereolithography printer designed by 3D Systems, while PBF processes were first 

commercialised in the early 1990s [2]. Back in the 1990s, the high cost, narrow 

variety of material choices, and low dimensional accuracy of these systems limited 

their industrial application to rapid prototyping [16]. During the 2000s and early 

2010s, the expiration of key patents for a number of older AM processes opened 

the market to competition, resulting in new generations of commercial systems 

offering a wider range of materials and enhanced capabilities. Low-cost, powerful 

computers contributed to make AM machines smaller and more affordable; 

quality improved to the point that AM technologies could be used to produce 

tooling and end use parts. Advances in CAD software made modelling of three-

dimensional objects straightforward and inexpensive, while the Internet made 

knowledge sharing simple, enabling the development of open-source software 

and hardware [1, 2]. 

Today, wide scale adoption of AM has occurred in the medical, dental, 

architecture, aerospace and automotive industries, while low-cost machines have 
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made AM technologies available to the masses [2, 16]. AM technologies can be 

used for the production of models, prototypes, fixtures, tooling, assemblies and 

end use parts [1, 2]. The evolution of AM is being pulled by market factors such as 

the increased demand for customised products, the need for shorter product 

development cycles and lead times, as well as the increased focus on sustainability 

[1, 36, 37]. 

2.1.2 Powder bed fusion 

AM of high-performance metal alloys such as titanium, aluminium and nickel 

alloys, can provide significant advantages to industry, such as weight savings of 

parts, reduced lead times and lesser design constraints, which are particularly 

attractive for aerospace, automotive and biomedical applications [4, 38-43]. 

Among metal AM processes, PBF has been the process with the greatest economic 

impact and is the subject of extensive research [36], representing a logical focus 

for the purposes of the work presented in this thesis. PBF is a process in which 

thermal energy (typically a laser or electron beam) selectively fuses regions of a 

powder bed [34]. An illustration of PBF is shown in Figure 2.1. 

 

Figure 2.1 Generic illustration of PBF. 

The two most common PBF processes are laser PBF (LPBF) and electron beam 

PBF (EBPBF). LPBF is also referred to as selective laser melting, while EBPBF is 

sometimes referred to as electron beam melting [44]. In LPBF, a laser beam is 

rastered over the surface of a powder bed, causing selected areas to melt and fuse. 
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As the laser beam moves away, the molten areas cool down and solidify. The build 

platform is then lowered by a single-layer thickness (typically between 20 μm and 

150 μm in thickness) and by laying and fusing successive layers of powder, 

complex three-dimensional parts can be formed. The build chamber is filled with 

an inert gas (commonly argon) to avoid the oxidisation of the metal as it melts and 

solidifies. EBPBF is based on the same working principles as LPBF, but the thermal 

energy source is an electron beam (rather than a laser beam) and the build 

chamber is under vacuum to avoid the electron beam deflection by gas molecules 

[2]. 

 

Figure 2.2 Examples of the topographies of PBF surfaces made of (a) Ti-6Al-4V 
and (b) Al-Si-10Mg. The scale bar is 50 µm. The surfaces were measured with CSI 
[45]. 

PBF processes can be difficult to control due to the complex interaction between 

the laser/electron beam and the powder bed, involving numerous process 

parameters such as beam power, scan speed, scan pattern, hatch spacing, particle 

size and layer thickness [11, 46, 47]. As a result of multiple melting phenomena, 

typical PBF surfaces tend to be highly irregular, exhibiting high slopes, deep 

recesses and local high aspect-ratio topographic features. Figure 2.2 provides a 

qualitative notion of the complexity of the topographic features that must be faced 

when measuring PBF surfaces. Because of these characteristics, PBF surfaces can 

be highly challenging for any type of measurement technique, requiring a careful 

selection of measurement conditions to minimise a number of common error 

sources (this issue will be discussed in more detail later in this chapter). 

Nevertheless, key process parameters may be identifiable from the specific 

textures and topographic features that they produce, e.g. weld tracks, weld ripples 
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and spatter formations. This realisation suggests that the correlation of surface 

topography with process parameters can be used to provide feedback for process 

control [8-10, 48-59]. 

2.1.3 Material jetting 

Material jetting is a process in which droplets of build material are selectively 

deposited [34]. Material jetting is based on well-established ink-jet printing 

technologies [2]. Typically, ink-jet printing means printing two-dimensional 

documents or images, meanwhile in AM refers to the printing of three-

dimensional parts or structures. In ink-jet printing, a print head ejects droplets of 

liquid phase material (e.g. a polymer ink) at precise coordinates onto the 

substrate; the deposited ink droplets dry to form a film and, by printing sequential 

layers, three-dimensional parts can be formed [2, 60]. 

A given polymer ink is made by dissolving the polymer in a suitable solvent or 

solvent combination. Generally, ink droplets are ejected in continuous or drop-on-

demand mode; in continuous mode, a stream of droplets is continuously 

generated and diverted to a gutter when not needed, while in drop-on-demand 

mode the droplets are generated only when required by piezoelectric actuation 

[2, 61, 62]. An illustration of an ink-jet printing system operating in drop-on-

demand mode is shown in Figure 2.3. 

 

Figure 2.3 Illustration of ink-jet printing operating in drop-on-demand mode. 
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Due to its low cost and flexibility, ink-jet printing is considered to be one of the 

key technologies in the field of controlled micro- and nanoscale deposition of 

polymers [63, 64]. Ink-jet printing has been employed for the fabrication of 

polymer transistor circuits [65], light-emitting polymer displays [66-68], polymer 

solar cells [69], as well as polymer sensors and actuators [70, 71]. 

While ink-jet printing and other polymer AM technologies have been on the 

market for several years, it has been identified that there are still many advances 

that can be made [72]. A general issue is the limited understanding about the 

impact of process parameters on the quality of printed parts [12]. Particularly, 

there is scarce knowledge regarding the optimal printing parameters (e.g. 

polymer concentration and type of solvent) for some specific polymers. The 

measurement and analysis of surface topography, as exemplified in Figure 2.4, can 

be helpful to advance the understanding of the correlation between ink-jet 

printing process of specific materials parameters and the resulting surface 

texture. 

 

Figure 2.4 Example of the surface topography of an inkjet-printed hexagonal 
structure made of a fluoropolymer. The surface was measured with CSI. 

2.1.4 The roles of surface measurement in additive 

manufacturing 

There are currently a number of significant barriers, related to quality assurance, 

to further industrial adoption of AM for the production of high-value goods. While 

AM has the benefit of allowing the creation of complex geometries and internal 

features that cannot be produced using subtractive processes due to tool path 
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restrictions, the dimensional control, surface integrity (i.e. condition of a surface 

produced by a manufacturing process) and surface texture are still not equivalent 

to those achievable using subtractive processes [8, 73]. For AM to gain more 

industrial acceptance and become an established method of high-value 

manufacture, AM processes must be well understood in order to be well 

controlled. Therefore, rigorous verification of parts produced by AM processes is 

required, which includes accurate surface topography measurement [9]. 

Until recently, AM parts in general have suffered from a limited understanding of 

the mechanisms of the underlying processes [11, 44]. The measurement of AM 

surfaces in their ‘as-built’ state may be useful to better understand how the 

topographic features of a given surface were formed, and ultimately how these 

topographic features correlate to the AM process parameters that created that 

surface. On the other hand, the measurement of AM surfaces that have been 

subjected to further finishing processes is necessary to determine whether the 

surfaces comply with specifications. Therefore, the measurement of surface 

topography in AM is fundamental for providing feedback for process optimisation, 

as well as for product quality control [9, 13]. 

Several methods exist for the measurement of surface topography (this topic will 

be discussed in more detail in the next section). Optical methods, such as 

coherence scanning interferometry, focus variation microscopy and confocal 

microscopy, can capture topographic information with a high level of detail and 

are significantly faster than contact stylus measurements that require mechanical 

raster scanning to cover a surface area. Nevertheless, typical as-built AM surfaces 

can present significant challenges to existing (contact and non-contact) surface 

topography measuring methods, as they are often highly complex and irregular, 

hence revealing the need to develop basic knowledge on how to optimise the 

measurement of AM surfaces [8, 9, 17, 74-77]. 
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2.2 Surface topography measurement 

2.2.1 Introduction to surface metrology 

Manufactured parts must comply to design specifications and standards, which 

include geometrical and surface requirements. The surface is usually defined as 

the material boundary of a component, through which it interacts with other 

components or the environment in which the component operates [78]. The term 

used to refer to the geometrical information associated to all the features present 

on a surface is surface topography, which is comprised of surface form and surface 

texture [79]. Surface form is the underlying shape of a part within the measured 

surface region, while surface texture is the geometrical irregularities present at a 

surface. Surface texture does not include those geometrical irregularities 

contributing to the form or shape of the surface [80]. In a practical sense, surface 

texture refers to what remains after the surface form has been removed from the 

surface topography. Figure 2.5 depicts the relationship between surface 

topography, surface form and surface texture. 

The science and application of measurement and characterisation of surface 

texture is surface metrology [13]. In the previous century, the measurement of 

surface texture was primarily achieved by tracing a contact stylus across the 

surface to be measured, whose vertical displacement is converted into a signal as 

a function of position [81, 82]. The 1980s and 1990s saw the appearance of 

automated interferometric microscopy and the development of several other 

optical methods for surface topography measurement, which have the benefit of 

being non-contact and faster than stylus instruments [24, 83]. 
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Figure 2.5 Illustration of the different surface types, adapted from [84]. 

Along with material properties and surface integrity [85, 86], surface texture 

plays an important role in the functionality of manufactured components (e.g. 

tribological properties, fatigue resistance and heat transfer) [87, 88]. The need to 

control and therefore accurately measure the surface topography becomes 

increasingly important as components and devices get smaller and more complex, 

in which case the surface topography features become key functional features of 

a component [25, 83, 87]. 

On the other hand, surface metrology is indispensable to increase the 

understanding of the ‘fingerprint’ (i.e. traces left on the topography of the surface) 

of manufacturing processes that are still at an early stage of industrialisation, such 

as AM processes [48, 74]. Thus, in modern manufacturing, surface metrology is 

instrumental not only for part quality control, but also for process development 

and optimisation [83, 89]. 

2.2.2 Profile and areal measurement 

There are two approaches for the measurement of surface topography – profile 

and areal measurement [79, 90]. Profile measurement (or line profiling) refers to 

the measurement of an individual line across the surface, which may be 

represented mathematically as a one-dimensional height function 𝑧(𝑥) [79, 90]. 

An example of the result of a profile measurement is shown in Figure 2.6(a). 
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Methods that were developed to measure line profiles include contact stylus 

scanning [91] and optical differential profiling [92]. 

 

Figure 2.6 Example of (a) profile and (b) areal measurement of a metal AM 
surface. 

Areal measurement extends the profile case to two dimensions to cover an area, 

producing a topographical three-dimensional image of a surface, which may be 

represented mathematically as a height function 𝑧(𝑥, 𝑦) of two independent 

variables (𝑥, 𝑦) [79, 90]. An example of the result of an areal measurement is 

shown in Figure 2.6(b). Areal measurement capability can be obtained from a set 

of parallel profiles scanned sequentially (a process sometimes referred to as 

raster scanning); however, this approach is time-consuming. Alternatively, optical 

methods can image an entire area at once, significantly reducing measurement 

time [24]. Examples of methods for areal measurement include coherence 
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scanning interferometry [18, 19], focus variation microscopy [20, 21] and 

confocal microscopy [22, 23]. 

While profile measurement can be used for process and quality control purposes, 

areal measurement can provide considerably more information about the 

topography of a surface [13, 79, 93]. Actually, not all surface topographies may be 

adequately described by individual profile measurements. For example, the 

topography of a metal AM surface often contains relevant information in multiple 

directions, which may not be fully captured by an individual profile measurement 

(see Figure 2.6). Furthermore, areal measurements have more statistical 

significance than equivalent profile measurements, merely because there are 

more data points [79]. Although profile measurement is well established and 

widely used in industry, the growing demand for manufactured components with 

tailored surface features for enhanced functionality is positioning areal 

measurement as a more useful approach to surface topography measurement 

[25]. 

 

Figure 2.7 Coordinate system and measurement loop of an areal surface 
topography measurement instrument (adapted from [19]). 

The coordinate system of a typical areal surface topography measurement 

instrument is defined as a right-handed orthogonal system of axes (𝑥, 𝑦, 𝑧) [94], 

as shown in Figure 2.7. For optical instruments, the z-axis is oriented nominally 

parallel to the optical axis and is perpendicular to the (𝑥, 𝑦) plane. The z-axis is 
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also referred to as the vertical axis, and the x- and y-axes are sometimes referred 

to as the horizontal axes. The measurement loop is a closed chain that comprises 

all components connecting the workpiece and the measuring probe [94]. 

2.2.3 Contact and non-contact methods 

In general, methods for the measurement of surface topography can be 

distinguished in two types – contact and non-contact [90]. To obtain height 

information, contact methods rely on the mechanical interaction of a contact 

stylus with the surface to be measured; this interaction is well understood, 

allowing for robust models [25]. A stylus instrument essentially consists of a 

probing system that draws a contacting stylus along the surface, whose vertical 

motion is converted into an electrical signal that is subsequently digitised [95]. 

Further information about the general characteristics of stylus instruments is 

given in ISO 3274 [91] and ISO 25178 part 601 [96] specification standards. 

Stylus instruments rely on a straightforward and intuitive measurement principle 

and are the most common instruments used in industry for surface measurement, 

however, there are some limitations to be considered [95]. The resolution of the 

detectable surface features is limited by the size of the stylus tip, which affects the 

measured topography and surface texture parameters [97, 98]. Also, if the stylus 

force is too high, the stylus tip may cause damage to the surface being measured, 

whereas smaller forces can induce ‘stylus flight’ (i.e. the stylus skips over the 

surface) [95, 99]. Another issue is that deep recesses and local high aspect-ratio 

features (relatively common on AM surfaces) could potentially block the stylus 

and damage it [13]. A downside of stylus instruments when areal measurements 

are performed is the total measurement time – while a profile measurement 

typically takes seconds or minutes, an areal measurement can take hours [25]. 

Unlike contact methods, non-contact methods avoid mechanical interaction with 

the surface throughout the measurement process, thus eliminating the risk of 

damaging the surface and allowing faster measurement times [98]. The most 

common type of non-contact methods are optical methods [24]. Optical methods 

use light reflected from a surface as a means to reconstruct surface topography. 

Although different optical principles can be used to obtain topographic data from 
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reflected light, interpreting data acquired with an optical instrument is not as 

simple as it is with a stylus instrument [25]. In general, optical methods require a 

significant amount of data processing to generate the measurement result. The 

characteristics of the incident light, as well as the geometry and material 

characteristics of the surface being measured have a significant effect on the result 

[98].  

Many optical instruments use microscopy to magnify the topographic features of 

the measured surface. However, optical instruments using microscope objectives 

have two physical limitations – the numerical aperture (NA) and the optical lateral 

resolution of the employed microscope objective lens [25]. The NA dictates the 

slope angle limit on the surface that can be measured and has an impact on the 

optical lateral resolution [24, 100]. The NA is given by 

𝐴𝑁 = 𝑛 sin(𝛼), (2.1) 

where 𝑛 is the refractive index of the medium between the objective and the 

surface (usually air, at 𝑛 ≅ 1) and 𝛼 is the acceptance angle of the aperture, as 

shown in Figure 2.8. 

 

Figure 2.8 Diagram of the NA of a microscope objective lens. 

The lateral resolution is the smallest distance between two lateral features on a 

surface that can be recognised [94]. For a theoretically perfect, incoherent optical 

system with a filled objective pupil, the optical lateral resolution given by the 

Rayleigh criterion [94, 100] is 
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𝑟 = 0.61
𝜆

𝐴𝑁
, (2.2) 

where 𝜆 is the effective value of the wavelength of the light used to measure a 

surface. Another measure of the optical lateral resolution is the Sparrow criterion, 

which is equal to 0.47 𝜆/𝐴𝑁 (approximately 0.77 times the Rayleigh criterion). 

Examples of optical methods include the following: 

 Focus variation microscopy (FV) – Combines vertical scanning positioning 

with limited depth of focus to determine the surface height from the 

variation of focus for every lateral position along the surface. FV relies on 

an algorithmic assessment of local image contrast to detect in-focus points 

[20, 21]. 

 Confocal microscopy (CM) – Employs vertical scanning to acquire a 

sequence of confocal images through the depth of focus of the objective, 

where a pinhole acts as a spatial filter to block the light that is out of focus, 

enabling the surface topography reconstruction [22, 23]. 

 Phase-shifting interferometric microscopy (PSI) – Interference data 

acquired during a controlled phase shift is evaluated to reconstruct surface 

topography [27, 101]. 

 Coherence scanning interferometry (CSI) – Uses the low coherence of 

broadband light to localise interference fringes over a narrow surface 

height range during a vertical scan along the optical axis, where the height-

dependent variation in fringe contrast provides a mean to determine the 

surface topography [18, 19] (CSI will be reviewed in more detail in Chapter 

3). 

There are several other methods for measuring surface topography. Examples of 

methods of the non-contact, non-optical type include scanning electron 

microscopy (SEM) and X-ray computed tomography (X-ray CT). SEM instruments 

usually provide two-dimensional topography images by focusing an electron 

beam on the surface and capturing the resulting electron emissions with a 

detector [25]. There are methods that have been developed to obtain three-

dimensional surface topography from the analysis of SEM images [102]. In X-ray 
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CT, a series of radiographic projections of the imaged part are obtained at multiple 

angular orientations. An algorithm is used to combine the projections into a 

volumetric dataset that represents the material density at different positions 

within the part. By analysing the volumetric dataset for changes in material 

density, the part surfaces can be reconstructed, and if the volumetric dataset has 

sufficient resolution, the surface topography as well [13, 103]. An example of a 

pseudo-contact method is atomic force microscopy (AFM). In AFM, a probe tip is 

placed so close to the surface that the attractive and repulsive interatomic forces 

can be sensed and used to reconstruct the surface topography [25, 90]. 

When using optical instruments to measure AM surfaces in their as-built state 

(see Figure 2.9), measurement challenges generally relate to surface regions 

exhibiting low reflectance or varying optical properties, high slope angles and 

undercuts. In general, the high complexity and irregularity of as-built AM surfaces 

can present significant issues for any type of measurement technique, requiring a 

careful selection of measurement conditions to minimise a number of common 

error sources [8, 9]. Therefore, it is necessary to develop basic knowledge on how 

to optimise the measurement of AM surfaces. A number of studies have recently 

been carried out to determine the optimal measurement conditions and settings 

that should be used when measuring AM surfaces with optical instruments, for 

example, with FV [76] and CSI (presented in Chapter 4). 

 

Figure 2.9 Surface measurement of an AM part using CSI. 

It is worth highlighting that no single measurement technology provides a 

completely reliable rendition of the topographic features that characterise the 

metal AM process. In an investigation carried out by Nicola Senin and other 



24 

colleagues from the Manufacturing Metrology Team, a region of interest on a 

metal AM surface was inspected using different optical areal topography 

instruments [74]. Several smaller regions were extracted from the topography 

datasets to represent examples of relevant metal AM surface features, such as 

weld ripples, particles, recesses and weld tracks. Overall, it was found that when 

measuring metal AM surfaces, the most significant differences between these 

technologies relate to smaller-scale, high aspect ratio localised features. When the 

measurement task is the characterisation of large regions through the 

computation of texture field parameters, then the discrepancies between 

instruments may be considered to have limited effects on the characterisation 

results. However, when the measurement task is targeted at localised, smaller-

scale features, which is often the case in off-line metrology for manufacturing 

process development and optimisation, then the discrepancies between both 

methods may become more significant. 

For optical techniques, a combination of optical resolution, pixel width, and data 

processing used to obtain height information, leads to the final resolving power 

achievable by the instrument. For example, FV requires a window of adjacent 

pixels to compute contrast for any given pixel, therefore, it means that the heights 

of two adjacent pixels are not entirely independent, and consequently the actual 

lateral resolution of a FV instrument is poorer than that calculated by considering 

only pixel width and the optical resolution limit [74]. 

2.2.4 Areal surface texture characterisation 

Filtering is fundamental for surface texture characterisation and its purpose is to 

separate the measured surface into different scales of interest [79, 104]. ISO 

25178 part 2 [105] defines two surface filters – the S-filter and the L-filter. The S-

filter removes small-scale lateral components (i.e. a low-pass filter in terms of 

spatial frequencies) from the surface, whilst the L-filter removes large-scale 

lateral components (i.e. a high-pass filter in terms of spatial frequencies) from the 

surface. Additionally, the F-operation removes the nominal form from the surface 

[79, 105]. Levelling is an F-operation used to compensate for surface tilts due to 
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sample placement within the measurement instrument, often performed by 

subtracting the mean least-squares plane from the topography dataset. 

The combined application of these filtering operations to a measured surface 

results in one of the two defined scale-limited surfaces – the S-F surface and the 

S-L surface [79, 105]. An S-F surface is the outcome of using an S-filter in 

combination with an F-operation on a surface, whilst an S-L surface is the result 

of using an L-filter on an S-F surface. By default, the S-filter and the L-filter are 

areal Gaussian filters [106, 107]. The scale at which the S-filter and the L-filter 

operate is specified by the nesting index value (or cut-off wavelength) [106], 

which indicates the spatial wavelength at which the filter attenuates the 

amplitude of a signal by 50% [107]. 

The term ‘roughness’ is sometimes used to refer to the small-scale lateral 

components of surface texture, while the term ‘waviness’ is sometimes used to 

refer to the large-scale components of surface texture [13]. An example of the 

result of filtering operations applied to isolate the signature features on the 

topography of a metal AM surface is shown in Figure 2.10. In this example, an S-

filter with a nesting index of 25 µm and an L-filter with a nesting index of 800 µm 

were applied. 

 

Figure 2.10 Filtering of a metal AM surface topography (a) original topography 
measured with CSI, (b) S-F surface showing the underlying large-scale waviness 
and (c) S-L surface showing weld tracks and spatter formations. 

Surface texture parameters provide a quantitative value to the measured 

topography data of a surface, simplifying its description and comparison with 

other surfaces [25].  Areal surface texture parameters [105] were created as an 

evolution from profile surface texture parameters (such as Ra and Rq) [108], 
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extending surface texture characterisation to two-dimensional surface height 

measurements [109]. The two main classes of areal surface texture parameters 

are field parameters and feature parameters [25]. Field parameters are defined 

from all the topography data points on a scale-limited surface, whereas feature 

parameters are defined from a subset of predefined topographic features on a 

scale-limited surface [105]. The majority of areal parameters are field parameters, 

which are categorised in height parameters (e.g. Sa, Sq), spatial parameters (e.g. 

Sal, Str), hybrid parameters (e.g. Sdq, Sdr) and functional parameters (e.g. Spk, 

Svk) [79, 105]. 

The areal surface texture parameters used in this thesis are Sq and Sdq. These 

parameters were selected to obtain sufficient insight into the topography of the 

investigated surfaces, regarding not only height but also gradient. The Sq 

parameter is the root mean square (RMS) height of the scale-limited surface, 

corresponding to the RMS value of the surface height values 𝑧(𝑥, 𝑦) within a 

definition area 𝐴, such that 

𝑆𝑞 = √
1

𝐴
∬ 𝑧2(𝑥, 𝑦) 𝑑𝑥 𝑑𝑦

𝐴

. (2.3) 

The Sdq parameter is the RMS gradient of the scale-limited surface, given by 

𝑆𝑑𝑞 = √
1

𝐴
∬ [(

𝜕𝑧(𝑥, 𝑦)

𝜕𝑥
)

2

+ (
𝜕𝑧(𝑥, 𝑦)

𝜕𝑦
)

2

] 𝑑𝑥 𝑑𝑦
𝐴

. 
(2.4) 

2.2.5 Measurement uncertainty and error 

The ‘true value’ of a measurand (i.e. the quantity intended to be measured) is the 

value that would be obtained by a perfect measurement, however, the true value 

cannot be determined by measurement as there is always some doubt about the 

measurement result [110]. The term used for the quantification of the doubt in 

the result of a measurement is ‘uncertainty’. The International Vocabulary of 

Metrology (VIM) defines measurement uncertainty as a ‘non-negative parameter 

characterising the dispersion of the quantity values being attributed to a 
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measurand, based on the information used’ [111]. The parameter may be an 

estimated standard deviation of the mean called ‘standard uncertainty’ or a 

coverage interval having a stated coverage probability (also termed level of 

confidence). In practice, there are many possible sources of measurement 

uncertainty, for example: 

 Inadequate knowledge of the effects of environmental conditions on the 

measurement, or imperfect measurement of environmental conditions. 

 Finite instrument resolution. 

 Inexact values of measurement standards, reference materials, values of 

constants and other parameters. 

 Approximations and assumptions incorporated in the measurement 

method and procedure. 

Measurement uncertainty components can be estimated by two methods: Type A 

and Type B evaluations. Whereas a Type A evaluation of measurement 

uncertainty is done by a statistical analysis of measured values obtained under 

defined measurement conditions, a Type B evaluation of measurement 

uncertainty is done by means of any other information, e.g. data provided in 

calibration and other certificates [110, 111]. 

The terms ‘measurement uncertainty’ and ‘measurement error’ are not 

equivalent. Measurement error is the difference between a measured value and a 

reference value of the measurand [111]. Every measured value has a 

measurement error; however, since there is always measurement uncertainty in 

a measured value, it is not possible to know the exact value of the measurement 

error. There are two types of measurement errors – random and systematic. 

Random measurement error is the component of measurement error that in 

repeated measurements varies in an unpredictable manner. Systematic 

measurement error is the component of measurement error that in repeated 

measurements remains constant or varies in a predictable manner [110, 111]. 

Random measurement errors arise from unpredictable or stochastic temporal 

and spatial fluctuations of influence quantities, which in turn give rise to 

variations in repeated measurements of the measurand [110]. An influence 
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quantity is a quantity that is not the measurand but that affects the result of the 

measurement. Although it is not possible to compensate for the random error of 

a measurement result, it can usually be reduced by increasing the number of 

measurements [110, 111]. The latter will be further discussed in Chapter 6. 

Systematic measurement error, like random measurement error, cannot be 

eliminated but it can usually be reduced. If a systematic measurement error arises 

from a known effect of an influence quantity, the effect can be quantified and a 

correction can be applied to compensate for it. The estimate of a systematic 

measurement error is known as the measurement bias [110, 111]. 

Other terms related to uncertainty and error are ‘measurement accuracy’ and 

‘measurement precision’, as illustrated in Figure 2.11. Measurement accuracy is a 

qualitative term used to describe the closeness of agreement between a measured 

value and a reference value of a measurand [111]. Although measurement 

accuracy is not given a numerical value, a measurement result is said to be more 

accurate when the measurement error is smaller. On the other hand, 

measurement precision is the closeness of agreement between measured values 

obtained by repeated measurements under specified conditions [111]. 

Measurement precision is expressed numerically by measures of dispersion, such 

as standard deviation or variance and is used to define measurement repeatability 

and measurement reproducibility. 

 

Figure 2.11 Illustration of the difference between accuracy and precision. 

Accurate measurement enables quality control of manufacturing processes, 

compliance with laws and regulations, as well as research and development in 

science and engineering, therefore, it is essential that the level of accuracy is 
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appropriate for the intended application [110]. Ensuring measurement accuracy 

leads to the concepts of ‘calibration’ and ‘metrological traceability’. 

Calibration is the comparison of a measuring instrument, artefact or reference 

against a more accurate one, followed by the application of any necessary 

corrections to ensure that it is fit for purpose [111]. A calibration may be 

expressed by a statement, calibration curve, or calibration table. When 

performing a calibration, it is essential to have confidence in the higher accuracy 

reference; this confidence is provided by metrological traceability. Metrological 

traceability is defined by the VIM as the ‘property of a measurement result 

whereby the result can be related to a reference through a documented unbroken 

chain of calibrations, each contributing to the measurement uncertainty’ [111]. 

 

Figure 2.12 Calibration pyramid [112]. 

The documented unbroken chain of calibrations is often visualised by the 

calibration pyramid (shown in Figure 2.12), with the International System of Units 

(SI) located at the top. Usually, the measurement uncertainty and the number of 

calibrations are increased at every step going down the calibration pyramid [113]. 

The SI is essential to ensure that everyday measurements remain consistent and 

accurate throughout the world. The SI covers units for every type of 

measurement, but at the core of the SI is a set of seven units known as the ‘base 

units’. These base units are: time, length, mass, electric current, thermodynamic 

temperature, amount of substance and luminous intensity [112]. 
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2.2.6 Metrological characteristics for areal surface topography 

measurement 

Evaluating measurement uncertainty for an areal surface topography 

measurement is highly complex [89, 114]. Intended to be feasible to apply in 

industry, the metrological characteristics provide a simplified, standardised 

approach for calibration and uncertainty evaluation for all (contact and non-

contact) areal surface topography measuring instruments [89]. The metrological 

characteristics for areal surface topography measuring methods are listed in 

Table 2.1. 

Table 2.1 Metrological characteristics in ISO 25178 part 600 [94]. 

Metrological characteristic Symbol 
Main potential error 

along 

Amplification coefficient 𝛼𝑥, 𝛼𝑦, 𝛼𝑧 𝑥, 𝑦, 𝑧 

Linearity deviation 𝑙𝑥, 𝑙𝑦, 𝑙𝑧 𝑥, 𝑦, 𝑧 

Flatness deviation 𝑧FLT 𝑧 

Measurement noise 𝑁M 𝑧 

Topographic spatial resolution 𝑊R 𝑧 

𝑥-𝑦 mapping deviations Δ𝑥(𝑥, 𝑦), Δ𝑦(𝑥, 𝑦) 𝑥, 𝑦 

Topography fidelity 𝑇FI 𝑥, 𝑦, 𝑧 

 

As defined in ISO 25178 part 600 [94], a metrological characteristic is a 

‘characteristic of measuring equipment, which can influence the results of a 

measurement’. The metrological characteristics are designed to include all of the 

factors that can influence a measurement result and they can be determined using 

appropriate procedures and material measures [113, 115, 116]. After assigning 

appropriate probability density functions to the metrological characteristics, their 

resulting statistical values can be propagated through a defined measurement 

model to evaluate the measurement uncertainty associated with the 𝑥, 𝑦 and 𝑧 

measurements [115]. The ISO 25178 part 6XX series of specification standards 

describing the nominal characteristics of instruments identify for each type of 

surface topography measuring method a list of influence quantities and the 
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metrological characteristics affected by deviations of those influence quantities 

[19, 21, 23, 96, 101, 117, 118]. 

The draft ISO/DIS 25178 part 700 standard [119] specifies generic procedures 

and material measures for the calibration, adjustment and verification of areal 

topography measuring instruments, and for the determination of the metrological 

characteristics defined in ISO 25178 part 600. For example, a method for 

determining the amplification coefficient and the linearity deviation of the z-axis 

consists in measuring calibrated step height artefacts, while the x-y mapping 

deviations can be determined by using areal cross grid artefacts. The 

specifications of the material measures are provided in ISO 25178 part 70 [116]. 

This standard does not mandate the use of the specified material measures, 

therefore, users may use any appropriate material measure as long as all relevant 

details are clearly indicated. The National Physical Laboratory (NPL) has recently 

developed a single-wafer artefact designed to calibrate areal surface topography 

measuring instruments [120]. 

A second application of the metrological characteristics is for instrument 

performance specification [89, 121]. One of the most important quantifiers for 

measurement performance is measurement noise [121, 122]. In this thesis, the 

motivation of the focus on measurement noise is that the ability of an instrument 

to capture data is significantly affected by noise, therefore, the evaluation of this 

metrological characteristic becomes highly relevant when investigating new 

challenging applications, such as in the measurement of AM surfaces. Other 

metrological characteristics where not considered as instrument calibration and 

uncertainty analysis are beyond the scope of the presented work. 

2.2.6.1 Measurement noise 

ISO 25178 part 600 [94] defines measurement noise as the ‘noise added to the 

output signal occurring during the normal use of the instrument’. Measurement 

noise includes the instrument noise (i.e. internal noise added to the output signal 

caused by the instrument if ideally placed in a noise-free environment) as well as 

components arising from the environment (e.g. vibration, air turbulence, thermal 

instability, acoustics) and other sources [94]. Figure 2.13 illustrates the typical 
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sources of noise and the distinction between instrument noise and measurement 

noise. The instrument noise is approximated by the minimum achievable 

measurement noise value with an ideal part (the default material measure is an 

optical flat) under ideal conditions and is often used for instrument performance 

specification [115, 121]. In CSI, instrument noise has often been confused with the 

terms ‘axial resolution’ and ‘vertical resolution’. These terms are somehow 

irrelevant for surface topography measurement, as there are no adjacent points 

to be resolved in the axial/vertical direction when only the outer surface of a part 

is of interest. 

In practice, measurement noise is expected to be greater than instrument noise 

due to the contributions from environmental disturbances and effects specific to 

the optical properties or topographical features of an object surface; therefore, 

meaningful statements of measurement noise are closely tied to the specifics of 

the measurement task [110]. Because noise is a bandwidth-related quantity [123], 

its magnitude also depends on the time over which it is measured or averaged 

[94]. To allow comparison with other results, any measurement noise values 

should be accompanied by a data acquisition time or bandwidth, the number of 

independent data points and any filtering of the surface topography [122, 124]. 

 

Figure 2.13 Illustration of the distinction between (a) instrument noise and (b) 
measurement noise, adapted from [94]. 

The evaluation of the surface topography repeatability is a common approach for 

estimating measurement noise [94]. The surface topography repeatability 
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provides a measure of the likely agreement between successive measurements of 

the same surface topography under the same conditions of measurement, 

normally expressed as a standard deviation [94]. A procedure for estimating the 

surface topography repeatability using an optically smooth surface is included in 

ISO 25178 part 604 [19] (although there is no default material measure for 

measurement noise). This procedure is equivalent to the subtraction method used 

for the estimation of measurement noise [125-127], which will be described in 

Chapter 6. Measurement noise can vary significantly with different surface types 

(in terms of topographies and material reflectance properties), therefore it should 

be determined using the surface being measured [115].
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3 Coherence scanning interferometry 

3.1 Introduction to CSI 

Interferometry employs the ability of two waves (e.g. light) to interfere with one 

another provided certain criteria of coherence are met, and it allows a length to 

be measured in terms of the wavelength of light [128]. Indeed, the definition of 

the metre, the SI unit of length, can be realised in practice by interferometry. The 

metre is defined by taking the fixed numerical value of the speed of light in 

vacuum, 𝒸, to be 299 792 458 when expressed in the unit m s−1, where the second 

is defined in terms of the caesium frequency ∆𝑣𝐶𝑠. This definition implies that ‘The 

metre is the length of the path travelled by light in vacuum during a time interval 

of 1/299 792 458 of a second’, as it was stated in the previous definition of the 

metre, which was in place since 1983 [112]. 

In a typical two-beam interferometer, a light beam is split into two light beams, 

which travel separate paths and then recombine to create interference. The 

physical distance of the path travelled by a light beam multiplied by the index of 

refraction of the traversed medium is known as optical path length (OPL) or 

optical distance. When the optical distances differ by an even number of half-

wavelengths, the superposed light beams are in phase and constructive 

interference will be observed, but when the optical distances differ by an odd 

number of half-wavelengths, the combined light beams are 180° out of phase and 

destructive interference will be observed. The resulting interference fringe 

pattern when viewed on a screen or through a microscope will be defined by the 

phase difference between the two light beams, which can be used for the 

measurement of length if the wavelength is known [26, 129, 130]. 

Interference microscopes used for surface measurement operate by comparing 

the object surface to a reference surface by two-beam amplitude division 

interferometry [131]. A fundamental characteristic of interferometric surface 

measurement is that the measurement sensitivity in the axial direction is 
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independent of lens magnification (or NA), in contrast to other optical methods 

relying on focus [28]. This characteristic is related to the use of the wavelength of 

light as a metric for length measurement, rather than the focus position. The 

currently dominant interferometric methods for the measurement of areal 

surface topography are PSI and CSI. While conventional PSI can provide accurate 

and repeatable measurements of smooth surfaces, it becomes ineffective when 

measuring rough or discontinuous surfaces because phase detection is inherently 

ambiguous outside of a 2π range [131]. A defining feature of CSI with respect to 

PSI is that, by design, interference fringes are only strongly observed over a 

narrow surface height range, therefore avoiding 2π ambiguity and allowing 

interferometric measurements for a wider range of surfaces, from smooth to 

rough, and surfaces that have large height variations or discontinuities [29, 132]. 

The development of automated three-dimensional measurement of surface 

topography using CSI began in the 1980s [19]. In 1982, Balasubramanian [133] 

patented an interferometric system that relies on identifying the maximum 

contrast of broadband or ‘white’ light interference fringes corresponding to zero 

optical path difference (OPD) as a means to determine surface topography. In 

1987, Davidson et al. [134] applied the idea of calculating the degree of coherence 

for each pixel between the object and reference image planes of an interferometric 

microscope during a vertical scan to produce high-resolution three-dimensional 

images of smooth surfaces for semiconductor applications. During the 1990s, 

several researchers demonstrated that CSI was not limited to the measurement of 

smooth surfaces, but could also be used to measure rough surfaces [135-141]. 

Today, CSI has evolved to enable highly flexible areal surface topography 

measurements that would otherwise be beyond the reach of interference 

microscopy, and its development continues [28]. 

CSI is also sometimes referred to as white light interferometry, white light 

scanning interferometry or vertical scanning interferometry, amongst other 

recognised terms in ISO 25178 part 604 [19]. While modern CSI instruments use 

a variety of optical configurations and signal processing methods to reconstruct 

surface topography, the basic idea shared by all CSI instruments is the evaluation 

of the height-dependent variation in fringe contrast related to optical coherence 
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in an interferometric microscope [18]. The working principles of CSI are 

described in the following section. 

3.2 Working principles 

3.2.1 Configuration 

The basic features of a conventional CSI instrument include a light source, an 

interference objective, an electromechanical scanner, an electronic camera and 

computer-controlled data acquisition and processing. Figure 3.1 illustrates the 

typical configuration of a CSI instrument. 

 

Figure 3.1 Schematic of a CSI instrument, adapted from [29]. 

CSI uses a spatially extended, spectrally broadband light source, which has a lower 

temporal coherence than a monochromatic light source. Temporal coherence 
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characterises how well a wave can interfere with itself at different points along 

the direction of propagation (i.e. at a different time) [129]. While a classic example 

is an incandescent lamp such as a tungsten halogen bulb, the most common light 

source in modern CSI instruments is a light-emitting diode (LED) [18]. Typically, 

Köhler illumination is used to image the light source into the pupil of an 

interference objective [19]. CSI instruments generally have adjustable light stops 

for controlling the size of the illumination field (i.e. field stop) as well as the 

illumination aperture (i.e. aperture stop), as shown in Figure 3.1. The optics are 

often arranged to fill the pupil so as to minimise spatial coherence and to 

maximise lateral resolution [18]. 

Generally, data acquisition in CSI involves the continuous motion of the position 

of the interference objective along the z-axis direction. A scanner, such as a 

piezoelectric transducer, moves the interference objective (see Figure 3.1), 

synchronising the scan of focus and OPL; in other cases, the object stage moves 

[19]. 

 

Figure 3.2 Schematic of interference objectives typically used for CSI. (a) Mirau 
and (b) Michelson type, adapted from [142]. 

CSI instruments often allow for interchanging interference objectives of various 

magnifications and types, where two of the most common are of the Mirau and 

Michelson type [31], shown in Figure 3.2. The interference objectives must have a 

geometry carefully balanced for minimal dispersion and best focus at the position 
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of zero OPD [18, 19]. The Mirau interference objective has coaxial lens, beam 

splitter and reference mirror, where the latter partially obscures the light path. 

The Mirau design inherently has a compact package and is preferred for high 

magnification objectives, ranging from 10× to 100×; however, at magnifications 

lower than 10× (corresponding to smaller NA values) the central obscuration 

blocks too much of the light [142, 143]. A preferred option for magnifications 

lower than 10× is the Michelson configuration, which uses a beam-splitting cube 

prism and a reference path that is orthogonal to the measurement path. Since the 

Michelson design has no central obscuration as in the case of the Mirau design, it 

allows for smaller NA values [142, 143]. 

3.2.2 Signal formation 

With reference to Figure 3.1, the light emitted from the broadband light source is 

directed towards the interference objective lens. The beam splitter in the 

objective divides the light into two separate beams, one of which is directed 

towards the object surface while the other is directed towards the reference 

mirror. The two beams recombine and the recombined light is directed towards 

the electronic camera [18, 19, 29]. For interference to be observed, the OPL from 

the beam splitter to the object surface and the OPL from the beam splitter to the 

reference must be almost equal [18, 25]. The localisation of the interference 

fringes can be performed by vertically moving the interference objective lens at a 

constant speed, relative to the object surface (i.e. axial scanning), as illustrated in 

Figure 3.3. 

During the axial scanning, a high interference fringe contrast will be observed for 

each camera pixel only when the OPD is near to zero, within the coherence length 

of the broadband light source. The coherence length can be thought as the 

maximum OPD over which it is still possible to obtain interference [144], 

sometimes estimated as 

𝑙𝑐 =
𝜆2

Δ𝜆
, (3.1) 
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where 𝜆 is the source effective wavelength and Δ𝜆 is the spectral bandwidth. At 

the scan position of zero OPD, the fringe contrast is maximum, denoting the height 

of the corresponding point on the object surface. Moving away from the scan 

position of zero OPD, the fringe contrast decreases as the OPD increases. A 

computer records the low-coherence interference signal as a function of the scan 

position for each pixel in successive camera frames, which can be processed to 

reconstruct a three-dimensional topography map of the object surface [18, 19, 

25]. 

 

Figure 3.3 Appearance of low-coherence interference fringes during the axial 
scanning process (adapted from [18, 145]). 

A simplified one-dimensional physical model of signal formation assumes a 

randomly polarised, spatially incoherent illumination and a smooth surface that 

does not scatter or diffract the incident light [18]. The low-coherence signal 

results from the incoherent superposition of individual interference contributions 

spanning a range of wavelengths of all the ray bundles reflecting from the object 

and reference surfaces and passing through the pupil plane of the objective. As 

illustrated in Figure 3.4, the peak signal strength is located at the position where 

all of the individual interference contributions are in phase [146]. 
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Figure 3.4 Conceptual diagram of the signal formation by incoherent 
superposition, adapted from [29]. 

For the ideal case of a flat, unstructured surface that is normal to the optical axis 

of the instrument and a low NA objective, the intensity of the interference signal 

along the vertical scanning direction 𝐼(𝑧) at a given pixel can be expressed 

mathematically as 

𝐼(𝑧) = 𝐼0[1 + 𝛾𝑔(𝑧 − ℎ) cos(𝜏)], (3.2) 

where 𝐼0 is a constant offset intensity term, 𝛾 is the fringe contrast, 𝑔(𝑧 − ℎ) is the 

modulation (or coherence) envelope function related to the spectral distribution 

of the light source, 𝑧 is the scan position, ℎ is the height of the object surface and 

𝜏 is the phase difference between the two interfering beams, given by 

𝜏 = 𝐾0(𝑧 − ℎ) + 𝜐,  (3.3) 

where 𝐾0 = 4𝜋/𝜆0 is the spatial fringe frequency corresponding to the mean 

effective wavelength 𝜆0 and 𝜐 is the phase offset related to the effects of dispersion 

in the optical system and the phase change on reflection introduced by the surface 

material. For a light source with a Gaussian spectral distribution, 

𝑔(𝑧 − ℎ) = exp [− (
𝑧 − ℎ

𝑙𝑐
)

2

], (3.4) 

where 𝑙𝑐 is the coherence length of the light source. Therefore, Equation (3.2) can 

be rewritten as 
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𝐼(𝑧) = 𝐼0 + 𝛾𝐼0 exp [− (
𝑧 − ℎ

𝑙𝑐
)

2

] cos [
4𝜋

𝜆0

(𝑧 − ℎ) + 𝜐] . (3.5) 

When the phase offset 𝜐 is ignored, the peak signal strength occurs at the scan 

position corresponding to zero OPD. A typical CSI signal for a single camera pixel 

as a function of the axial scan position of the objective is shown in Figure 3.5. 

In general, the formation of the interference fringes not only depends on the light 

source spectral bandwidth but also on the NA of the objective lens, as in 

combination they limit both the temporal and spatial coherence [146, 147]. For a 

high NA, the coherence properties are determined mainly by the light distribution 

in the pupil plane, rather than by the spectrum of the light source [18]. 

 

Figure 3.5 CSI signal for a single camera pixel as a function of scan position 𝑧 
showing the coherence envelope (adapted from [28]). 

Although the one-dimensional incoherent superposition model does not include 

the effects of light scattering by the object surface and the effects of aberrations in 

the optical system, it provides insight into the main characteristics of the 

interference signal generated in CSI and a starting point for many surface 

topography reconstruction methods based on coherence envelope detection [18, 

146]. 

As an optical imaging system, the capability of CSI for resolving fine structures of 

a surface follows the Abbe theory of image formation, i.e. the scattered/diffracted 

light needs to be captured within the pupil of the objective to provide a resolved 

image [148, 149]. A two-dimensional elementary Fourier optics (EFO) model for 
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topography measurement in interference microscopy that that includes the 

imaging properties of optical systems with partially coherent illumination has 

been recently reported by de Groot and Colonna de Lega [150]. The EFO model 

can be used for predicting the instrument response to surfaces having topography 

variations within the depth of field (given by the wavelength divided by the square 

of the NA), and can be useful for understanding how physical apertures and 

optical aberrations influence spatial frequency response [148, 150]. CSI models 

using three-dimensional imaging theory in combination with an appropriate 

surface scattering model have also been developed [151, 152]. For example, under 

the Kirchhoff approximation [153] (i.e. the radius of curvature of the surface is 

much larger than the wavelength), Su et al. [154] have recently demonstrated that 

image formation in CSI can be characterised by its three-dimensional surface 

transfer function. The latter provides information about the instrument spatial 

frequency response and about lens aberrations that can result in measurement 

errors. 

3.2.3 Surface topography reconstruction methods 

Various methods have been developed for reconstructing surface topography 

from the low-coherence interference fringes, each having advantages with 

different surface types and measurement requirements. Generally, surface height 

in CSI is determined either by coherence envelope detection [135-141], or a 

combination of coherence envelope detection with phase estimation [155-160]. 

For low-coherence interference fringes, the peak contrast corresponds to the 

position of zero OPD (in an ideal interference objective perfectly compensated for 

dispersion); hence, a basic approach to determining surface topography is to 

locate the scan position for which the signal strength or interference fringe 

contrast is maximum, sectioning surface images according to surface height [133, 

134]. Another approach to evaluate fringe contrast is to demodulate the 

coherence envelope of the interference signal and detect its peak [138]. A Fourier 

transform technique can be used to filter out the high spatial frequency 

components to obtain the coherence envelope [140]. Digital filtering to extract the 

envelope can also be achieved by using a Hilbert transform algorithm [141, 161]. 
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A more robust alternative to the application of a simple peak detection process to 

the coherence envelope is to estimate the overall signal position using the 

centroid of the square of the signal derivative [157, 162, 163]. Envelope detection 

does not require phase information, therefore is free of height range limitations 

related to 2π ambiguity, making it an effective method for surface topography 

measurement on both smooth and rough surfaces [138, 140]. However, when 

applied to smooth surfaces, envelope detection suffers from sensitivity to noise to 

a greater degree than interference phase techniques (e.g. PSI) [29, 160]. 

Envelope detection can be combined with phase estimation to achieve a more 

precise estimate of surface height on smooth surfaces, since the interference 

fringes themselves have a higher spatial frequency content than their coherence 

envelope [155-160]. In a combined approach, CSI data is first evaluated using 

envelope detection to resolve the fringe order, with the phase estimation then 

being applied to determine the surface height [164]. The coherence-based 

analysis leads to a first estimate of surface height ℎ′, while the phase analysis 

provides the interference phase value 𝜃 corresponding to the fringe frequency 𝐾0. 

The two analysis can then be combined to determine the final surface height value 

ℎ, in such a way that 

ℎ =
𝜃

𝐾0
+

2𝜋

𝐾0
round (

𝜙𝐺 − 〈𝜙𝐺〉

2𝜋
), (3.6) 

where 𝜙𝐺  is the phase gap between the two different analysis defined as 𝜙𝐺 = 𝜃 −

𝐾0ℎ′, 〈𝜙𝐺〉 is the field average of the phase gap 𝜙𝐺  and the function round ( ) 

returns the nearest integer value [18, 165]. 

An alternative method for determining surface topography is to analyse the 

interference signal 𝐼(𝑧) in the spatial frequency domain via a Fourier transform 

[164-166], such that 

𝑃(𝐾) = ∫ 𝐼(𝑧) exp(−𝑖𝐾𝑧) 𝑑𝑧
∞

−∞

. (3.7) 

The phase for the corresponding fringe frequency 𝐾 is then given by 
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𝜙(𝐾) = tan−1 (
𝐼𝑚{𝑃(𝐾)}

𝑅𝑒{𝑃(𝐾)}
), (3.8) 

where Im{𝑃(𝐾)} and Re{𝑃(𝐾)} are the imaginary and real values of the Fourier 

transform 𝑃(𝐾), respectively. This approach is known as frequency domain 

analysis (FDA) [164, 165]. After obtaining the phase values from the Fourier 

transform, a linear least squares fit weighted by amplitude can be applied to 

estimate the phase slope, as illustrated in Figure 3.6. Therefore, the surface height 

value can be determined from the rate of change of phase with fringe frequency 

𝑑𝜙/𝑑𝐾. 

Whilst the incorporation of phase estimation provides a better resolution of 

surface height, it can potentially introduce a fringe order ambiguity (i.e. 2π errors) 

[167]. When measuring rough surfaces at scales less than the lateral resolution of 

the microscope objective, the phase of the fringe data may not correlate well with 

the surface profile and consequently random jumps in the fringe data may be 

observed, leading to a misclassification of fringe order [18, 30]. For this reason, 

the potential for additional precision in the axial direction provided by phase 

estimation may not be exploited in the measurement of rough surfaces [29, 30]. 

The selection of an appropriate surface topography reconstruction method for a 

given application should be made by choosing the one with the optimal strengths 

and least weaknesses for the specific measurement task [168, 169]. 

 

Figure 3.6 Illustration of the FDA method, adapted from [131]. 
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Regardless of the employed fringe analysis method, it is worth highlighting that 

real fringe data is likely to deviate from the ideal form for reasons including 

surface tilt, roughness, measurement noise, aberrations and dispersion 

introduced by the objective lens, different phase changes on reflection and 

multiple scattering effects, which can lead to measurement errors [30, 170]. The 

following section describes the aforementioned issues. 

3.3 Considerations and characteristic errors 

Although CSI can measure flat surfaces with sub-nanometre precision along the 

direction of surface height [29, 31], the measurement noise may increase when 

measuring steeply sloped surfaces [171, 172], or surfaces with low reflectance or 

significant surface roughness [32, 173]. 

A low signal-to-noise ratio (SNR) may cause data dropout (i.e. missing data 

points) and is usually a sign that the instrument is working near to (or beyond) 

the limits of its specification [30]. Typically, data dropout may occur when 

measuring high slope surface features or weakly reflecting surface regions 

(common with AM surfaces), as shown in Figure 3.7. More obviously, shadowing 

effects when measuring re-entrant features or undercuts will cause data dropout. 

Alternatively, the measurement of such surface features and regions may result in 

outliers, which fail to be identified as dropouts and result in errors in the reported 

surface topography [19]. Data dropout and outliers can lead to biased estimates 

of surface texture parameters [19, 30]. 

Fringe modulation is expected to decline as a function of surface tilt. For smooth 

surfaces, the reflected light rays follow a specular behaviour, therefore, as the 

surface tilt increases, progressively less of the reflected rays are collected by the 

objective lens; if the surface tilt is beyond the slope angle limit given by the NA, 

none of the reflected rays will be collected by the objective lens [30]. When light 

is reflected from a rough surface, the specular behaviour is relaxed and light rays 

are scattered broadly, hence only a portion of the scattered light will be collected 

by the objective lens. However, because the light is scattered over a larger range 
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than the specular reflection angle, it is possible to measure rough surfaces at tilts 

that exceed the slope limit angle given by the NA of the objective [30]. 

 

Figure 3.7 CSI measurements of metal AM surfaces with several missing data 
points over regions featuring high slopes and deep recesses. A 5.5× lens (0.5× 
zoom) was used. 

Using any particular objective lens will have a consequence on the optical 

parameters. An objective lens with a higher magnification (usually with higher 

NA) provides a higher lateral resolution and a higher slope limit [174], but a 

smaller field of view (FOV) [30, 31]. The camera pixel size divided by the objective 

lens magnification will determine the lateral sampling interval (i.e. the pixel size 

on the target surface) [19]. To maximise the diffraction-limited lateral resolution, 

the lateral sampling interval must match or exceed the optical lateral resolution, 

otherwise the lateral resolution will be camera limited [19, 131]. The camera 

array size (i.e. the number of camera pixels) and the lateral sampling interval will 

determine the overall FOV [131]. From a practical point of view, the measurement 

of steep slope features, rough surfaces or a higher resolution analysis generally 

requires higher magnification lenses. In contrast, the measurement of flat and 

smooth surfaces, a lower resolution analysis or a larger FOV generally requires 

lower magnification lenses. The measurement of larger areas on the surface can 

be achieved using a field-stitching function [29, 30]. 

Typically, CSI instruments employ a broadband light source with a bandwidth of 

between 50 and 150 nm corresponding to a typical coherence length of ∼3 μm, 

which is suitable for acquiring data from most surfaces. However, rough surfaces 

may cause a CSI instrument to be prone to data dropout (see Figure 3.7), as the 
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signal strength becomes low if the range of topographical surface heights within 

the imaging area of a single pixel is larger than the coherence length [30, 144]. 

Since the bandwidth of the source spectrum is inversely proportional to the 

coherence length, by narrowing the bandwidth, data lost due to inadequate signal 

strength may be captured as the coherence length is increased. The bandwidth of 

the source spectrum can be adjusted either through the use of bandwidth 

narrowing filters, or through the use of multiple sources of different bandwidths 

[30]. However, this technique will also broaden the coherence envelope, 

consequently increasing the measurement uncertainty [30]. 

The need to perform mechanical scanning (of either the probe head or the object 

stage) not only limits the measurement speed of CSI, but it can also introduce 

scanner-induced errors corresponding to departures from the nominal scan 

speed [18, 167]. Moreover, since CSI measurements rely on data acquisition over 

time, other time-dependent phenomena such as mechanical vibrations can affect 

the acquired data, degrading measurement accuracy. Therefore, the environment 

can be an important contributor to measurement error [18]. Instruments based 

on interferometry are typically equipped with systems to dampen or isolate 

unexpected mechanical motions, helping to reduce vibration sensitivity [131, 

175]. While low-frequency vibrations are associated with form errors, high-

frequency vibrations can contribute to ripple errors [175, 176]. Changes in 

temperature, pressure and humidity can cause variations in the index of 

refraction of the air, altering the wavelength of the source and consequently the 

OPL, which may contribute errors in the measurement if not compensated [30]. 

The mechanisms responsible for 2π or fringe order errors are varied. Field-

dependant dispersion introduced by imperfections in the optical system can cause 

a varying offset between the phase and envelope peak across the FOV of the 

system (sometimes referred to as phase gap) [164, 167]. In turn, this effect can 

cause random jumps to a higher or lower order fringe (i.e. 2π errors), resulting in 

a discontinuity of approximately one-half the mean effective wavelength of the 

light source in the estimate of surface height [170, 177, 178]. For surfaces having 

varying optical properties, e.g. surfaces composed of dissimilar materials, errors 

in topography measurement can be introduced by different phase changes on 
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reflection [179, 180]. Moreover, phase changes can combine with dispersive 

effects and give rise to 2π errors [31]. 

In addition to dispersion, the retrace error [181, 182], the effects of defocus [183], 

lateral distortion [184], along with other high order optical aberrations are 

accountable for tilt-, curvature- and spatial frequency-dependent errors in surface 

measurement with CSI [154]. 

The ‘batwing effect’ is a measurement error that can occur around a step-like 

discontinuity (e.g. sharp edges) in a surface [30, 170, 185]. This error is referred 

to as batwing because of its appearance when the measurement result is plotted, 

and is usually explained as the interference between reflections of waves 

normally incident on the top and bottom surfaces following diffraction from the 

discontinuity, causing the envelope of the CSI signal to skew and the peak to shift 

[185, 186]. 

Multiple scattering represents a fundamental limitation to CSI [30]. Measurement 

errors can result when light is scattered more than once from the surface of 

interest before it is collected by the objective [170]. The effects of multiple 

scattering are most apparent when measurements are attempted on multifaceted 

steep sided surfaces such as vee-grooves,  sharp edges and re-entrant features 

[170, 187]. 

3.4 Applications and technical advances 

CSI has found broad applications in the semiconductor, optics, biomedical, energy, 

automotive, and aerospace industries. Examples of these applications include the 

characterisation of micro-lenses [188, 189], micro-tools [190], micro-

electromechanical devices [191, 192], extreme-ultra violet lithography [193], fuel 

injection systems [194] (see Figure 3.8), turbine blade surfaces [195], multi-layer 

drug-delivery structures [196], cartilage cells [197], biomimetic layers [198], 

additively manufactured components [75, 199-201], as well as applications 

involving the measurement of transparent films and dissimilar materials [202-

204]. With the benefits of recent technical advances, CSI is able to meet the 
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demanding surface metrology requirements of these industries and an increasing 

number of new applications [28, 149]. 

 

Figure 3.8 Example of an application of CSI for the measurement of automotive 
fuel injectors. Deviations outside tolerance can lead to reduced fuel efficiency and 
unacceptable emissions (adapted from [194]). 

As mentioned in Section 3.3, a conventional CSI measurement may lose data 

coverage for surface regions featuring high slopes and low reflectivity; 

nevertheless, the missing data may be detectable if the measurement is 

sufficiently sensitive. A technique for enhanced sensitivity consists in sampling at 

smaller phase increments to increase the number of camera acquisitions over 

each interference fringe, leading to a dynamic noise reduction [188]. This method 

is sometimes referred to as oversampling [29]. Increasing the number of camera 

acquisitions over each fringe can improve the SNR, which in turn can significantly 

increase the number of valid data points for CSI measurements of surfaces with 

low reflectance or surfaces presenting high roughness and steep slopes [75]. 

When performing a CSI measurement, the intensity level of the light source is 

adjusted to avoid sensor saturation and hence is driven by the highest reflectance 

region on the investigated surface [30]. However, this strategy may have a 

negative impact when measuring regions with low reflectance features and high 

slopes, which are already prone to data dropout due to a weak signal strength. To 

overcome this issue, Fay et al. [188] proposed to use a high dynamic range (HDR) 
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measurement strategy. In this HDR approach, multiple exposures are collected in 

sequence, with either varying light intensity levels or exposure times, and a 

composite image is created from the image data with the highest SNR, commonly 

gauged by the contrast that each pixel has in comparison to its neighbours. 

Therefore, HDR can be used to optimise signal strength when measuring surfaces 

with a large variation in reflectance and slope, such that the number of missing 

data points may be reduced [75]. 

Wiesner et al. [205] proposed a method to reduce the effect of speckle on 

measurement uncertainty and the number of outliers when measuring rough 

surfaces. By sequentially switching the direction of the illumination, the camera 

captures several independent speckle patterns in sequence. From each pattern, 

only the brightest speckles are evaluated to determine the surface topography, 

since a bright speckle yields a smaller measurement error than a dark speckle. 

With some modifications to the common surface topography reconstruction 

methods described in Section 3.2.3, several advanced algorithms using data 

filtering and fitting techniques have been recently developed for better 

robustness to noise [206-209], to reduce the batwing effect [210, 211] and to 

improve accuracy when measuring curved or tilted surfaces where errors can 

occur due to inconsistencies between the phase and envelope peak [212]. One 

approach developed for robust surface evaluation in the presence of uncorrelated 

noise is the correlogram correlation method, which consists in searching for the 

position of optimal fitting of a reference correlogram to the measured 

correlogram by using a cross-correlation function and then associating the 

position of maximum correlation with the surface height [213, 214]. Earlier work 

on the latter approach can be found in references [215, 216]. 

Various approaches have been developed to simultaneously determine surface 

topography and thickness of transparent films [217-221]. One approach consists 

in generating a library of model signals over a range of possible film parameters 

and comparing these library entries to the experimental signal to find the best 

match. To determine film thickness unambiguously, this approach requires a 

priori knowledge of the refractive indices of both film and substrate [202]. Beyond 

transparent films, model-based CSI can be used to obtain a corrected surface 

topography for any combination of dissimilar materials with known visible-
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spectrum refractive indices [202]. An alternative method for compensating for 

phase changes on reflection is presented in [222]. In this method, the variation of 

phase change with the spectral distribution of the light source is estimated though 

a first-order approximation and then compensated for the measurement errors 

by performing additional quasi-monochromatic PSI measurements. 

The Michelson interference microscope objective has been the standard choice for 

low magnifications and large FOV, however, for magnifications below 2× its 

increased physical size and weight due to its beam-splitting cube prism and off-

axis reference path can be difficult to manage and limit its use on flexible 

platforms with turreted objectives [29]. An alternative wide-field interference 

objective design that is more compact than the Michelson assembly has been 

described in [142, 143, 223]. This recent design uses coaxial, partially transparent 

beam splitter and reference plates, as shown in Figure 3.9. A small tilt angle for 

both plates, from one to two degrees for the beam splitter and twice that amount 

for the reference, directs unwanted reflections away from the optical axis, where 

they are blocked by the aperture. The asymmetric design has little effect on 

imaging quality at NA values less than 0.1, therefore this approach is most 

convenient for large FOV applications, where the inherently compact design is 

preferable to an oversized Michelson objective [142]. 

 

Figure 3.9 Wide-field interference microscope objective for areal surface 
topography measurement with coaxial, slightly tilted reference and beam splitter 
plates (adapted from [142]). 
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In conventional CSI, the spectral information that enables the measurement of 

surface heights is not used to derive the colour of the object surface, as the latter 

is generally not required for conventional surface metrology (e.g. the 

measurement of surface form and texture) [224]. Nonetheless, there are 

applications where the addition of colour information can be relevant. For 

example, topography and colour data can be combined to produce true colour 

images of the object surface, where the colour data can be used to identify material 

differences or defects such as blemishes that are otherwise unrevealed in a 

surface topography map. Blemishes and discolouration can be indicative of a 

variation in the manufacturing process or relate to wear or heating of a 

component, which may correlate to surface texture [29, 45, 224]. 

One way to add colour imaging capability to a CSI instrument is to replace the 

usual monochrome detector array by one equipped with a mosaic of colour filters 

[29]. However, the implementation of this approach affects the lateral sampling 

which, if not compensated for, can limit the effective lateral resolution [225]. An 

alternative to overcome the loss of lateral sampling is to use a multi-detector 

colour camera [225, 226]. A different approach that does not require replacing the 

conventional monochrome detector is to use a switchable light source (e.g. a 

multi-LED illuminator) to synthesise a variety of illumination spectra that enables 

colour imaging [224]. In this approach, a first data acquisition in conventional CSI 

mode captures the surface height data. A following data acquisition using a 

different illumination where red, green and blue colour channels are synthesised 

provides the colour data. Finally, the surface height data is combined with the 

multi-channel colour data to give true colour results with full lateral resolution 

[45, 224]. 

While LEDs and incandescent lamps are common examples of light sources used 

in CSI, it is possible to use femtosecond pulsed lasers [227]. The low temporal but 

high spatial coherence of femtosecond pulsed lasers enables a large FOV with high 

fringe visibility. Femtosecond lasers can be used for the measurement of step-like 

structures fabricated on microelectronic components [228] and for the 

measurement of rough silicon carbide (SiC) surfaces [229]. 

Methods based on instantaneous phase estimation have been developed to 

measure dynamic samples and reduce vibration sensitivity. These include the 
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spatial carrier fringe technique [230, 231] and the use of polarising elements to 

simultaneously generate and capture a series of phase-shifted interferograms in 

a single camera frame [232-235]. 

To increase measurement speed, Jeon et al. [236] recently proposed a CSI system 

that is not restricted by vertical scanning conditions such as a step size smaller 

than that determined by the Nyquist sampling limit and equidistant step. This 

system uses a polarised CMOS camera to apply the spatial phase shifting 

technique [232, 235]. 

Coupland and Lobera [187] proposed a method to potentially improve the 

capability of CSI to measure steep surfaces. In this approach, improved estimates 

of the surface illumination conditions were obtained by tilting the sample and 

subsequently using a finite element method to model surface scattering. Thomas 

et al. [237] recently presented a rigorous model of CSI based on a boundary 

elements method, where multiple scattering effects are considered. 
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4 Coherence scanning interferometry for 

metal additive manufacturing 

The work presented in this chapter has been published in [75]. 

4.1 Introduction 

As previously addressed in Section 2.1.1, AM techniques provide additional 

options to industry and significant advantages for specific applications, relative to 

conventional manufacturing processes. This is mostly because AM allows the 

creation of complex geometries and internal features that cannot be produced 

using subtractive methods due to their inherent tool path restrictions [2]. Other 

advantages include short product manufacturing cycles and economic low volume 

production. Standard high-performance engineering and biomedical materials, 

which include titanium and aluminium alloys, are suitable for AM production [38-

40]. 

Among metal AM processes, PBF has been the process with the greatest economic 

impact and is the subject of extensive research [36]. PBF is a process in which 

thermal energy (typically a laser or electron beam) selectively fuses regions of a 

powder bed [34]. The two most common PBF processes are LPBF (also referred 

to as selective laser melting) and EBPBF (sometimes referred to as electron beam 

melting) [44]. The working principles of LPBF and EBPBF are described in Section 

2.1.2. LPBF and EBPBF are the processes used to manufacture the metal AM 

samples used for this thesis. 

A current limitation of these metal AM techniques is the poor quality of 

dimensional tolerance, surface texture, and surface integrity, compared with 

subtractively manufactured components [8, 38, 73], caused in part by the thermal 

distortions of a highly energetic process and in part by the irregularity of partially 

melted particles that adhere to the part surface [10, 40, 44]. PBF has proven to be 

a difficult process to control since the interactions between the energy beam and 
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the powder bed/molten pool are very complex [11], however, it has been 

observed that key process conditions may be identifiable from the specific surface 

features that these interactions produce [8-10, 48-58]. As such, there is a clear 

drive to achieve fast and reliable topographic measurement of metal AM surfaces. 

The caveat is that both LPBF and EBPBF surfaces present significant challenges 

for any measurement technique: high feature density, large spatial frequency 

bandwidth, high surface slopes, varying surface texture and reflectivity, frequent 

discontinuities, and re-entrant features. When used to measure metal AM 

surfaces, both contact and non-contact measurement methods require careful 

selection of measurement conditions to minimise a number of common error 

sources [8]. 

A number of technologies have recently gained traction as methods of areal 

topography measurement, most notably using optical techniques [25]. Metrology 

instruments based on optical imaging are significantly faster than stylus 

measurements that require mechanical raster scanning to cover a surface area, as 

previously discussed in Section 2.2.2. While other technologies exist, optical 

methods currently gaining industrial acceptance include CM [22, 23], CSI [18, 19] 

and FV [20, 21] (see Section 2.2.3). Height map data acquired using one of these 

systems can be used to generate areal surface texture parameters (e.g. Sa, Sq)[79, 

105], that are considered to be a more complete description of surface structure 

than the analogous line profile parameters (e.g. Ra, Rq) [95, 108] (see Section 

2.2.4). 

CSI is a non-contact measurement method that uses a broadband light source and 

interference to measure surface topography and object geometry (see Section 3.2 

for a detailed description of the working principles of CSI). CSI systems can 

measure smooth surfaces with sub-nanometre precision along the direction of 

surface height [29, 31]. Nevertheless, as a result of the limited NA of the imaging 

system, conventional CSI systems can be limited by reduced SNR when measuring 

high-slope angle surface features and by multiple reflective features common to 

rough textures [8], resulting in an inability to reliably determine surface heights. 

As discussed in Section 3.3, the need for high-slope measurement with a 

conventional CSI instrument often involves using a high magnification objective 

[174], not because of the need for magnification but because these objectives 
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usually have high NA. The highest NA objectives commercially available have 

maximum acceptance angles of  approximately 45 deg. Reaching and even 

surpassing the NA limit requires a significant enhancement of the sensitivity of 

the instrument [29]. 

Recent innovations in CSI technology have increased the baseline sensitivity of a 

measurement (see Section 3.4 for a review on applications and technical 

advances). This improved sensitivity increases the capability of CSI instruments 

to measure surface features with high slopes or low reflectance [188], making CSI 

a potentially valuable tool for process development and quality control of metal 

AM parts. In 2010, a good practice guide for CSI measurement of rough surfaces 

was published [30], but the addition of new techniques further expands the range 

of measurement parameters beyond those outlined in this guide. 

This chapter presents an empirical sensitivity analysis of a state-of-the-art CSI 

system for several metal AM samples made from different materials and 

possessing large variations in surface features and roughnesses. The goals of this 

study are to demonstrate the feasibility of using CSI for measuring metal AM 

surfaces and to evaluate the effectiveness of relevant and advanced CSI 

measurement functions and settings, such as spectral filtering of the broadband 

source, HDR lighting levels, oversampling, and robust topography reconstruction 

algorithms. The basic principles of these functions are described in Section 4.2. 

The details of the CSI system and the AM samples, as well as the methodology of 

the experimental design, are given in Section 4.3. The results are shown and 

discussed in Section 4.4. Finally, recommendations are provided for the 

optimisation of future measurements of metal AM surfaces using CSI. 

Recommendations for measurement optimisation balance three aspects: data 

coverage, measurement area, and measurement time. This study also presents 

insight into areas of interest for future rigorous examination, such as 

measurement noise and further development of guidelines for the measurement 

of metal AM surfaces. 
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4.2 Advanced functions in CSI 

4.2.1 Topography reconstruction method 

In CSI, surface topography is derived from the interference fringes that are 

observed as the objective is scanned in the direction of surface heights. The CSI 

signal for each pixel appears qualitatively as interference fringes modulated by a 

coherence envelope corresponding to the spectrally broadband, extended 

illumination. The position of the envelope function provides a first estimate of 

height and a determination of the integer fringe order, whereas the fringe phase 

information refines this estimate [30]. Various methods have been developed for 

reconstructing surface topography from fringes, such as coherence envelope 

detection [157], the FDA method [165] and the correlogram correlation method 

[214-216]. In practice, it is not always possible to perform the second step of 

evaluating fringe phase, resulting in a loss of precision as the price for greater 

tolerance of surface texture [31]. When measuring rough surfaces at scales less 

than the lateral optical resolution of the microscope objective, the phase of the 

fringe data may not correlate well with the surface profile and random phase 

jumps may be observed in the fringe data [30]. For this reason, the potential for 

additional precision in the axial direction provided by phase measurement may 

not be exploited in the measurement of rough surfaces. In this case, fringe analysis 

methods based on the coherence envelope, e.g. the centroid or peak position, may 

provide a similar accuracy and higher robustness. 

4.2.2 Filtering of the source spectrum 

Commonly, CSI instruments use a broadband source, e.g. a light-emitting diode, 

with a bandwidth of between 50 and 150 nm corresponding to a coherence length 

of approximately 3 μm, which is suitable for acquiring data from most surfaces. 

However, rough surfaces can make a CSI instrument prone to data dropout, as the 

signal strength declines if the roughness within the imaging area of a single pixel 

is larger than the coherence length [30, 144]. As the bandwidth of the source 
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spectrum is inversely proportional to the coherence length, by narrowing down 

the bandwidth, the lost data due to inadequate signal strength may be captured 

as the coherence length is increased. The bandwidth of the source spectrum can 

be adjusted either through the use of bandwidth narrowing filters, which can be 

introduced into the optical path, or by using multiple sources of different 

bandwidths [30]. However, reducing the bandwidth of the source spectrum will 

also broaden the coherence envelope, and, consequently, the measurement 

uncertainty will increase [30]. 

4.2.3 Oversampling 

A conventional CSI measurement may lose data coverage for surface regions 

featuring high slopes and low reflectivity. The missing data may be detectable if 

the measurement is sufficiently sensitive. One technique for enhancing the 

sensitivity is sampling at smaller phase increments to increase the number of 

camera acquisitions over each interference fringe. This method is sometimes 

referred to as oversampling [29, 188]. Oversampling leads to a dynamic noise 

reduction. Increasing the oversampling factor, i.e. increasing the number of 

camera acquisitions over each fringe, can improve the SNR and has been recently 

included by some commercial CSI systems, aiming to extract very weak signals 

from challenging surfaces [29], such as those found in metal AM parts, which often 

feature a large roughness or steep slopes. 

4.2.4 HDR lighting levels 

When performing conventional CSI measurements, the intensity level of the light 

source is adjusted to avoid sensor saturation and hence is driven by the highest 

reflectance region on the investigated surface [30]. However, this strategy may 

have a negative impact over the measurement of regions with low reflectance 

features and/or high slopes, which already are prone to data dropout due to the 

low signal strength. When an HDR measurement is used, multiple exposures are 

collected in sequence, with either varying light intensity levels or exposure times, 
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and a composite image is formed from the image data with the highest SNR, 

commonly gauged by the contrast that each pixel has to its neighbours [188]. 

Therefore, the HDR function can be used to optimise the signal strength when 

measuring surfaces with a large variation in reflectance and/or slope, such that 

the number of missing data points may be reduced. Nevertheless, the total 

measurement time is increased by the number of lighting levels that have been 

used. 

4.3 Method 

4.3.1 Instrument 

A ZYGO NewView™ 8300 CSI system [238] was used for this work. The instrument 

was located in a facility with a controlled temperature of (20 ± 1) °C, isolated from 

noise and dust. Four different objective lenses, with magnifications of 1.4× [142], 

5.5×, 20×, and 50× were investigated and combined with 0.5× and 1× zoom lenses. 

The specifications of the objective lenses are shown in Table 4.1. 

Table 4.1 Optical parameters for different objective lenses [239]. 

Magnification 1.4× 5.5× 20× 50× 

NA 0.04 0.15 0.40 0.55 

Optical resolution / µm 7.13 1.90 0.71 0.52 

FOV (0.5× zoom) / (mm × mm) 12.09 3.02 0.84 0.34 

FOV (1× zoom) / (mm × mm) 6.00 1.50 0.42 0.17 

 

A lens with a lower magnification provides a larger FOV but a lower lateral 

resolution [122]. Usually a large FOV is desired when measuring AM parts because 

the surface areas are often large and rough, and form information can be obtained 

without using stitching of many single measurements. Consequently, the 

measurement takes less time if using a lens with a large FOV for the same surface 

since fewer individual measurements are required. A lens that offers a small FOV 

but a high NA may become very useful when high-resolution local details of the 
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surface topography are desired or when the surface contains a large number of 

high-slope areas. 

In the NewView system, the source spectrum can be controlled by manually 

changing the filter in the instrument between a neutral density (attenuating) filter 

and a 40 nm bandpass filter. The number of camera acquisitions over each fringe 

can be controlled using the ‘signal oversampling’ function in the software, where 

an integer multiple of the unit camera acquisition number (here referred to as 

‘oversampling factor’) can be selected. A higher SNR, as well as a longer 

measurement time, is expected and is proportional to the selected integer 

number. By enabling the HDR function, two or three different lighting levels may 

be used to optimise the measurement. 

4.3.2 Samples 

Ti-6Al-4V exhibits good strength-to-weight ratios, high resistance to fatigue and 

corrosion, and high-temperature performance, leading to many aerospace 

applications [47, 240]. Ti-6Al-4V is also biocompatible, making it an ideal 

candidate for biomedical applications [3]. Al-Si-10Mg also has good strength, 

corrosion resistance, low density, and high-thermal conductivity compared with 

other alloys and is often found in aerospace and automotive components, as well 

as in functional prototypes [241]. For these reasons, both materials were selected 

to build three customised artefacts to be used as samples for this study, from the 

LPBF and EBPBF metal AM processes described in Section 2.1.2. 

 

Figure 4.1 Pictures of the metal AM samples: (a) Al-Si-10Mg, (b) Ti-6Al-4V LPBF 
cubes, and (c) Ti-6Al-4V EBPBF rectangular prism. 



62 

The first and second artefacts consist of 20 mm Al-Si-10Mg and Ti-6Al-4V LPBF 

cubes, shown in Figure 4.1(a) and Figure 4.1(b), respectively. The third sample is 

a 20 mm × 15 mm × 75 mm Ti-6Al-4V EBPBF rectangular prism, shown in Figure 

4.1(c). 

4.3.3 Experimental design 

The experimental work conducted through this study is designed to provide 

evidence as to whether CSI is suitable for measuring metal AM surfaces, to 

demonstrate the effects of implementing the selected advanced functions and 

settings of a modern CSI system for measuring metal AM surfaces, and to provide 

good practice guidelines for using CSI to measure metal AM surfaces. 

Experiments were performed using metal AM samples with reasonably large 

variations in materials and surface topography features, and measurement 

parameters were chosen to reveal the most important and interesting aspects of 

the performance of a state-of-the-art CSI system. Further investigations could 

have been performed using additional samples and measurement parameters 

with diminishing returns, but the experiments were limited to minimise 

redundancy and to maintain concision. Experiments include (1) five common 

metal AM surfaces that cover a large range of surface roughness, slope 

distribution, and characteristic topography and (2) a series of measurements 

performed using a combination of four objective lenses and two optical zoom 

settings, two spectral filters, five oversampling settings, and two HDR lighting 

levels. For each surface, the optimised measurements are suggested in terms of 

data coverage, measurement area, and time. 

Data coverage is used as a performance indicator that shows how many data 

points are accepted in a measurement. This indicator plays a key role both for the 

assessment of surface texture and for the characterisation of localised 

topographic features. In this investigation, data coverage is calculated as the ratio 

between the number of accepted data points and the number of total pixels in the 

camera (a 1024 × 1024 array). In general, the acceptance of a data point depends 

on the SNR. The latter can be evaluated for an individual pixel, for example, by 

calculating the ratio between the signal strength and the noise level. In this study, 
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missing data was not filled, just omitted. The fringe analysis method based on the 

coherence envelope (obtained using the FDA method) was used for this study 

because it is more robust when the SNR is low due to high roughness of the surface 

(as discussed in Section 4.2.1); thus, the data coverage can be optimised. 

4.4 Results 

4.4.1 Areal surface texture measurements 

The surfaces were evaluated using the ISO 25178-2 areal surface texture 

parameters Sq and Sdq [79, 105]. As described in Section 2.2.4, the Sq parameter 

is a height parameter calculated from the RMS of the ordinate values within a 

defined area, while the Sdq parameter is a hybrid parameter calculated from the 

RMS of the surface gradient within a defined area. These parameters were 

selected to provide sufficient insight into the topography of the investigated 

surfaces, regarding not only height but also gradient. 

Limited data coverage was found to bias the surface texture parameters, having a 

significant impact on Sdq, while Sq is less affected. This results from Sdq 

accounting for the slope information, which may be challenging to measure when 

in the presence of high-slope angle surface features that meet or surpass the NA 

limit of the imaging system of a CSI. Therefore, Sdq and Sq were calculated only 

from measurement results with a data coverage above 99%. 

Table 4.2 Results of the areal surface texture parameters. 

Surfaces Sq /µm Sdq 

S1 LPBF Al-Si-10Mg cube, top surface 18 ± 1 0.6 ± 0.1 

S2 LPBF Al-Si-10Mg cube, side surface 19 ± 1 0.9 ± 0.1 

S3 LPBF Ti-6Al-4V cube, top surface 21 ± 2 1.1 ± 0.1 

S4 EBPBF Ti-6Al-4V rectangular prism, top surface 33 ± 2 1.6 ± 0.2 

S5a LPBF Ti-6Al-4V cube, side surface 16 ± 2 10 ± 1 

aS-filter with a nesting index of 1 µm and an L-filter with a nesting index of 100 

µm. 
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The values of the parameters shown in Table 4.2 were taken using a 5.5× objective 

lens at a 1× zoom. An S-filter with a nesting index of 5 μm and an L-filter with a 

nesting index of 1000 μm were applied [106]. Filtering of the surface was 

performed to bandwidth match [98] data while removing only high-frequency 

noise and long-scale waviness/form, with the intention of maximising the 

examined measurement bandwidth. For AM surfaces, filtering may be driven by 

the need to characterise the surface functional performance, which requires 

knowledge about the scales of the topographic features that contribute to 

function, or to investigate signature features left by the manufacturing process, 

which requires knowledge about the expected sizes of the signature features of 

interest. It should be noted that filters do not produce a clear cut in wavelength 

removal but rather introduce an attenuation effect that alters several spatial 

wavelengths close to the cut-off by differing amounts [13]. 

Given the complexity of the metal AM surfaces used in this study, the variations of 

the texture parameters across the surface were considered by measuring ten 

different areas across the investigated surface and then calculating the standard 

deviations of Sq and Sdq. The standard deviations are listed in Table 4.2. The 

measured topographies of the corresponding sample surfaces are shown in Figure 

4.2, where the topography of S1 obtained by the 1.4× objective lens is also 

included to show the advantage of wide-field topography measurement (see 

Figure 4.2(a)). 

Absolute accuracies of the surface topography measurements are complex to 

evaluate [77, 114, 242], as previously discussed in Section 2.2.6. Evaluations of 

measurement noise (which is surface-tilt dependent [172]) and surface 

topography repeatability for very rough and irregular surfaces are also complex, 

and relevant information is rare in the literature. It is well known that CSI can 

measure smooth, flat surfaces with sub-nanometre measurement noise [31]. 

However, in the preliminary results it was found that the measurement noise for 

the investigated metal AM surfaces was considerably higher (up to a sub-

micrometre level). Measurement noise values were determined from the 

difference of two repeated measurements, in accordance with ISO/DIS 25178 part 

700. Using the 5.5× objective lens at a 1× zoom and the instrument’s default 

measurement settings, the measurement noise value for S1 was 0.04 µm, for S2 
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was 0.06 µm, for S3 was 0.21 µm and for S4 was 0.38 µm (S5 was not considered 

for the evaluation of measurement noise due to poor data coverage). This finding 

prompted further research on the evaluation and reduction of measurement noise 

for a wide range of applications, which is presented in Chapter 6. 

 

Figure 4.2 CSI measurements of metal AM surfaces: (a–b) LPBF Al-Si-10Mg cube 
top surfaces, (c) LPBF Al-Si-10Mg cube side surface, (d) LPBF Ti-6Al-4V cube top 
surface, (e) EBPBF Ti-6Al-4V rectangular prism top surface, and (f) LPBF Ti-6Al-
4V cube side surface. The 1.4× objective lens (1× zoom) was used for (a), the 5.5× 
objective lens (1× zoom) was used for (b–e), and the 50× objective lens (1× zoom) 
was used for (f). 

4.4.2 Effects of measurement functions and settings on data 

coverage 

4.4.2.1 Effects of spectral filtering 

The surfaces S1 to S4 were measured using the 5.5× objective lens (1× zoom) and 

different source spectrum filters. The filters used for this study are neutral density 

filters that provide bandwidths of ∼100 and 40 nm, respectively. The data 

coverage of each dataset is plotted against the corresponding Sq and Sdq 

parameters in Figure 4.3. The result shows that the data coverage values inversely 
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correlate with these surface parameters, i.e. data coverage decreases when 

surfaces are rougher. 

 

Figure 4.3 Effects of spectral filtering on data coverage. The data coverage is 
plotted against (a) Sq and (b) Sdq. The 5.5× objective lens (1× zoom) was used. 

In addition, it is observed that data coverage is improved using the source 

spectrum with a relatively narrow bandwidth, and the degree of improvement 

correlates with the roughness and slope parameters, i.e. the improvement is more 

pronounced for a surface with large Sq and Sdq values. The result agrees with the 

theory discussed in Section 4.2.2. 

4.4.2.2 Effects of oversampling 

Increasing the oversampling factor improves the SNR and has been shown to be 

useful in expanding data coverage as the latter is directly related to the SNR of 

each data point (see Section 4.3.3 for a description of data coverage). As shown in 

Figure 4.4, this effect is more evident for surfaces with larger values of Sq and Sdq. 

Nevertheless, using a substantial oversampling factor will increase the total 

measurement time by the same factor. 



 Coherence scanning interferometry for metal additive manufacturing 

67 

 

Figure 4.4 Effects of oversampling on data coverage. (a) Data coverage plotted 
against oversampling factor where the factor number equal to one means 
oversampling is not used; (b), (d), (f) and (h) measured topography maps of S1, 
S2, S3 and S4 without using oversampling, respectively; (c), (e), (g) and (i) 
measured topography maps of S1, S2, S3 and S4 using 8× oversampling, 
respectively. The 5.5× objective lens (1× zoom) and the 40 nm bandwidth 
spectrum were used. 

For rougher surfaces, such as the EBPBF Ti-6Al-4V rectangular prism top surface 

(S4), significant improvements were achieved, as shown in Figure 4.4(i). Regions 

presenting steep slopes, peaks, and pits that previously caused the instrument to 

gather scarce data were almost fully covered using 8× oversampling. 

The LPBF Ti-6Al-4V cube side surface (S5) features multilevel hills and dales, 

presumably formed by loose powder and poorly melted particles during the 

manufacturing process, creating a significant measurement challenge. Despite 

these complex topographic features, reasonably good measurements (in terms of 

data coverage) can be achieved using objective lenses with higher NA in addition 

to the oversampling function (see Figure 4.5). 
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Figure 4.5 Effects of oversampling on data coverage for (a) EBPBF Ti-6Al-4V 
rectangular prism top surface (S4) using the 5.5× objective lens (0.5 and 1× zoom) 
and (b) LPBF Ti-6Al-4V cube side surface (S5) using the 20× and 50× objective 
lenses (1× zoom). The 40 nm bandwidth spectrum was used. 

4.4.2.3 Effects of HDR of lighting levels 

Enabling the HDR function for lighting levels can enhance data coverage, as shown 

in Figure 4.6. Measurement time will be doubled if two lighting levels are used; 

thereby, it makes sense to compare the results with those obtained using 2× 

oversampling. For rough surfaces featuring a large number of high slopes and 

relatively dark regions, HDR generated better results than those obtained using 

oversampling, given that the total measurement time is equal (twice the time of a 

single scan). In the case of smoother surfaces, using 2× oversampling provided 

similar or slightly better data coverage compared with HDR. It is clearly shown 

that both of these advanced functions provide improved measurements, 

particularly in the case of very rough surfaces. 



 Coherence scanning interferometry for metal additive manufacturing 

69 

 

Figure 4.6 Comparison of performance between HDR (two lighting levels) and 
oversampling (2×). (a) The data coverage is plotted against Sdq. The result of the 
original measurement without using any of the advanced functions is shown as 
the crosses; (b), (d), (f) and (h) measured topography maps of S1, S2, S3 and S4 
using HDR, respectively; (c), (e), (g) and (i) measured topography maps of S1, S2, 
S3 and S4 using 2× oversampling, respectively. The 5.5× objective lens (0.5× 
zoom) and the 40 nm bandwidth spectrum were used. 

4.4.3 Recommendations for the optimisation of the 

measurement 

Results presented in Section 4.4.2 show that progressively increasing the 

oversampling factor, using HDR of lighting and a narrow bandwidth source 

spectrum (after properly adjusting the most basic settings of a CSI instrument, e.g. 

tilt and scan length), will improve the SNR and, therefore, increase data coverage 

without sacrificing measurement area due to the usage of a high NA lens; however, 

the measurement time may be compromised. In this section, recommendations 

are provided for optimising the CSI measurements for metal AM surfaces, in terms 

of measurement time and area within acceptable levels of data coverage. 

Recommendations are given in Table 4.3 by considering a data coverage level of 
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at least 95%. Higher data coverage, above 99%, (marked with superscript ‘b’ in 

Table 4.3) may be achieved for some measurements at the cost of increased 

measurement time. Some examples of the optimised measurements are shown in 

Figure 4.2. 

Table 4.3 Measurement optimisations for metal AM surfaces in terms of 
measurement time and FOV (95% minimum data coverage by default). 

Sample surfaces 

S1/S2 S3 S4 S5 

LPBF Al-Si-

10Mg 

top/side 

LPBF Ti-

6Al-4V top 

EBPBF Ti-

6Al-4V top 

LPBF Ti-

6Al-4V side 

Spectral filtering Narrow (40 nm bandpass filter) 

Fringe analysis Coherence envelope method 

Objective lensa 1.4×b 5.5× 5.5× 50× 

Oversampling factor — — or 4b 2 or 8b 16 

a1× zoom lens. 
bFor data coverage > 99 %. 

 

Relatively smooth metal AM surfaces, e.g. LPBF Al-Si-10Mg (S1 and S2), can be 

easily measured using low magnification objectives, e.g. the 1.4× wide-field lens, 

without the need of additional advanced functions. Rougher metal AM surfaces, 

e.g. LPBF and EBPBF Ti-6Al-4V top surfaces (S3 and S4), can still be measured 

with 95% data coverage using low-magnification objectives, without significantly 

increasing the measurement time. For even more challenging metal AM surfaces, 

a high NA objective lens should be used to measure high slopes, and a much larger 

oversampling factor is needed. Consequently, the measurement area will be 

reduced and the measurement time will be increased significantly. However, with 

a few stitched fields of view it is possible to get a big enough measurement area 

to assess appropriately. 

4.5 Conclusion 

Metal AM surfaces have high roughness and contain a large number of high slopes 

and loose particles. Thus, it is very difficult to accurately measure surface 
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topography at a high resolution. The CSI technique was originally designed to 

measure relatively smooth surfaces (e.g. optics and semiconductor applications). 

This technique has previously not been considered feasible for measuring AM 

surfaces. However, recent progress in the development of the CSI technique 

allows a significantly enhanced detection sensitivity through the use of advanced 

measurement functions, such as filtering of the source spectrum, HDR lighting 

levels, adjustable number of camera acquisitions over each interference fringe 

(i.e. oversampling), and robust topography reconstruction algorithms. 

In this chapter, the effects of advanced CSI measurement functions on the 

measurements of several typical metal AM surfaces have been demonstrated and 

analysed systematically. Recommendations are provided for optimisation of 

measurement for metal AM surfaces in terms of time, measurement area, and data 

coverage. Results show that the CSI technique can provide adequate surface 

topography measurements for metal AM surfaces with various roughness levels 

and slope distributions. 

In a similar way to the work presented here, a study regarding the development 

of guidelines for the optimal measurement of metal AM surfaces was carried out 

for the case of using the FV technique [76]. This study investigated the effects of 

various measurement parameters, such as vertical resolution, lateral resolution 

and illumination. The experimental campaign was created through full factorial 

design of experiments, and regression models were used to link the selected 

measurement parameters to the measured quality indicators. The results of this 

work indicate that while measurement settings have little influence on surface 

texture parameters such as Sa, other measurement quality indicators such as local 

repeatability error and the percentage of non-measured points are significantly 

affected. 

In a later investigation carried out by colleagues from the Manufacturing 

Metrology Team, a region of interest on a metal AM surface was inspected using 

different optical topography measurement technologies, including CSI and FV 

[74]. Several smaller regions were extracted from the original topography maps 

to isolate relevant metal AM surface features, such as weld ripples, particles, 

recesses and weld tracks. The results of this study showed that CSI 

reconstructions returned a high number of clearly discernible weld ripples, 
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whereas the presence of ripples was reported in the FV topography maps to a 

lesser extent, as most of the small-scale detail was lost. It was also observed that 

CSI better captured the sphere-like nature of particles. Given that FV operates by 

finding the maximum contrast within a region of observed image pixels, it can 

experience difficulties when a surface is locally very bright or otherwise uniform 

because of its smoothness, as is the case with the sphere-like particles. However, 

it must be noted that results are highly dependent on instrument make and model, 

measurement settings, and specific conditions related to the measured sample.
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5 Process-surface analysis in polymer 

additive manufacturing 

The work presented in this chapter has been published in [201]. 

5.1 Introduction 

AM technologies are currently able to fabricate parts made of metals, ceramics 

and polymers, the latter being the most widely used material class in AM [36] (an 

overview of AM technologies is presented in Section 2.1.1). Due to its low cost and 

flexibility, ink-jet printing is considered to be one of the key technologies in the 

field of controlled micro- and nanoscale deposition of polymers [63, 64]. In ink-jet 

printing, a print head ejects droplets of liquid phase material (e.g. a polymer ink) 

at precise coordinates onto the substrate; the deposited ink droplets dry to form 

a film and, by printing sequential layers, three-dimensional parts can be formed 

[2, 60-62] (as previously described in Section 2.1.3). Applications of ink-jet 

printing include the fabrication of polymer transistor circuits [65], light-emitting 

polymer displays [66-68], polymer solar cells [69], as well as polymer sensors and 

actuators [70, 71]. 

AM parts in general, have suffered until recently from a lack of understanding of 

the mechanisms of the underlying processes [9]. As discussed in Section 2.1.4, the 

measurement and characterisation of surface topography can allow a 

manufacturer to better understand how the features of a given topography were 

formed, and ultimately how these features relate to the manufacturing process 

that created that surface [17, 48]. There is scarce knowledge regarding how some 

fluoropolymers, in this case THV, can be ink-jet printed. A quantitative analysis of 

the micro-scale areal surface topography can provide a better understanding of 

the characteristic textures that result from the ink-jet printing process of this 

polymer. Most THV applications include multilayer parts, where a thin layer can 

be used as a protective coating, or to provide enhanced barrier properties to other 
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layers [72, 243, 244]. The demand for nanometre-thick films is constantly 

increasing and ink-jet printing can address this level of miniaturisation due to its 

high resolution and precision [36]. 

This chapter presents an investigation into the characteristics of the topography 

of ink-jet printed THV surfaces. Several THV samples were ink-jet printed, 

covering a variety of structures with basic geometric shapes, such as dots and 

films. The sizes of the polymer structures ranged from a few nanometres to tens 

of micrometres in thickness (i.e. height), and from tens of micrometres to a few 

millimetres in spatial wavelength (i.e. lateral width). To produce the polymer 

structures, relevant printing parameters were selected and varied, which 

included polymer concentration, drop spacing and number of layers. The goal of 

this study is to assess the feasibility of ink-jet printing THV and to provide a better 

understanding of the features and characteristic textures that result from the ink-

jet printing process. This investigation also provides an insight into how to control 

and optimise the quality of THV ink-jet printed parts. 

5.2 Materials and methods 

5.2.1 THV 221 

THV 221 is a transparent fluoroplastic comprised of 51.4% tetrafluoroethylene 

(TFE), 10.4% hexafluoropropylene (HFP) and 38.2% vinylidene fluoride (VDF) 

[245]. Fluoroplastics are polymers with multiple carbon-fluorine bonds [246]. 

This family of polymers have been widely used in the automotive, electrical and 

chemical industries, as well as in medical devices and aircrafts [244, 247], since 

their properties allow wide service temperatures and high resistance to 

chemicals, sunlight, flames and weathering. Fluoroplastics are probably most 

recognised for their use as a coating for non-stick cookware, i.e. 

polytetrafluoroethylene (PTFE), or for insulating wire and cable [244]. 

Despite the relatively low melting temperature of 115 °C, the decomposition 

temperature of THV 221 is around 410 °C [245]. The properties of THV include 

high transparency, bondability to itself and other substrates, high flexibility, low 
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flammability, high chemical and permeation resistance, low refractive index as 

well as efficient electron beam cross-linking [243, 247]. 

Most THV applications include multilayer parts, where a thin layer is used as a 

protective coating or to provide enhanced barrier properties to other layers [72]. 

The THV film formation processes, such as drop casting and electrospinning, are 

described elsewhere [245, 248]. THV has been used in medical applications, such 

as for coronary stents [249], due to its high biocompatibility and low drug 

permeability. THV can also be used in microfluidic devices due to its transparency, 

thermal resistance and chemical resistance [250, 251]. 

Ink-jet printing can benefit existing and potential applications that require 

miniaturisation due to its high resolution and precision (the smallest achievable 

resolution depends on the drop size, which is normally around 50 µm [252]). The 

literature about the ink-jetting of fluoropolymers is relatively limited and mainly 

focused on polyvinylidene fluoride (PVDF) [70, 71]. With the exception of PTFE 

and polyvinyl fluoride (PVF), all fluoropolymers are melt processable [247] but 

only a few are soluble in common solvents at room temperature, such as PVDF 

and THV 221 (THV is available in several grades but only THV 221 is soluble in 

conventional solvents [245]). 

5.2.2 Ink-jet printing of THV 221 

Fujifilm DimatixTM DMP-2850 [253] and Nordson EFD PICO Pµlse® [254](23) ink-

jet deposition systems were used to print the THV 221 inks on glass substrates. 

The printers were located in a laboratory with a controlled temperature of (21.0 

± 1.0) °C. Printer settings such as waveform, frequency and jetting voltage were 

adjusted following the manufacturer’s guidelines. 

As ink-jet printing requires relatively low viscosities, polymers can only be 

deposited from dilute solution [63]. Common solvents used to dissolve THV are 

acetone, ethyl acetate, methyl isobutyl ketone (MIBK) and dimethyl acetamide 

(DMAc) [249] (see Table 5.1). MIBK was selected as the main solvent because of 

its vapour pressure, which would allow a fast evaporation of the THV 221 inks, 

but not so fast that it could lead to blockages in the nozzles of the printers. 
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Table 5.1 Vapour pressure and viscosity at 20 °C for the solvents used to dissolve 
THV [255]. 

Solvent 
Vapour pressure 

/ mmHg 

Viscosity / 

(mPa·s) 

Boiling 

temperature / °C 

Acetone 184.5 0.4 56.3 

Ethyl acetate 73.0 0.5 77.1 

MIBK 16.0 0.6 117.4 

DMAc 1.3 2.1 166.1 

 

The shear viscosity of the formulated THV 221 inks was measured using a 

rheometer at a shear rate of 100 s-1 (see Table 5.2). The shear viscosity for inkjet 

applications is usually measured at a shear rate of 100 s-1, as standard rheometers 

cannot reach the actual shear rates of jetting [62, 252]. In this thesis, the polymer 

concentration of the inks is expressed in weight percent (wt. %) and the solvent 

ratio is expressed in volume percent (vol. %). 

Table 5.2 Viscosity of THV 221 inks (mean of three measurements) at different 
temperatures. 

THV 221 ink formulation 
Viscosity / mPa·s 

22 °C 35 °C 45 °C 

1 wt. % in MIBK 0.9 0.8 -- 

10 wt. % in MIBK 73.3 44.7 36.1 

20 wt. % in 50–50 vol. % in MIBK–acetone 1088.0 848.8 680.1 

 

Due to the relatively high polymer concentration of the THV 221 20 wt. % ink, 

acetone was added to MIBK at a 1:1 ratio by volume (i.e. 50–50 vol. % MIBK–

acetone) to enhance dissolution. The THV 221 1 wt. % in MIBK ink was printed 

using the Dimatix system with a nominal nozzle diameter of 21 µm and a nozzle 

temperature of 28 °C, which corresponds to the minimum adjustable nozzle 

temperature of the printer. The THV 221 10 wt. % in MIBK and the THV 221 20 

wt. % in 50–50 vol. % MIBK–acetone inks were printed using the PICO Pµlse 

system with a nominal nozzle diameter of 150 µm and a nozzle temperature of 30 

°C and 50 °C, respectively. The PICO printer allows the jetting of inks with higher 
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viscosities. Single and multiple layers of dots and films were ink-jet printed. The 

thickness of the printed parts ranged from a few nanometres to tens of 

micrometres. 

5.2.3 Surface-measuring coherence scanning interferometry 

CSI is a non-contact optical technique for measuring areal surface topography 

[19]. The detailed working principle of CSI is presented in Section 3.2. CSI can 

measure a variety of surface types, including applications that incorporate the 

measurement of metal AM parts (see Chapter 4), as well as transparent film 

structures and dissimilar materials [202, 203]. CSI has been used for the quality 

assurance of ink-jet printed polymer layers of drug-delivery systems [196] and 

for the characterisation of polymer coatings in silicon micro-electromechanical 

systems [256]. 

CSI has the advantage of being faster than contact methods and it is well suited 

for this application since it can measure transparent materials with high precision 

and without any potential damage to the investigated surfaces [29]. It has been 

identified elsewhere that contact stylus measurements are liable to damage 

polymer AM surfaces [15]. Another optical technique that has recently been used 

for the measurement of AM parts is FV, however, since this technique relies on 

analysing the variation of contrast, it is only applicable to surfaces where the 

contrast varies sufficiently during the vertical scanning process. 

A Zygo NewView™ 8300 CSI system was used in this study. The instrument was 

located in a metrology laboratory with a controlled temperature of (20.0 ± 0.5) °C. 

The specifications of the employed objective lenses are shown in Table 5.3. An 

objective lens with a lower magnification and zoom provides a larger FOV but a 

lower lateral resolution, as previously discussed in Section 3.3. However, a larger 

FOV is convenient when measuring the ink-jet printed surfaces because form 

information can be obtained without using stitching of many single 

measurements. A lens with a high NA is useful when the surface contains steep 

slopes that can cause a reduction of the intensity of the interferometric signal and 

consequently result in lost data points, or when high-resolution local details of the 

surface topography are desired [29]. Oversampling was enabled to enhance the 
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SNR [188], as the material is transparent. By using oversampling, the number of 

valid topography data points can be significantly increased, as shown in Chapter 

4. 

Table 5.3 CSI instrument specification. 

Objective lens magnification 5.5× 20× 

NA 0.15 0.40 

0.5× zoom lateral sampling distance / µm 2.95 0.82 

1× zoom lateral sampling distance / µm 1.47 0.41 

0.5× FOV / mm 3.02 × 3.02 0.84 × 0.84 

1× FOV / mm 1.50 × 1.50 0.42 × 0.42 

 

5.2.4 Surface topography analysis 

The thickness calculation was performed in a commercial surface analysis 

software [257], in a similar way to the calculation of a step height, using the 

following method. The central thickness 𝑇𝑐 for each investigated ink-jet printed 

THV sample was determined as the height difference between the mean height 

values of the top surface ℎ̅𝑡𝑜𝑝 (central region) and the glass substrate surface 

ℎ̅𝑔𝑙𝑎𝑠𝑠. The topography data was levelled by subtracting the mean least-squares 

plane corresponding to the glass substrate surface. In a following step, an area of 

(100 × 100) µm around the centre of the top surface of the sample was selected 

and then a horizontal plane was obtained by averaging the height values located 

within the selected area. Similarly, a second horizontal plane was defined by the 

mean surface height value corresponding to the glass substrate. 𝑇𝑐 was then 

calculated as the axial distance between these two parallel planes: 

𝑇𝑐 = ℎ̅𝑡𝑜𝑝 − ℎ̅𝑔𝑙𝑎𝑠𝑠. (5.1) 

The edge thickness 𝑇𝑒 of the printed drops was estimated as the height difference 

between the mean height value of the peaks localised at the edge of the drops ℎ̅𝑝 

(this feature will be described in Section 5.3.1) and the glass substrate: 
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𝑇𝑒 = ℎ̅𝑝 − ℎ̅𝑔𝑙𝑎𝑠𝑠. (5.2) 

In this study, the film measurement method described in [202, 203] to calculate 

thickness was not used, instead, thickness was measured like a step height (see 

Figure 5.1). In the film measurement method, a library of model signals is 

generated over a range of known film parameters, which then are compared to 

the experimental signal to find the best match. The step height approach was 

taken because the film measurement method requires accurate information of the 

refractive index of the films; otherwise, measurement uncertainty could be 

increased. Furthermore, the measurement of edge thickness (𝑇𝑒) may not be 

possible using the film measurement method as the edges are essentially thin 

walls. 

 

Figure 5.1 Diagram of thickness calculation. 

For the printed drops, the variation of 𝑇𝑐 and 𝑇𝑒 was considered by measuring ten 

samples and then calculating the standard deviation, respectively. For the printed 

films, the variation of 𝑇𝑐 was estimated as the standard deviation of five results 

(where each result corresponds to a different measured sample). 

The surface texture of the ink-jet printed THV films was evaluated using the areal 

surface texture parameter Sq [105] – the RMS surface height deviation within a 

defined area. Levelling was applied using least-squares mean plane subtraction. 

An S-filter with a nesting index of 2.5 μm and an L-filter with a nesting index of 

250 μm were applied to remove high-spatial frequency noise and long-scale 

waviness/form [107] (see Section 2.2.4 for a review on areal surface texture 

characterisation). 
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5.3 Results 

5.3.1 THV 1 wt. % in MIBK 

Single-layer drops of THV 1 wt. % in MIBK formed nanometre thickness films that 

showed polymer accumulation at the edges (see Figure 5.2(a)), having 𝑇𝑐 = 2 nm 

and 𝑇𝑒 = (8 ± 2) nm (𝑇𝑐 is the central thickness and 𝑇𝑒 is the edge thickness, 

estimated using Equations (5.1) and (5.2), respectively). 

The observed polymer accumulation at the edges of the drops is the result of a 

phenomenon known as the ‘coffee ring effect’ [258, 259], and refers to the solutes 

or dispersed particles in a solution that accumulate at the perimeter of an 

evaporating drop (or film), caused by outward capillary flows due to uneven 

solvent evaporation rates. The higher amount of solute at the edge or perimeter 

causes the formation of a ring that can be significantly thicker than the centre of 

the evaporated drop [259]. In the absence of the coffee ring effect, the solutes of 

an evaporating drop are evenly distributed, resulting in a uniform thickness. 

Two-layer drops of THV 1 wt. % in MIBK (see Figure 5.2(b)) showed 𝑇𝑐 = (8 ± 1) 

nm and 𝑇𝑒 = (50 ± 9) nm. In this case, two edges were present, where the higher 

edge corresponded to the double-layer drop, which had a smaller width than the 

single-layer drop. 

 

Figure 5.2 Surface topography and profiles corresponding to (a) one and (b) two-
layer ink-jet printed drops of THV 1 wt. % in MIBK. 



 Process-surface analysis in polymer additive manufacturing 

81 

The observed decrease in drop width while printing on a previous layer is caused 

by a higher contact angle of the THV 1 wt. % in MIBK ink when it is deposited on 

a THV coated glass substrate, which was (60 ± 0.5)°, relative to when the ink is 

deposited on an uncoated glass substrate, which was (18 ± 1.4)°. The contact angle 

was determined by pendant and sessile drop analysis at a room temperature of 

22 °C, considering the mean value and standard deviation of five repeated 

measurements. The contact angle is defined as the angle between the substrate 

surface and the tangent at the edge of the droplet’s ovate shape, and it provides a 

measure of the ability of the ink to wet the surface of a substrate [260]. 

The thickness evolution with increased number of layers of the ink-jet printed 

drops of THV 1 wt. % in MIBK is shown in Figure 5.3. The thickness at the edges 

of the drops (𝑇𝑒) increased at a ratio that was approximately ten times greater 

than the increase ratio at the centre (𝑇𝑐). 

 

Figure 5.3 Thickness for the centre (𝑇𝑐) and edge (𝑇𝑒) of ink-jet printed drops of 
THV 1 wt. % in MIBK with increased number of layers. 

Single-layer films were printed at drop spacings of 60 µm, 80 µm, 100 µm and 120 

µm. The highest-quality results were obtained with a drop spacing of 80 μm, 

which generated smooth and uniform films, as shown in Figure 5.4. The films had 

𝑇𝑐 = (8 ± 1) nm, with 𝑆𝑞 < 1 nm calculated over an area of (300 × 300) µm at the 

centre of the film. 

Multiple layers were printed with a drop spacing of 80 μm, however, unexpected 

topography patterns started to appear. To further investigate the cause of the 
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observed topography patterns, drop spacings of 100 µm and then 120 µm were 

used to print 2, 5, 10, 20 and 50 layers. 

 

Figure 5.4 Surface topography and profile of a one-layer ink-jet printed film of 
THV 1 wt. % in MIBK. 

With a drop spacing of 100 μm, bump-like features appeared between the 

positions of the jetted drops after the second layer. The formation of the bumps 

was counterintuitive, as they did not form in the centre of the printed drops; 

instead, they formed in between the drops. This effect was likely caused by the 

coffee ring effect. After 5 layers, the bumps increased in size, as shown in Figure 

5.5(a), and after 10 layers, the bumps became smoother and partially joined 

together with the neighbouring bumps, forming craters with the shape of the 

drops (see Figure 5.5(b)). After 20 layers, the bumps fully joined together, and the 

craters became well defined (Figure 5.5(c)). After 50 layers, the craters were 

higher than the regions between the jetted drops (Figure 5.5(d)). 

When a drop spacing of 120 μm was used, a similar trend was observed, but in 

this case, the drops did not touch as much as in the previous case. Peaks were 

formed by the overlapping regions of the contours of neighbouring drops likely 

caused by the coffee ring effect. With a smaller drop spacing the peaks would join 

in the centre between neighbouring drops, explaining the formation of bumps 

observed with a drop spacing of 100 µm. 
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Figure 5.5 Surface topography corresponding to (a) five-layer, (b) ten-layer, (c) 
twenty-layer and (d) fifty-layer ink-jet printed films of THV 1 wt. % in MIBK. 

5.3.2 THV 10 wt. % in MIBK 

The optimal nozzle temperature for ink-jet printing THV 10 wt. % in MIBK was 30 

°C, as splashing was observed with higher nozzle temperatures. The coffee ring 

effect was present when drops where printed, as can be observed in Figure 5.6(a–

b), nevertheless, the effect was not as strong as in the case of THV 1 wt. % in MIBK. 

Single-layer drops of THV 10 wt. % in MIBK had 𝑇𝑐 = (1.52 ± 0.11) µm and 𝑇𝑒 =

(2.40 ± 0.20) µm. Double-layer drops gave 𝑇𝑐 = (2.29 ± 0.21) µm and 𝑇𝑒 =

(5.61 ± 0.31) µm. The decrease in drop width on the second layer was consistent 

with the observed results for the THV 1 wt. % in MIBK ink, which is explained by 

the difference in the contact angle with different substrate surfaces, i.e. uncoated 

glass or THV coated glass. 

Films of THV 10 wt. % in MIBK were ink-jet printed using a drop spacing of 500 

µm (approximately 20% of overlapping). The printed films did not show the 

coffee ring effect, as can be observed in Figure 5.6(c–d). The measured surface 
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topographies of the films exposed the presence of a slipping pattern towards the 

edges, likely caused by the non-pinning of the film edge on the substrate. 

 

Figure 5.6 Surface topography corresponding to (a) a one-layer drop, (b) a two-
layer drop, (c) a one-layer film and (d) a two-layer film of ink-jet printed THV 10 
wt. % in MIBK. 

Single-layer films had 𝑇𝑐 = (3.53 ± 0.29) µm, showing a texture of 𝑆𝑞 = (40 ± 5) 

nm. Double-layer films had 𝑇𝑐 = (7.21 ± 0.60) µm and 𝑆𝑞 = (727 ± 186) nm, and 

showed the presence of wrinkle-like features on the surface (see Figure 5.6(d)). 

Sq was calculated over an area of (1 × 1) mm at the centre of the films. The 

wrinkle-like features were likely formed by the swelling of regions of the 

underlying THV film during the drying process, followed by a sudden and violent 

expansion of poorly dissolved regions [261, 262]. 

5.3.3 THV 20 wt. % in 50–50 vol. % MIBK–acetone 

The optimal nozzle temperature for ink-jet printing THV 20 wt. % in 50–50 vol. % 

MIBK–acetone was found to be 50 °C, as higher temperatures caused splashing, 
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while lower temperatures decreased splashing but made the ink-jetting process 

less reliable (e.g. faulty drop ejection). 

The coffee ring effect was almost absent for the case of the ink-jet printed drops, 

as can be observed in Figure 5.7(a–b). Single-layer printed drops of THV 20 wt. % 

in 50–50 vol. % MIBK–acetone had 𝑇𝑐 = (5.91 ± 0.21) µm and 𝑇𝑒 = (6.40 ± 0.21) 

µm. Double-layer drops showed 𝑇𝑐 = (11.84 ± 0.34) µm and 𝑇𝑒 = (12.52 ± 0.34) 

µm. 

Films of THV 20 wt. % in 50–50 vol. % MIBK–acetone were ink-jet printed using 

a drop spacing of 600 µm, corresponding to a 50% of overlapping. The printed 

films did not show the coffee ring effect, instead, a slipping pattern was present 

(see Figure 5.7(c–d)), similarly to the case when THV 10 wt. % in MIBK was used 

to print films. Single-layer films had 𝑇𝑐 = (14.04 ± 0.52) µm, showing a smooth 

texture with 𝑆𝑞 = (71 ± 8) nm, while double-layer films had 𝑇𝑐 = (28.01 ± 0.11) 

µm and 𝑆𝑞 = (428 ± 98) nm. Sq was calculated over an area of (1 × 1) mm at the 

centre of the films. 

 

Figure 5.7 Surface topography corresponding to (a) a one-layer drop, (b) a two-
layer drop, (c) a one-layer film and (d) a two-layer film of ink-jet printed THV 20 
wt. % in 50–50 vol. % MIBK–acetone. 
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Unlike the case when the THV 10 wt. % in MIBK ink was used, double-layer films 

of THV 20 wt. % in 50–50 vol. % MIBK–acetone did not show the formation of 

wrinkle-like features. Instead, the surface topography maps revealed the presence 

of local cone-shape features (see Figure 5.7(d)), likely caused by the swelling of 

regions of the previous THV layer during evaporation. Acetone has a faster 

dissolution rate for THV than MIBK, meaning that less regions would be 

insufficiently dissolved and, therefore, minimising the formation of wrinkles. 

Defects on the surface of multi-layer films can be corrected by subjecting the 

sample to a heat treatment in a subsequent step. After being heated in an oven at 

170 °C for 40 minutes, a ten-layer film with 𝑇𝑐 = (138 ± 2.35) µm showed a 

smooth texture with 𝑆𝑞 = (84 ± 9) nm (see Figure 5.8). The latter 𝑆𝑞 value is 

similar to the single-layer result. 

 

Figure 5.8 Surface topography corresponding to a heat-treated ten-layer film of 
ink-jet printed THV 20 wt. % in 50–50 vol. % MIBK–acetone. 

5.4 Conclusion 

This study showed that THV can be ink-jet printed at low and high polymer 

concentrations, from 1 wt. % to 20 wt. %, to produce protective layers or 

membranes with thickness of a few nanometres to several micrometres, which 

may be used to encapsulate drugs and manufacture microfluidic devices. Ink-jet 

printing of THV also has the potential to be applied to the fabrication of micro-

channels used in biochips or lab-on-a-chip devices to mix, pump, or control a 
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biochemical environment. The combination of different printers could allow for 

both high throughput and high resolution. 

This investigation has demonstrated solutions to minimise the coffee ring effect 

and the formation of wrinkle-like features on the surface when ink-jet printing 

THV, which should allow the production of films with uniform thickness and 

surface texture. One way to supress the coffee ring effect when ink-jet printing 

THV is to increase the polymer concentration, which consequently increases the 

viscosity of the ink. A high viscosity slows down the diffusion of particles towards 

the edges by moderating the outward capillary flow [263]. The latter effect 

allowed a more even distribution of the solute, as the edges of the drop or film 

kept receding during evaporation. An alternative way to counter the coffee ring 

effect and the formation of wrinkle-like features on the surface when ink-jet 

printing THV is to change the evaporation profile of the ink by using a combination 

of solvents, as the coffee ring effect is caused by the higher evaporation rate at the 

edge of the drop or film. 

CSI offers sub-nanometre precision along the direction of surface height and sub-

micrometre lateral resolution areal surface topography measurement of ink-jet 

printed transparent polymer parts without any potential damage to the surface. 

The acquired surface information is essential for providing feedback to the 

manufacturing process and for quality control of the product. 
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6 Noise reduction in coherence scanning 

interferometry 

The work presented in this chapter has been published in [264]. 

6.1 Introduction 

As previously discussed in Chapter 3, CSI can measure a variety of surface types, 

from optically smooth to rough, and surfaces that have large height variations or 

discontinuities without the 2π ambiguity that can occur with PSI [29, 132]. CSI has 

found broad applications in the semiconductor, optics, biomedical, automotive, 

and aerospace industries, including applications that incorporate the 

characterisation of transparent films and dissimilar materials [202, 203], as well 

as the surface measurement of additively manufactured components [75, 201]. 

Reducing measurement noise in CSI is an important consideration when dealing 

with AM surfaces and other highly complex surfaces, in particular when the ability 

to capture data is compromised by insufficient signal-to-noise ratios. Surface 

measurements with nanometre or even sub-nanometre accuracy are required in 

some applications, as is the case for extreme-ultra violet lithography [193]. In 

other applications, it is also desirable to measure the surface of a part directly on 

or close to the production line in the shop floor, e.g., on-machine and in-process 

surface metrology, such as the precision manufacturing of micro lenses [265]. 

CSI is a wide-field imaging technique. The images that contain interferograms are 

sequentially recorded by a camera during the axial scanning process. Each pixel 

of the camera records a low-coherence interference signal, from which the surface 

height is calculated corresponding to the lateral position defined by that pixel. 

Noise in the interferogram at each pixel is translated into height variations in the 

measured surface topography and is an influence factor that contributes to the 

uncertainty of surface measurement [89, 94]. Weak signals below the digitization 

limit can also result in lost or missing data points. 
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Random topographic measurement noise in CSI in an ideal environment is 

ultimately limited by the electronic noise in the camera [266, 267]. In practice, it 

is also important to consider environmental noise generated by floor vibrations, 

air turbulence, temperature fluctuations, and acoustics [94, 125], as previously 

discussed in Section 2.2.6.1. Other sources of noise originate from the positioning 

uncertainty of the piezoelectric scanner [167] and from intensity fluctuations 

[268]. Although CSI can measure flat surfaces with sub-nanometre precision along 

the direction of surface height [31], the topographic measurement noise may 

increase when measuring steeply sloped surfaces [171, 172], or surfaces with low 

reflectance or significant surface roughness [32, 173]. Low-pass, field-averaging 

filters can reduce topography noise; however, this practice compromises lateral 

resolution, and filtering is ineffective at recovering lost data points attributable to 

weak signals [121]. 

This study focuses on two physical methods to improve the signal strength and to 

reduce topographic measurement noise in CSI at the expense of longer data 

acquisition times: (1) averaging a sequence of repeated surface topography 

measurements [125], here simply called averaging, and (2) sampling the raw 

signal data more densely during a single data acquisition, here referred to as 

oversampling [29, 188]. Although the averaging and oversampling methods are 

established techniques, there is currently scarce quantitative information 

available in the literature to guide users as to when to use one or the other of these 

techniques. The literature is equally silent as to the expectations for improvement 

for specific environments and part types. It can come as a surprise, for example, 

that under certain conditions, oversampling of the interferometry signal has no 

tangible effect on the random noise in the final topography map. In other 

situations, averaging the topography improves the noise level but does little to 

capture more information from weakly reflecting surface areas. 

The goal of the present investigation is to fill a gap between the theoretical 

benefits of noise reduction methods and the practical application of these 

methods in real-world circumstances. An effective illustration of the differences 

between averaging and oversampling is obtained by measuring a flat surface at 

different tilt angles. This chapter provides an explanation for the different 

behaviours observed in the two noise reduction methods when the surface is 
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tilted. A simple method has been developed to model the effects of averaging and 

oversampling, where the environment-induced vibration is considered. The 

results of this study provide guidance for CSI users to choose the appropriate 

method to reduce measurement uncertainty for a wide range of applications. 

6.2 Methods 

6.2.1 Topography averaging 

A measured surface topography map 𝑀 as a function of the spatial coordinates 

(𝑥, 𝑦) contains the topographic information 𝑆(𝑥, 𝑦) and the noise contribution to 

surface height 𝑓𝑛(𝑥, 𝑦), i.e. 

𝑀(𝑥, 𝑦) = 𝑆(𝑥, 𝑦) + 𝑓𝑛(𝑥, 𝑦). (6.1) 

Here, it is assumed that the systematic measurement errors are either negligible 

or can be completely corrected, and the distribution of 𝑓𝑛(𝑥, 𝑦) has a zero mean. 

Moreover, the surface measurement is assumed to be an ergodic random process, 

which means the ensemble average and time average are equal. 

The averaging method is based on the creation of a mean surface topography map 

𝑀̅(𝑥, 𝑦) from a sequence of 𝑁 repeated surface topography 

measurements 𝑀𝑖(𝑥, 𝑦), each acquired at the same position on the sample, one 

after another in quick succession: 

𝑀̅(𝑥, 𝑦) =
∑ 𝑀𝑖(𝑥, 𝑦)𝑁

𝑖=1

𝑁
. (6.2) 

Substituting Equation (6.1) into Equation (6.2), and considering that the surface 

is unchanged during the measurement, gives 

𝑀̅(𝑥, 𝑦) = 𝑆(𝑥, 𝑦) +
∑ 𝑓𝑛𝑖

(𝑥, 𝑦)𝑁
𝑖=1

𝑁
. (6.3) 

The variance of the difference between the mean surface map 𝑀̅ and the true 

topography 𝑆 gives the variance of the residual surface height deviation, 



92 

𝑉𝑎𝑟[𝑀̅(𝑥, 𝑦) − 𝑆(𝑥, 𝑦)] = 𝑉𝑎𝑟 [
∑ 𝑓𝑛𝑖

(𝑥, 𝑦)𝑁
𝑖=1

𝑁
]. (6.4) 

Assuming the noise is unchanged, it follows that 

𝑉𝑎𝑟 [
∑ 𝑓𝑛𝑖

(𝑥, 𝑦)𝑁
𝑖=1

𝑁
] =

𝑉𝑎𝑟[𝑓𝑛(𝑥, 𝑦)]

𝑁
. (6.5) 

This result can be understood by referring to the central limit theorem [269]. 

Taking the square root of Equation (6.5), the measurement noise of the mean 

surface topography is calculated as the standard deviation of the residual surface 

height deviation, 

𝜎 =
𝜎𝑛

√𝑁
, (6.6) 

where 𝜎𝑛 = √𝑉𝑎𝑟[𝑓𝑛(𝑥, 𝑦)] is the topographic noise of a single surface 

measurement, i.e. 𝑁 = 1. The topographic measurement noise decreases by the 

square root of the number of measurements [270]. 

Since the total data acquisition time for a given averaged measurement is equal to 

the acquisition time 𝑡0 for a single data acquisition multiplied by 𝑁, the 

topographic measurement noise will be reduced at the expense of longer data 

acquisition times. Consequently, the topographic noise 𝜎 will have an inverse 

square root dependence on the data acquisition time, i.e. 

𝜎 ∝
1

√𝑡
, (6.7) 

where 𝑡 = 𝑁 ∙ 𝑡0 is the total data acquisition time. This behaviour has already been 

observed in PSI [268] and is a well-known characteristic of position measuring 

sensors [271, 272]. 

6.2.2 Oversampling 

In CSI, a digital camera captures the height-dependent interference data during 

an axial scan of the interference objective with respect to the object surface. A 
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typical interferogram recorded by a pixel is shown in Figure 6.1(a). Usually, four 

sample points are used for sampling a fringe [157], equivalent to four camera 

frames per fringe and a sampling distance of λ/8. 

When using oversampling, the number of camera frames per fringe along the axial 

direction is increased by sampling the fringe at smaller phase increments (see 

Figure 6.1(b)) [29]. Reducing the sampling distance means a slower scan speed. 

In the case of oversampling, the integer 𝑁 is the “oversampling factor” and 

increases the total data acquisition time in such a way that 𝑡 = 𝑁 ∙ 𝑡0. The number 

of camera frames per fringe is then 𝑁 times the number of camera frames 

corresponding to a data acquisition that takes 𝑡0 to complete. 

 

Figure 6.1 CSI signal acquired (a) with a typical sampling rate of four camera 
frames per fringe and (b) with oversampling at eight frames per fringe (𝑁 = 2). 

Sampling the interferogram with more sample points means the signal can be 

reconstructed with lower uncertainty, according to the central limit theorem. As 

with averaging, the measurement noise is expected to be reduced. More 

importantly, oversampling in CSI enhances the signal-to-noise ratio [188], which 

can significantly increase the number of valid data points for CSI measurements 

of surfaces with low reflectance or high roughness and steep slopes, as shown in 

Chapter 4. 
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6.2.3 Instrument and materials 

A Zygo NexView™ NX2 interference microscope performed the measurements 

presented in this work. The instrument was located in a metrology laboratory 

with a controlled temperature of (20 ± 1) °C. The specifications of the investigated 

objective lenses are shown in Table 6.1. 

Table 6.1 Optical parameters for the investigated objective lenses. 

Magnification 5.5× 20× 

NA 0.15 0.40 

Lateral sampling distance / µm 1.56 0.43 

FOV / mm 1.56 × 1.56 0.43 × 0.43 

 

The object surface for evaluating the measurement noise was a SiC reference flat 

with a certified RMS roughness of 0.1 nm over a 40 mm aperture. The reference 

flat was measured at 𝜃 tilt angles, where 𝜃 = 0°, 2°, 4°. The axial scan range was 

100 µm for all the measurements. The data acquisition was completed in 

approximately 7.5 s at the nominal scan speed of 13.4 µm/s. The surface 

topography was reconstructed using the frequency domain analysis method that 

uses both the coherence envelope and the phase of the interference fringes to 

locate the surface [29, 132]. 

6.2.4 Evaluation of measurement noise 

In order to minimise the impact of other systematic errors in CSI, such as lateral 

distortion [184] and retrace error [181], the central areas of the surface 

topography maps were extracted for noise evaluation. The size of the extracted 

area is defined by (500 × 500) image points, corresponding to (779 × 779) µm for 

the case of the 5.5× lens, and (217 × 217) µm for the case of the 20× lens. 

The topographic measurement noise was estimated by the subtraction method 

[125, 127]. The subtraction method requires two surface topography maps, 𝑀1 

and 𝑀2, respectively, each acquired at the same position on the sample with the 
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shortest possible time difference between measurements. The resulting 

difference topography map ∆𝑀 = 𝑀1 − 𝑀2 should only contain information about 

the measurement noise. A high-pass areal Gaussian filter [107] with a cut-off 

spatial wavelength of 80 µm is applied to ∆𝑀 to reduce the residual systematic 

form errors. The experimental topographic measurement noise 𝜎𝑒 is calculated as 

the standard deviation of ∆𝑀, which is then divided by the square root of two, thus 

𝜎𝑒 =
1

√2
√

1

𝐿𝑖𝐿𝑗
∑ ∑ ∆𝑀(𝑥𝑖, 𝑦𝑗)2

𝐿𝑗

𝑗=1

𝐿𝑖

𝑖=1

, (6.8) 

where 𝐿𝑖,𝑗  is the total number of image points in 𝑥 and 𝑦 directions. 

When the averaging method was used, sixteen individual measurements were 

performed at the nominal scan speed of the instrument. N measured surfaces 

were averaged to calculate the mean measurement, where 𝑁 = 2, 3, … , 8. Two 

sets of mean measurements were generated to evaluate measurement noise using 

Equation (6.8). When the oversampling method was used, a series of values for 

the factor N were considered, where 𝑁 = 2, 3, … , 8. For each oversampling factor, 

two repeated measurements were taken and the topographic measurement noise 

was evaluated using Equation (6.8). 

6.2.5 Noise density 

By using the concept of noise density  for surface measurement, it is possible to 

evaluate performance independently of the scan speed and areal filtering [124, 

273]. The noise density is defined as 

𝜂𝑀 =
𝜎𝑒

√𝑃/𝑡
, (6.9) 

where 𝜎𝑒 is the topographic measurement noise that can be obtained using 

Equation (6.8), P is the number of uncorrelated image points in the field of view 

and t is the total data acquisition time. If a 3×3 pixel denoising filter is used, the 

nine neighbouring pixels will be correlated, and the number of uncorrelated 
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image points P will be reduced by a factor of nine. From Equation (6.9), it follows 

that 

𝜎 =
𝛽𝑀

√𝑡
, (6.10) 

where 𝛽𝑀 = 𝜂𝑀√𝑃. The coefficient 𝛽𝑀 and noise density 𝜂𝑀 have the same unit 

nm/√Hz. This is a familiar specification for position sensors with nanometre 

resolution [272]. 

6.3 Results over a range of surface tilts 

6.3.1 Noise as a function of data acquisition time 

To begin with, the SiC flat was measured at a 0° tilt angle. The topographic 

measurement noise showed an inverse square root dependence on the data 

acquisition time (see Figure 6.2) for both averaging and oversampling methods, 

in agreement with the result recently reported by de Groot and DiSciacca [124]. 

The measurement noise for both objectives when 𝑁 = 1 is of the order of 0.2 nm. 

The observed measurement noise levels are almost the same for both averaging 

and oversampling methods. 

The surface topography repeatability specification of the CSI instrument is 0.12 

nm for the scan speed of 7.2 μm/s, 1 million image points, with a 3×3 pixel 

denoising filter engaged. A consistent comparison between this performance 

specification and our results expressed in terms of noise density 𝜂𝑀  is shown in 

Table 6.2. The small difference in noise level between 5.5× and 20× lenses is likely 

to be attributable to the differences in instrument setup and in the characteristics 

of the two lenses, including for example, the fringe contrast. 

In this study, the default 3×3 denoising filter of the instrument was disengaged. In 

principle, a 3×3 filter reduces random pixel noise by a factor of three. Therefore, 

the noise density for our results is approximately three times the noise density of 

the manufacturer’s specification. 
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Figure 6.2 Experimental results: measurement noise for the SiC flat measured at 
a 0°, 2° and 4° tilt angles. Each line corresponds to the least squares fit using 
Equation (6.10). The coefficient 𝛽𝑀 for each fitted line is shown in the legend. 

Table 6.2 Noise density for the SiC flat measured at a 0° tilt angle. 

Case 𝜎𝑒 / nm a 𝑃 𝜂𝑀 / (nm / √Hz) 

Instrument specification 0.12 110000 0.362 × 10-3 

5.5× lens, averaging 0.48 250000 0.960 × 10-3 

5.5× lens, oversampling 0.47 250000 0.940 × 10-3 

20× lens, averaging 0.58 250000 1.160 × 10-3 

20× lens, oversampling 0.58 250000 1.160 × 10-3 

aEquivalent to the surface topography repeatability on the instrument 

specification by definition; 𝜎𝑒 is obtained for data acquisition time 𝑡 = 1 s. 

 

When measuring the flat at a 2° and 4° tilt angles using simple averaging, the 

measurement noise shows a similar inverse square root dependence on the data 
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acquisition time relative to the 0° tilt scenario, although at a slightly higher level. 

In contrast, when using oversampling in place of averaging with the flat at tilted 

positions, the measurement noise no longer follows the trend of improving with 

measurement time. The observed phenomena will be discussed further in the 

following section. 

6.3.2 Correlated and uncorrelated noise 

The discrepancy in the results for averaging and oversampling are best 

understood by examining the difference topography maps (i.e. ∆𝑀). Figure 6.3(a) 

shows the result of subtracting two successive individual images with an 

oversampling factor 𝑁 = 8, with the sample flat at 0° tilt. Figure 6.3(b) shows the 

difference map for the same data acquisition parameters but with 4° tilt along the 

horizontal axis. Figure 6.3(a) shows essentially random noise from pixel to pixel, 

whereas Figure 6.3(b) shows stripes that are clearly correlated. While the random 

noise might be expected to be reduced with oversampling, the patterns in Figure 

6.3(b) for a tilted flat are unlikely to be reduced and are the result of a disturbance 

to the scanning motion caused by vibration, acoustics or air turbulence. To test 

this hypothesis, the vibration was measured separately and the results were 

simulated. 

 

Figure 6.3 Difference between two successive individual measurements acquired 
using oversampling for the SiC flat at a (a) 0° tilt angle and a (b) 4° tilt angle along 
the horizontal axis. 
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6.3.3 Evaluation of environment-induced vibration 

The environment-induced vibration was evaluated using the SiC flat as the 

reference surface. By nulling the fringes and using a carrier fringe technique [230, 

231] built into the instrument, the instantaneous position of the reference surface 

is determined as a function of time. The fastest camera mode available in the 

instrument was used for the evaluation, which allows a sampling frequency of 800 

Hz. 

In total, forty repeated tests were performed at the beginning and at the end of 

each experimental measurement session. Each test consisted of 1024 sampling 

intervals, recording a time lapse of 1.28 s, as shown in Figure 6.4(a–c). The Fourier 

transforms of the environment-induced vibration profiles in the time domain 

provide the corresponding vibration amplitude spectra (see Figure 6.4(d–f)). The 

vibration amplitude spectra show a resonance spike at 84 Hz which corresponds 

to the vibration produced by the cooling fans of other systems in the laboratory. 

Lower spikes were identified at 18 Hz, 198 Hz and 336 Hz, possibly corresponding 

to the vibration of motorised equipment and machinery operating in the building. 

 

Figure 6.4 Evaluation of the environment-induced vibration. (a–c) Examples of 
measured environment-induced vibration profiles; (d–f) their corresponding 
amplitude spectra. 
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6.3.4 Simulation of surface measurement and environment-

induced vibration 

The surface measurement is simulated by considering the measured 

environment-induced vibration to verify the observed different behaviours of the 

averaging and oversampling methods for tilted surfaces. As a first step, the mean 

vibration amplitude spectrum is calculated by averaging the forty vibration 

amplitude spectra (see Figure 6.5(a)). Assuming there are no significant low 

frequency contributions, the mean vibration amplitude spectrum is interpolated. 

Then, a random phase (distributed between –π and π) is given to each frequency 

component of the interpolated spectrum. The inverse Fourier transform of the 

complex-valued spectrum gives a simulated environment-induced vibration 

profile with increased length in the time domain. This process is repeated to 

generate a series of simulated environment-induced vibration profiles which have 

the same spectrum but are different in the time domain. 

The simulated environment-induced vibration profile in the time domain is then 

converted to a spatial signal by multiplying with the axial scan speed of 13.4 µm/s, 

to obtain the environment-induced vibration profile as a function of the axial scan 

position 𝑧 (Figure 6.5(b)). 

To simulate the surface measurement, the nominal surface profile is defined by a 

sequence of coordinate points (𝑥, 𝑧) along the horizontal and vertical axes, 

respectively. For a flat surface, 𝑧 = 𝑎𝑥, where 𝑎 is the slope and equal to tan 𝜃. 

Then, the environment-induced vibration profile is added to the nominal surface 

profile (see Figure 6.5(c)). The areal surface measurement is simulated by 

synthesising the replicated simulated profiles along the 𝑦 direction (see Figure 

6.5(d)). Here, it is assumed that the surface points at the same height position 

experience the same environment-induced vibration. 

The difference between the two methods is perhaps best understood by 

emphasising the difference between noise contributions that are fully random 

between image points, which is the case for example by the noise contribution 

from the camera, and noise that is correlated over many pixels. The environment-

induced vibration tends to generate correlated noise that may not be improved by 

lateral filtering or oversampling. 
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Figure 6.5 Simulation of surface measurement. (a) The mean and interpolated 
vibration amplitude spectra; (b) an arbitrary simulated environment-induced 
vibration profile; (c) the (simulated) measured surface profile; (d) the (simulated) 
areal surface topography measurement. 

The averaging and oversampling methods were evaluated using the simulated 

surface measurement. The simulation is helpful to understand the phenomena 

that was observed in Section 6.3.1. To keep the simulation consistent with the 

experimental method, (500 × 500) surface points were considered, corresponding 

to (779 × 779) µm for the case of the 5.5× lens, and (217 × 217) µm for the case of 

the 20× lens. The same high-pass areal Gaussian filter (i.e. with a cut-off spatial 

wavelength of 80 µm) was applied to the resulting difference topography maps 

(i.e. ∆𝑀) before using Equation (6.8) for the evaluation of measurement noise. 

In the case of a non-tilted flat (i.e. 𝜃 = 0°), the nominal surface height would have 

a constant height value, e.g. 𝑧 = 0, and the simulated environment-induced 

vibration would also have a constant 𝑧 value, since it is a function of the vertical 

scan position 𝑧. Disregarding the effects of camera electronic noise, the surface 
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topography measurement noise would be zero in the simulation of a non-tilted 

flat.  

When simulating the averaging method for a 2° and 4° tilted flat (see Figure 6.6), 

the measurement noise results show an inverse square root dependence on the 

data acquisition time, in good agreement with the experimental results. When 

simulating the oversampling method, the measurement noise does not follow the 

inverse square root dependence on the data acquisition time, again similar to the 

experimental results. 

 

Figure 6.6 Simulation results: measurement noise for a flat surface measured at 
2° and 4° tilt angles. Each line corresponds to the least squares fit using Equation 
(6.10). The coefficient 𝛽𝑀 for each fitted line is shown in the legend. 
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6.4 Conclusion 

This investigation contributes to the understanding of the mechanisms of the two 

noise reduction methods and compares their effects on surface topography 

measurement in the presence of environmental vibration. It is clear from both 

experimental and simulation results that the measurement noise levels rise with 

increasing surface tilt and height variation. 

In a recent publication, a comparison of measurement noise was made for a wide 

range of areal surface topography measurements [274]. The findings of this study 

show that the measurement noise in a practical measurement may be 

considerably higher than the noise for a levelled smooth flat, and it may vary 

significantly over the surface. In the definition of measurement noise, it is 

somehow implied that its value is constant over the surface. For smooth flat 

surfaces, this is usually the case, however, for more complex surfaces, the noise 

may be significantly higher in regions on the surface having irregularities or 

slopes, causing the measurement noise value to increase. 

The topography averaging method is effective for reducing all sources of noise, 

such as environment-induced vibration and camera noise, regardless of surface 

tilt. The experiments and simulations presented in this chapter confirm that the 

noise can be reduced at a rate given by the square root of the number of averages, 

or equivalently, by the square root of the total data acquisition time. The 

oversampling method has the same noise reduction effect, but in the presence of 

vibration, this conclusion is valid only when the part is a flat with zero tilt. 

However, these two methods are not simply competing ways to reduce 

measurement noise. The averaging method reduces noise, but does little to 

capture more data points. The oversampling method allows to pull weak signals 

out of noise for each individual data acquisition, e.g. for surfaces with high slopes 

and roughness, and materials with low reflectivities (as demonstrated in Chapter 

4 for the measurement of metal AM parts). Although for such surfaces (or even a 

tilted flat) the noise reduction effect is compromised for the oversampling 

method, the benefit of capturing weak signals is preserved. Figure 6.7 illustrates 

the results of a CSI measurement using oversampling on a metal AM surface 
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having steep slopes, deep recesses, high aspect-ratio features, as well as regions 

with a large variation in reflectance. Improvements in signal-to-noise ratios by 

oversampling can broaden the range of applications to reach those in which the 

surface structure has previously been considered beyond the capabilities of CSI 

[124, 188]. 

 

Figure 6.7 True colour surface topography measurement for a Ti-6Al-4V LPBF 
sample measured with CSI. The measurement represents a 4 × 4 laterally stitched 
3D image for a 50× lens (NA = 0.55). Adapted from [45, 124]. 
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7 Conclusions and future work 

7.1 Concluding remarks 

Typical as-built metal AM surfaces have significant texture and feature a large 

number of local high slopes and loose particles. In the case of polymer AM, 

surfaces are often translucent or have low reflectivity. Because of these 

characteristics, it is challenging for any technique to accurately measure the 

topography of metal and polymer AM surfaces. Obtaining accurate and repeatable 

surface topography measurements of manufactured parts is highly important for 

quality control and manufacturing process improvement. 

Due to its significant advantages such as non-contact operation, high precision 

and high resolution, CSI is regarded as one of the most effective surface 

topography measurement techniques. However, previous CSI technologies have 

been challenged when measuring AM surfaces. Recent progress in the 

development of CSI allows a significantly enhanced detection sensitivity through 

the use of advanced measurement techniques, such as filtering of the source 

spectrum, HDR lighting levels, adjustable number of camera acquisitions over 

each interference fringe (i.e. oversampling), and sophisticated topography 

reconstruction algorithms. 

In this thesis, the effects of advanced measurement functions on the measurement 

of typical as-built AM surfaces have been empirically investigated and 

systematically analysed. Guidelines have been provided for the optimisation of 

the measurement of AM surfaces by considering the total data acquisition time, 

the size of the measurement area, and the percentage of data coverage. The results 

reported in Chapter 4 demonstrate that CSI can effectively provide surface 

topography measurements for AM surfaces with various texture levels and slope 

distributions. 
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The detailed surface topography information captured with the use of CSI is 

essential for providing feedback to the manufacturing process and for quality 

control of the product. To validate this, a challenging case study has been 

considered. The feasibility of ink-jet printing a fluoropolymer material (in this 

case, THV) to produce films of a few nanometres to several micrometres in 

thickness has been assessed using CSI. The investigation presented in Chapter 5 

demonstrates solutions to minimise the ‘coffee ring’ effect and the formation of 

undesired wrinkle-like features on the surface when ink-jet printing THV. An 

effective strategy to supress the coffee ring effect when ink-jet printing THV is to 

increase the polymer concentration, which in turn increases the viscosity of the 

polymer ink. A high viscosity showed to slow down the diffusion of particles 

towards the edges by moderating the outward capillary flow. The latter effect 

allowed a more even distribution of the solute, as the edges of the deposited drop 

or film kept receding during evaporation. Another strategy to mitigate the coffee 

ring effect and the formation of wrinkle-like features on the surface when ink-jet 

printing THV is to change the evaporation profile of the ink by using a combination 

of solvents, as the coffee ring effect is caused by the higher evaporation rate at the 

edge of the drop or film. 

Chapter 5 contributes to the field of polymer AM by providing insight into how to 

control and optimise the quality of ink-jet printed parts with the aid of surface 

metrology. In particular, the findings of the research presented in this chapter 

provide guidance for the ink-jet printing of THV coatings or membranes with 

uniform thickness and surface texture. Inkjet-printing of THV may be used to 

encapsulate drugs and to manufacture microfluidic systems, such as biochips or 

lab-on-a-chip devices to control a biochemical environment. 

Reducing measurement noise in CSI is highly important when measuring AM 

surfaces, particularly when the ability to capture data is affected by poor signal-

to-noise ratios. The work presented in Chapter 6 contributes to the understanding 

of the mechanisms of measurement noise reduction methods and compares their 

effects when measuring surface topography in the presence of environmental 

vibration. Both experimental and simulation results have shown with clarity that 

measurement noise levels exacerbate with increasing surface tilt and height 

variation. The topography averaging method proved to be successful for reducing 
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all sources of noise, such as environmental vibration and camera noise, regardless 

of surface tilt. The experiments and simulations confirm that measurement noise 

can be effectively reduced at a rate given by the square root of the number of 

averages, or equivalently, by the square root of the total data acquisition time. On 

the other hand, the oversampling method has the same measurement noise 

reduction effect, but in the presence of vibration, this conclusion is valid only 

when the measured part is a flat with zero tilt. 

Nevertheless, the averaging and oversampling methods are not simply competing 

ways to reduce measurement noise. The averaging method reduces measurement 

noise, but does little to capture more data points. The oversampling method 

allows to pull weak signals out of noise for each individual data acquisition, e.g. 

for surfaces with high slopes and roughness, and materials with low reflectivities. 

As demonstrated in Chapter 4, oversampling has proven to be a very effective 

approach for increasing data coverage when measuring AM surfaces. Although for 

highly irregular or tilted surfaces the noise reduction effect is compromised when 

implementing the oversampling method, the benefit of capturing weak signals is 

preserved. 

7.2 Areas for future work 

The scope of the work presented in this thesis is to demonstrate applications of 

CSI in AM, not only to determine the feasibility of using CSI for measuring AM 

surfaces but to show that CSI is a valuable tool for quality control and process 

optimisation in AM. Although this thesis contributes to the development of 

guidelines for the measurement of AM surfaces with CSI (see Chapter 4), more 

efforts are needed towards further expanding these guidelines and establishing 

comprehensive good practice in how to optimise a measurement.  

An area that still offers plenty of opportunities to carry out relevant research is 

the correlation of surface topography with AM processing parameters [275-277]. 

As demonstrated in Chapter 5, topographic information can be used to provide 

feedback to the manufacturing process. 
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The results presented in Chapter 6 showed that the difference between successive 

measurements on complex surfaces may have correlated errors over the FOV and 

over time. While measurement noise is usually modelled as completely random, 

it is clear from the aforementioned observation that measurement noise values 

will be strongly dependent on the specific measurement conditions, such as 

surface texture, surface slope, environmental vibration, thermal drifts and other 

influence factors affecting the measurement result. Therefore, another relevant 

area for potential future work is the empirical evaluation of the performance of 

CSI (as well as other surface metrology instruments) in real-world applications, 

i.e. measuring the actual part of interest, in the actual environment in which the 

instrument is intended to be used. Such evaluations can be done through the 

implementation of gauge repeatability and reproducibility (GR&R) studies [278, 

279]. Along the way, other metrological characteristics (e.g. amplification 

coefficient, linearity deviation and topography fidelity) could be considered in 

order to achieve a more comprehensive measurement performance verification 

and traceability framework for the calibration of CSI. 

Finally, despite the significant progress and developments during the past two 

decades in CSI technology, there are still challenges to meet the ever-increasing 

measurement requirements in noise robustness, accuracy and speed, particularly 

in on-machine and in-situ measurement conditions. On-machine surface 

metrology for AM [280] and conventional manufacturing is an area of great 

interest since it allows immediate surface measurement after (or before) the 

manufacturing process without removing or repositioning the workpiece, 

replacing the traditional post-process inspection carried on a stand-alone surface 

measuring instrument. The term ‘on-machine’ refers to the measurement of the 

workpiece surface directly on the machine where the workpiece has been 

manufactured, whereas the term ‘in-situ’ refers to the measurement of the 

workpiece surface within the same work floor, without isolating the workpiece 

from the manufacturing environment [265]. In both cases, the measurement 

process can suffer from significant environmental disturbances, requiring the 

development of adequate methods to effectively mitigate the influence of such. 
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