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ABSTRACT 
With its ability to construct components through the layer-by-layer deposition of material, Additive 

Manufacturing (AM), more commonly known as "3D printing", has revolutionized the manufacturing 

industries. Not only can AM produce complex lightweight designs, but it can also streamline the supply 

chain, allowing businesses to more quickly and easily meet customer demand. Additionally, with the 

rising demand for low-volume customized products, and sustainable production, manufacturers are 

increasingly compelled to adopt AM to remain competitive in the global economy. Despite its 

popularity, AM has several significant drawbacks, one of the most notable being its poor surface 

topography quality. Most product failures can be traced back to the initial surface conditions, making 

the surface texture a crucial factor in determining how well a product will perform. Hence, this thesis 

presents a study on the surface topography of various AM processes mainly to understand the surface 

behavior in relation to the factors affecting it.     

Every manufacturing process including AM generates distinct surface features referred to as “footprints” 

or process signatures which substantially affect the surface quality and function. These process 

signatures vary based on changes in AM processes and their process settings, materials, and geometrical 

design. The accuracy of identifying and analyzing these features becomes crucial in defining their 

relationship with manufacturing process variables. Usually, the best practice for defining surface quality 

is through parametric characterization which provides a quantitative description of either the stochastic 

or deterministic nature of manufactured surfaces. However, the challenge with AM is that it generates 

surfaces that often contain both the aforementioned surface features which make it particularly difficult 

to identify the manufacturing “footprints” through the parametric description. Therefore, the surface 

topography of AM may often require novel characterization methods to fully interpret the manufacturing 

process and thereby predict and optimize its product performance.  

The overall goal of this thesis is to provide an optimal approach toward the characterization of AM 

surfaces so that it gives a better understanding of the manufacturing process and also assists in process 

optimization to control the surface quality of the printed products. To realize this goal, the surface texture 

of AM processes was studied particularly Material Extrusion (MEX), Vat photopolymerization (VPP), 

and Powder Bed Fusion (PBF). These processes present topographical features that cover most of the 

surface scenarios in AM. Hence to explain these varied surface features, a diverse range of surface 

characterization tools such as Power Spectral Density (PSD), Scale-sensitive fractal analysis, feature-

based characterization, and quantitative characterization by both profile and areal surface texture 

parameters were included in the analysis. Additionally, a methodology was developed using a statistical 

approach (Linear multiple regression) and a combination of the above-mentioned characterization 

techniques to identify the most significant parameters for discriminating different surfaces. Finally, the 

knowledge gained through the above-mentioned measurements and analysis is put to use to optimize 

the AM process to achieve enhanced surface quality. The results suggest that the developed approaches 

can be used as a guideline for AM users who are looking to optimize the process for gaining better 

surface quality and component functionality, as it works effectively in finding the significant parameters 

representing the unique signatures of the manufacturing process. 

 

Keywords: additive manufacturing, vat-photopolymerization, fused deposition modeling, laser-based 

Powder bed fusion, surface metrology, power spectral density, scale-sensitive fractal analysis, feature-

based characterization, profile parameters, areal surface texture parameters, and multiple regression. 
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Chapter 1   

INTRODUCTION 
This chapter presents the Introduction which begins with a background to the research field 

followed by the aim of the thesis. A research approach is presented which forms the basis of 

the structure followed in this thesis. Research questions are then formulated based on the 

research approach and finally, delimitations of the research are addressed.  

1.1 BACKGROUND 

Additive Manufacturing (AM) is the standardized term for what was formerly known as Rapid 

prototyping and what is popularly known as “3D printing” [1]. Rapid prototyping refers to the 

process of manufacturing a product relatively fast but created mainly for prototyping purposes. 

However, recent technological advancements have made it possible for this technique to be 

used more for end-user applications, and hence the international committee of standards has 

coined the term Additive Manufacturing [2]. The nature of manufacturing products by the 

deposition of materials layer by layer has given AM several sustainability advantages.  AM 

provides industries with minimal carbon footprints for the products manufactured, the 

capability of repairing, remanufacturing, and reverse engineering products, opportunities for 

reducing energy consumption and manufacturing costs, and the capability of providing a 

significant reduction in wastage [1]. This technological advantage of AM is in line, particularly 

with 2 of the 17 Sustainable Development Goals (SDGs) of the United Nations (UN) [3] i.e. 

Industries, Innovation and Infrastructure, and Responsible Consumption and Production. The 

SDGs in the context of AM are discussed further in section 2.1.4.  

Furthermore, the ability of AM to fabricate complex lightweight designs and internal structures 

has proved to be a real game-changer in manufacturing sectors. It is due to this reason that AM 

finds its application in automotive [4], aerospace [5], medical [6], and dental areas [7]. This 

disruptive nature of AM is not yet fully realized in industries mainly due to its inability to match 

the standards set by traditional manufacturing processes in terms of high product quality, 

reliability, repeatability, and product performance [8]. AM is often associated with post-

finishing methods to bring the produced products to the required specifications. However, there 

is a continual effort to improve AM technology to reduce these gaps to ultimately help 

industries leverage the potential of this technique. Nonetheless, it is important to address these 

challenges so that it adds value to the knowledge base required for improving AM technology 

in the future and one such challenge pertaining to surface quality is discussed in this thesis.  

Surface texture metrology provides insight into the physical phenomena that take place during 

AM process through investigation of the surface topography produced by the process [9]. Often 

the relationship between the physical phenomena and AM process control variables is studied 

to get an increased knowledge of the process to optimize and control the surface quality and its 

product function. The investigation of surface texture typically involves capturing the surface 

features and characterizing them. As a first step, it is important to capture the complete surface 

topography information using appropriate surface metrology methods. Previous studies have 

shown that the most widely used surface metrology method is contact stylus measurement with 

profile roughness parameters defining the AM surface topography [9][10]. Generally, profile 
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measurements provide insufficient data for optimization since they provide roughness 

information in only one measuring direction. On the contrary, areal surface measurements can 

be more advantageous since it provides the waviness and roughness information in both the 

lateral directions of the surface being measured [11]. It provides a better representation of the 

surface topography and could be more efficient in optimizing the surface quality and function. 

The real surface topography can also be captured by more sophisticated metrology instruments 

such as Computed Tomography (CT) instruments, which provide a voxel representation of the 

surface that ensures capturing the areal surface topography with thickness information [12] 

along with the re-entrant features [13][14] on the complex AM surfaces. This type of 

measurement can provide complete surface information required for optimization. The next 

step is to characterize the captured surfaces to selectively extract useful information that affects 

the surface quality and product function. The surface topography can be characterized either 

quantitatively or qualitatively or both through image analysis, roughness parameters analysis, 

and more advanced methods such as power spectral density, fractal analysis, feature-based 

characterization, and so on. Based on the nature of captured surfaces and as per the functional 

requirement an appropriate metrology and characterization method must be chosen for analysis. 

In this thesis, the areal surface topography of AM processes was captured by state-of-the-art 

metrology instruments (using mostly optical and contact stylus methods) and analyzed using 

both parametric and advanced characterization methods to interpret the AM surfaces. The 

following sections discuss in detail the research focus, structure, and approach which have been 

undertaken to ultimately reach the common goal of improving AM surface quality.  

1.2 AIM OF THE THESIS 

The focus of this thesis is to establish a framework for characterizing the Additive 

Manufacturing and post-processing surfaces and to enable the prediction and optimization of 

the surface topography quality to achieve its intended component function. This is 

accomplished by 

a. Employing scale-limited and multi-scale characterization of AM surface topography to 

identify the unique surface features representing the “footprints” of the manufacturing 

process.  

b. Developing a methodology to identify the most significant surface texture parameters 

that affect the quality of AM products.  

c. Employing statistical methods to establish the relationship between the AM process 

parameters and surface texture for prediction and optimization of surface quality  

d. Finally, the above-mentioned methods are employed in industrial and dental use cases 

to ensure high-quality AM end products. 

1.3 RESEARCH APPROACH 

This thesis presents a research approach that is based on the surface control loop system first 

published by Stout and Davis [15]. It mainly consists of three important facets namely, 

manufacturing, characterization, and function, as shown in Figure 1. These facets are looped 

together as their interdependency is crucial for achieving surface quality control for any 

manufacturing process. The surface characterization alone will be of little value if is not 

associated with any manufacturing process and product function. Hence, every manufacturing 
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process requires characterization to interpret its surfaces that can predict its functional behavior 

and knowing its function could enable optimization of the manufacturing process to again 

achieve its intended function efficiently.  

 

Figure 1. Control loop depicting the interdependence of three facets of surface quality control. 

Based on the surface control loop, a detailed overview of the research structure is summarized 

visually in Figure 2. This thesis presents a compilation of many different AM processes, 

materials, post-AM processes, surface metrology, and characterization techniques, mainly 

utilized to establish the most effective method for characterizing AM surfaces. This leads to a 

better understanding of AM processes required for predicting and optimizing its product 

functional performance.  

In this research, the surfaces belonging to three of the seven process categories [2] of AM 

namely Powder Bed Fusion (PBF) specifically the Laser-Based Powder Bed Fusion of Metals 

(PBF-LB/M) technology, Fused Deposition Modelling (FDM) under the Material Extrusion 

category, and finally, the Stereolithography (SLA) under the category of Vat-

photopolymerization AM technology were utilized for analysis. These AM surfaces were 

produced by varying their respective process parameters such as layer thickness, infill density, 

print temperature, and so on. It must be noted that the influence of different AM build materials 

on the surface topography is not included in the study since the selection of materials vary with 

respect to the heating capacity of the machine [16]. Besides this thesis focuses on capturing the 

physical phenomena through surface analysis rather than studying the material influence on 

surface topography. In this thesis, Acrylonitrile butadiene styrene (ABS) material was utilized 

in FDM processes, Acrylic and epoxy-based resin material were used for the SLA process and 

316L stainless steel was employed for studying the PBF-LB/M process. AM surfaces were also 

subjected to various post-processing methods as listed in Figure 2, and by varying their 

respective post-processing parameters different surface conditions were obtained. All the 

surfaces were then measured using various state-of-the-art tactile and optical metrology 

instruments. Several different topography characterization techniques were utilized to interpret 

the measured multi-scale and scale-limited AM surfaces. In addition, a statistical method 

(Linear multiple regression) was utilized for predicting the functional behavior and to 

understand its influence with respect to process parameters. The function in this context is 

defined based on the surface finish requirements obtained from the two use cases. The first use 

case is from the industry where the requirement is to produce AM surfaces close to the surface 

finish of the injection moulding component comprising a matte finish. The second use case is 
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from dentistry where importance was provided to producing surface topography suitable for 

bone regeneration. Finally, the developed approaches for interpretation, prediction, and 

optimization of AM processes were validated in the above-mentioned use cases to achieve the 

required function.   

  

 

Figure 2. Research workflow based on the surface control loop for the development of functional 

surfaces of the Additive Manufacturing process. 
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1.4 RESEARCH QUESTIONS 

This thesis is based on the following four Research Questions (RQs) that are designed to include 

the three facets of the surface control loop along with an additional validation step. The first 

three RQs address the characterization, manufacturing, and function facet of the control loop. 

The fourth RQ is designed to answer the validation step where the findings from the surface 

control loop are implemented and verified in an industrial and dental application.   

1. What are the various topography characterization methods employed in this thesis that 

can be used to interpret scale-limited and multi-scale Additive Manufacturing 

surfaces? 

 

2. How does the identification of significant roughness parameters improve the 

understanding of AM and post-processes? 

 

3. How can the statistical data analysis method facilitate the optimization of the additive 

manufacturing processes for achieving its intended surface function? 

 

4. How to validate the obtained research results in Industrial and Dental use cases? 

 

The answer to these crucial research questions can be found in the appended research papers 

and Figure 3 shows the research questions classified as per the surface control loop associated 

with respective research papers. 

 

 
Figure 3. Research questions as per the surface control loop 
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1.5 DELIMITATIONS 

• The surface analysis performed in this research is confined to parts produced by PBF-

LB/M, FDM, and SLA techniques. However, several other AM methods produce 

surface features differently, and hence it may be necessary to explore other AM methods 

before generalizing the results from this study.  

• In this thesis, the AM process is optimized to achieve its intended surface quality and 

function based on the established relationship between the surface texture parameters 

and the controllable process parameters (layer thickness, print temperature, and so on). 

However, the effect of the uncontrolled process parameters such as environmental 

temperature, vibrations during the printing process, humidity levels, etc. has to be 

studied to fully establish the AM process optimization.    

• Surface analysis is strictly restricted to up-skin [17] or top surfaces of parts produced 

by AM processes partly due to the limitation of surface metrology employed in this 

thesis and also to avoid the influence of support structures which are often required to 

support down-skin surfaces. 

• The surface measurements are based on tactile and optical methods which often fail to 

capture the re-entrant features [13], predominantly found on the down skin surfaces. It 

is necessary to use other surface metrology methods such as Computed Tomography 

(CT) to capture these re-entrant features and to explore the extent of their impact. 

• The statistical method used in this research is confined to a linear approach to identify 

the influence of AM process settings on surface texture and to predict its functional 

behavior. A polynomial approach or Machine Learning methods with advanced 

algorithms would have to be explored to determine if they can improve the prediction 

of surface quality and function. 

1.6 THESIS STRUCTURE 

Chapter 1 presents a brief introduction discussing the background, aim, research approach, and 

thesis delimitations. 

Chapter 2 includes an overview of Additive Manufacturing processes and post-processing 

methods along with their associated surface conditions.  

Chapter 3 addresses the state-of-the-art in surface metrology for AM processes.   

Chapter 4 describes topography characterization techniques used for AM surfaces.  

Chapter 5 illustrates the research methodology.  

Chapter 6 outlines the results based on the surface control loop.  

Chapter 7 provides conclusions and future work.  
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Chapter 2 

MANUFACTURING SYSTEMS 
This chapter provides an overview of various Additive Manufacturing (AM) systems and post-

processing methods utilized in this research along with their associated surface formations. It 

also includes a short discussion on the sustainability aspects of AM.  

2.1 ADDITIVE MANUFACTURING PROCESSES  

Additive Manufacturing (AM) widely known as 3D printing is a process of building an object 

by material deposition in layers [1]. As per ISO/ASTM 52900:2015 standard, AM is defined as 

the “process of joining materials to make parts from 3D model data, usually layer upon layer, 

as opposed to subtractive manufacturing and formative manufacturing methodologies” [2]. The 

unique technique of building parts layer by layer has provided industries with numerous 

advantages, which is why AM is considered the emerging next-generation technology in part 

manufacture. Not so long ago, the patents on the first generation of printers expired, which has 

led to explosive expansion in the additive manufacturing business [1]. Today, there are several 

types of AM technologies that are broadly classified into seven categories. 

• Binder Jetting (BJT) is an AM fabrication process where binders (glue) material is 

selectively deposited that combines the powder materials to build the part [2]. The as-built 

parts are usually in the green state and require a consolidation step to fully achieve the 

required mechanical properties of the parts. Depending on the type of material, the 

consolidation step differs, typically for polymer materials, the build parts are left to cure in 

the printing chamber and for metallic materials, the sintering process or infiltration with 

metals that have low melting temperatures is performed after the printing process [1][18]. 

• Directed Energy Deposition (DED) is an AM process that utilizes thermal energy to melt 

the materials while they are being deposited [2]. Laser Engineered Net Shaping (LENS) 

[1][19] and Electron Beam Welding (EBW) c are two common techniques for both wire-

based and powder-based DED systems; as the names imply, a powerful laser beam or 

electron beam is employed as a heating source to melt the material.  

• Material Extrusion (MEX) is an AM process of building components by selectively 

depositing the material through a nozzle or orifice by the application of pressure [2]. There 

are two variations of the MEX method, one approach is to use temperature as the controlling 

mechanism for the material flow and the other uses a chemical reaction to solidify the 

material deposited for building the products. Examples of the former approach are Fused 

Deposition Modelling (FDM) [1][20][21] and the latter approach it is Contour Crafting 

[22][23][24] and Bio-printing [25][26][27].    

• Material Jetting (MJT) is an AM process in which droplets of build material, typically 

photo-curable resins are selectively deposited [2]. The deposited photo-sensitive resin 

material is cured using a UV light source and the process is repeated layer by layer to build 

the part [28].  

• Powder Bed Fusion (PBF) is an AM process where a product is built by using thermal 

energy that selectively fuses the powder particles in a powder bed arrangement [2]. As per 

the ISO/ASTM 52911:2019 standard [29], the PBF method that uses a laser to fuse polymer 

or metal powders is referred to as Laser-based Powder Bed Fusion of Polymers or Metals 
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(PBF-LB/P or PBF-LB/M). This technology is also known by many other non-conventional 

names provided by AM technology and service providers. Selective Laser Metal (SLM) and 

Direct Metal Laser Sintering (DMLS) are mostly suited for metal and metal alloys 

respectively [1][30], and Selective Laser Sintering (SLS) [31] is typically reserved for 

producing polymer-based products. The PBF method that utilizes an electron beam for its 

fabrication process is termed Electron-beam Powder Bed Fusion of Metals (PBF-EB/M). 

Since electrons are used as a thermal source it only works for metal and metal alloys 

materials. It is also popularly known as Electron Beam Melting (EBM) or Electron Beam 

Additive Manufacturing (EBAM) and it has relatively higher surface roughness and higher 

productivity in comparison to PBF-LB/M but has limited material availability [32]. 

• Sheet Lamination (SHL) is an AM process where multiple sheets of materials are fused 

together to build a product [2]. There are two variants of this technology namely Laminated 

Object Manufacturing (LOM) and Ultraviolet Additive Manufacturing (UAM). The LOM 

process first cuts the sheets of paper or plastic as per the cross-sectional layer of the CAD 

geometry and then laminates it together to build the object [33]. The UAM process uses 

ultrasonic vibrations to weld sheets of metal foils and then uses subtractive manufacturing 

methods to bring the product to its required shape [34]. 

• Vat photopolymerization (VPP) is an AM technique where the liquid resin or photopolymer 

material is solidified selectively upon the incidence of photons to build an object [1][2]. The 

most popular methods of this process category are the Stereolithography (SLA) [35] 

technique which uses UV laser for curing and Digital Light Processing (DLP) [36] which 

uses visible light from a projector for curing the resin materials. Other VPP methods include 

Continuous Liquid Interface Production (CLIP) [37] and Solid Ground Curing (SGC) [38] 

which are mostly designed to increase the production speed.  

The steps for AM part preparation remain nearly the same for all the AM processes. It involves 

creating a 3D CAD model in the design software which is then exported into STL (Standard 

Triangle Language) file format and the model slicing procedure is performed to breakdown the 

continuous geometry of the CAD model into several discrete layers. Once the printer has all the 

necessary data, it may begin fabricating the model layer by layer. In the following sections, the 

relevant AM process technologies utilized in this thesis are explained in detail along with an 

overview of the formation of the surface topography obtained with each process.  

2.1.1 Laser-Based Powder bed fusion of Metals (PBF-LB/M) 

Figure 4 illustrates the working principle of the PBF-LB/M process. The main components of 

this process include a high-powered laser source, focusing mirrors, a powder bed with a powder 

distributor, and powder dispensing and collecting systems. The whole fabrication process takes 

place inside a closed chamber filled with an inert gas to reduce oxidation during the build 

process. The laser from the source with the aid of focusing/scanning mirrors selectively melts 

the powders distributed over the platform to build a part. Depending on the type of process and 

material utilized there are four main powder fusion mechanisms namely, full melting, liquid-

phase sintering (LPS), chemically induced sintering, and solid-state sintering. Full melting 

refers to the melting of powder particles into a liquid which then cools down to form a solid 

object. LPS refers to the process of joining powder particles when only some amounts of the 

powder particles are melted in a powder bed, while the rest remain solid. The molten powder 

particles act like a binding agent to fuse the remaining solid particles. Chemically induced 

sintering uses a thermal source to trigger chemical reactions between different types of powders 
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that create a byproduct that binds the powder particles together. Solid-state sintering is a process 

of binding powder particles together at elevated temperatures without melting them. Further 

discussion on these sintering processes is described in [1].  

 
Figure 4. Illustration of Laser-based powder bed fusion of Metals (PBF-LB/M) process. 

The formation of features on the surface topography of PBF-LB/M samples is a result of a 

complex cause-and-effect relationship between the process variables and corresponding 

physical phenomena [9]. The process variables or input parameters that affect the part quality 

are powder particle size, material composition and properties, laser beam spot size, energy 

deposition, scan speed, atmosphere, material homogeneity, linear track separation, vertical step 

height, powder reuse, part geometry, scanning strategy and errors caused due to motion & 

energy deposition [9]. The aforementioned process variables lead to the causation of the 

physical phenomena such as conduction heat transfer, phase changes, radiation heat transfer, 

denuding effect, balling effect, spatter, melt pool size, pore formation, Rayleigh instability, 

Marangoni circulation, the evolution of grain structure, thermal expansion & shrinkage, spatial 

variation in temperature (heat sinks), ‘stair-step effect’, raster pattern and residual stress [9][39]. 

Studying the surface topography can aid in determining the interrelationships between these 

variables, leading to more precise control of the manufacturing process and greater physical 

process stability [39]. 

 

Figure 5 illustrates the process of surface creation in the PBF-LB/M method. The stacking of 

layer upon layer during the fabrication process causes the formation of a “Stair-step” like 

feature on the surface and it is more pronounced on the slopes or curves of the sample. During 

the melting process, the powder particles in the powder bed adhere to the surface edges of each 

layer. On flat surfaces or surfaces at 0° build inclination, the laser melts most of the powder 

particles and so these surfaces contain mostly the footprints from the raster scanning of the 

lasers on its topography. On inclined surfaces, the “stair-step” formation occurs and as the build 

inclination or slope increases, the number of “stair-steps” increases, and additionally the 

adherence of powder particles to the surface also increases, increasing the surface roughness.  

However, at large slopes, the roughness decreases due to the reduced effect from the “stair 

steps” (see Figure 5c). This surface mechanism can be witnessed visually in Figure 6. It can be 

witnessed that surfaces contain raster (see 0° surface) and stair-step patterns (see 3° and 6° 

surface) at lower build inclinations and powder particles at higher build inclinations (beyond 

15°).  
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Figure 5. Schematic representation of the PBF-LB/M process illustrating the mechanism of surface 

roughness development (a) at higher build inclination (b) lower build inclination and (c) visualization 

of surface roughness at various build inclinations. [40] 
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Figure 6. 3D topography view of as-built PBF-LB/M surfaces at various build inclinations. 

All surfaces have a measurement area of 2.5 mm×2.5 mm and the extracted surface has an 

area of 0.5 mm×0.5 mm. [40] 
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2.1.2 Fused Deposition Modelling (FDM) 

The most popular and widely used AM technique is the Fused Deposition Modelling (FDM) 

method, which is categorized under the Material Extrusion (MEX) process. Figure 7 illustrates 

a typical setup of the FDM process. The material feedstock in form of filaments or pellets is 

fed into the extruder mechanically. The material is then melted in the heated nozzle or the 

hotend fitted at the end of the extruder and then it is deposited selectively layer by layer to build 

the part. A complete description of the process, selection of materials, and applications are 

discussed in [1]. 

 

 

Figure 7. Illustration of the FDM process 

The surface topography quality of the FDM samples is influenced by several factors during its 

fabrication process. Layer height, print temperature and speed, infill density and pattern, 

number of top layers, and so on are some of the many FDM process variables that affect the 

surface quality. Then there are the material properties, each material produces slightly different 

surface finish and geometrical design factors, for instance, the variation in build inclination or 

slopes impacts the surface quality. Finally, there are environmental factors such as surrounding 

temperature, humidity, vibrations, and so on which usually fall under uncontrolled factors. 

Research has shown that the geometrical design and FDM process variables, specifically the 

build inclination and layer height were the most influential factors on the surface topography 

quality of FDM samples [41][42]. The mechanism of surface formation in the FDM process is 

similar to PBF-LB/M which includes the formation of raster and “stair-step” patterns except 

the surfaces are free from powder particles [43], see Figures 8 and 9).  

 

Figure 8. Working principle and mechanism of surface formation in the FDM process. 
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Figure 9. Stair-step and raster patterns as seen in the areal surface topography of the as-built FDM 

sample due to varied build inclinations. All surfaces have a measurement area of 2.5×2.5 mm. [44] 

2.1.3 Stereolithography (SLA) 

Stereolithography (SLA) is a type of Vat photopolymerization (VPP) AM process, where the 

photo-sensitive polymer solidifies undergoing a chemical reaction upon the incidence of 

Ultraviolet (UV) rays [2]. Figure 10 presents the working principle of the SLA process. It 

consists of a resin tank, a build platform, and a UV source. Photopolymer resins typically 

consist of liquid monomers or oligomers, photoinitiators, plasticizers, crosslinking monomers, 

and pigments [1]. The liquid monomers are usually a mixture of acrylic and epoxy-based 

monomers. The UV rays activate the photoinitiators that react chemically with monomers 

causing the formation of polymer chains. These polymer chains undergo a further reaction with 

crosslinking monomers to form a strong bond between them leading to the creation of a solid 

object [1]. After the object has been printed, it is taken out of the vat or resin tank, washed to 

get rid of any remaining resin, and UV-cured to further reinforce the polymer bonds. 

 
Figure 10. Illustration of the SLA process 
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Figure 11 illustrates a visualization of the surface creation process in the SLA process. 

Typically, in the SLA processes, unlike the Material Extrusion AM process, the raster pattern 

on the top surface layer is not apparent and it may be due to the following reason. Since all of 

the laser scannings happen inside the resin bath (vat), the patterns get filled in by resins to create 

a continuous smooth surface during the solidification process [1]. Furthermore, similar to all 

the AM processes, the SLA process also creates the “Stair-step” effect on the inclined or curved 

surfaces due to the stacking of layers during its fabrication process [45]. This phenomenon is 

evident significantly at lower build inclinations and progressively diminishes. This is mainly 

because the “stair-steps” are more widely spaced at lower build inclinations and get closer with 

an increase in build inclination. At high build inclination for instance at 90°, the layers are 

stacked exactly upon one another, bringing the layers together which are then masked by excess 

resin in the vat. Figure 12 displays the surface topography of the SLA process at various build 

inclinations.  

 

Figure 11. Working principle and mechanism of surface formation in SLA process. Image taken from 

paper 7.  

 

Figure 12. The 3D view of the surface topography of the as-built SLA sample with varying build 

inclinations. Surfaces were measured using a 5.5X objective with a field of view of 1.56 mm×1.56 mm. 
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2.1.4 Additive Manufacturing as Sustainable Manufacturing 

The importance of sustainable manufacturing has recently been highlighted due to the 

increasing demand for manufactured goods and the declining amount of natural resources. It is 

crucial to conserve resources for establishing long-term financial and environmental benefits. 

Sustainable manufacturing is defined as a process of creating fabricated goods through 

economically viable methods that can reduce the detrimental effects on the environment whilst 

conserving natural resources and energy [46]. The development of Additive Manufacturing 

technologies has made it more feasible for industries to adopt sustainable business practices. 

With its ability to produce complex geometries and lightweight components, as well as to 

reduce inventory needs by producing parts on demand. Due to this reason, AM is being coined 

as the sustainable manufacturing of the future [47]. Figure 13 shows the 17 SDGs proposed by 

United Nation, in particular, the 12th SDG, responsible consumption and production [3] aligns 

well with the sustainability benefits observed with AM technology. However, much research is 

needed to address the challenges faced by AM technology before becoming the industry 

standard for manufacturing. The studies presented in this thesis are focused on improving one 

of the downsides of AM to encourage industries in embracing sustainable manufacturing 

through AM.  

 

 

Figure 13. Sustainable development goals by the United Nations [3].  
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2.2 POST-PROCESSING 

Post-processing methods have become an integral part of AM ecosystem since it mandates the 

requirement of several finishing steps before being accepted for industrial application. The term 

“post-processing” used throughout this thesis refers to the additional processing steps taken to 

improve the quality of the AM surface topography. Generally, most of the AM processes 

produce surface features that include raster patterns, stair-step effects, and other footprints of 

the process which deteriorates the overall surface quality. Optimizing the AM process settings 

can improve surface quality, but it can never eliminate these surface features due to the nature 

of its fabrication process. It is, therefore, necessary to employ post-processing methods to finish 

the surfaces, and knowledge of their effects on surface topography is crucial for achieving 

optimal process performance. In the following sections, an overview of various post-processing 

methods utilized in the thesis is presented.  

2.2.1 Shot blasting 

Shot blasting is a surface finishing method that utilizes a centrifugal wheel or compressed air 

to propel abrasive media onto the surface at high velocity. The type of abrasive media, the 

pressure of impact, and the blasting duration are some of the process settings that can be 

optimized to achieve the required finish on the surface. Several studies have been conducted to 

study the effects of abrasive flow machining [48], abrasive jet deburring [49], and abrasive 

finishing of internal channels [50][51] on surface topography quality. 

 

 
(a) Sa = 20.8µm 

 
(b) Sa = 5.95µm 

 
(c) Sa = 10.6µm 

 
(d) Sa = 9.5µm 

Figure 14. Areal surface topography measured on 0° build inclination (a) as-built FDM surface, 

(b) shot-blasted FDM surface; (c) as-built PBF-LB/M surface, and (d) shot-blasted PBF-LB/M 

surface. [52] 

 

In this thesis, the shot blasting process was utilized to alter the surface texture of the as-built 

FDM and PBF-LB/M samples produced at various build inclinations. Figure 14 shows the 

surface images of as-built and shot-blasted surfaces for the two AM processes. Typically, the 
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abrasive media includes sand particles, glass or plastic beads, metal pellets, and so on. 

Depending on the material an appropriate abrasive media must be chosen, usually, sand 

particles have irregular grains that offer more abrasive actions resulting in higher material 

removal rates and a rough surface finish. The glass or plastic beads have more controlled 

circular-shaped grains that smoothen the surface texture [53]. It can be noticed from the figure 

that the raster and stair-step patterns are successfully eliminated due to the abrasive action 

imparted by the shot-blasting process. 

2.2.2 Laser-assisted finishing 

In paper 3, Laser-assisted finishing (LAF) was utilized to improve the surface topography 

quality of Acrylonitrile Butadiene Styrene (ABS) samples produced using the FDM process. 

The LAF process alters the surface structure using high-powered laser beams that melt and 

evaporates the portion of the surface in contact. The literature points out that the LAF process 

has been previously researched to study its effect on the surface finish of ABS samples 

produced using the FDM process [54]. The SLM surfaces have been subjected to Laser 

polishing [55] and Laser ablation methods [56] to improve their surface texture. Figure 15 

provides the images of as-built FDM and laser-finished surfaces, it can be clearly witnessed 

that the raster patterns on the as-built surface are eliminated by the laser-finishing process. The 

extent of surface finishing with this process depends on several process parameters such as the 

Laser power, the Laser speed, the resolution of the laser, and so on.  

 

(a)  

(b)  

Figure 15. Areal surface topography of the FDM process measured at 0° build inclination (a) as-built 

and (b) laser-finished surface. [52] 
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2.2.3 Acetone vapor finishing  

Acetone vapor finishing (AVF) is a surface treatment method that utilizes acetone to corrode 

the top surface layers of materials that are reactive to it, leaving behind a smooth surface texture 

[57]. To carry out this finishing method, FDM surfaces made of ABS material were exposed to 

acetone vapors for a timed duration inside a closed container. Over time, the ABS material 

undergoes a physical state change allowing the top solid surface layers of the thermoplastic 

polymer to slowly melt into a smooth and glossy surface layer. It is important to remove the 

sample in good time as long acetone exposure will deform the sample. Optimizing the acetone 

vapor exposure time, and the number of smoothening cycles is crucial in getting the best surface 

finishes without compromising the dimensional quality of the product. Figure 16 displays the 

as-built FDM and acetone vapor-finished surfaces.  

 

(a)  

(b)  

Figure 16. The 3D view of surface topography of FDM surfaces at 0° build inclination (a) as-built 

and (b) Acetone-vapour finished surface. [52] 

2.2.4 Autoclave Sterilization  

In this section, a different post-processing technique is utilized to modify the micro-roughness 

features necessary for investigating bone growth responses required for a dental application, 

whereas up until this point, the post-processes had been used to alter the macro-roughness 

features primarily to improve the overall surface texture to make it suitable for industrial 

application. In paper 7, biocompatible samples produced using the SLA method were studied 

before and after sterilization to understand their effects on surface topography.   

Autoclave sterilization is commonly known as steam sterilization. The autoclave is mainly a 

container that is capable of withstanding high temperature and pressure, within which the 

surgical equipment is placed for sterilization [58][59]. The samples kept inside an autoclave are 

exposed to saturated steam under a vacuum for a specified period. At elevated temperatures and 
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pressure, the steam not only destroys the microorganisms by also disrupts the micro-roughness 

features on the surface topography. Figure 17 provides relocated surface images of FDM 

samples measured before and after the sterilization process. It can be seen visually that steam 

sterilization only alters the micro-roughness features without affecting the waviness and form 

of the surface. In this paper, the temperature of the steam was kept at 134°C and had a vacuum 

pressure of 0.1 Mbar and the SLA samples were kept in the autoclave for 3.5 minutes. 

  

Figure 17. Areal surface topography of SLA surfaces at 0° build inclination (a) as-built 

and (b) Sterilized surface. Image taken from paper 7. 
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Chapter 3 

METROLOGY SYSTEMS 
This section describes in detail the state-of-the-art surface metrology instruments utilized in 

the thesis for analyzing the topography quality of Additive Manufacturing surfaces. 

3.1 SURFACE METROLOGY 

The term "surface metrology" refers to the practice of taking precise geometrical readings of 

surfaces to account for any deviations that occur due to the manufacturing process [60]. The 

geometrical information includes the shape and texture of the surface. In this context, the 

surface shape refers to form, which includes roundness, flatness, cylindricity, and straightness 

[61].  Surface texture refers to the manufacturing footprints or the geometrical irregularities 

excluding the form, that occur on the top surface layer during the manufacturing process [62]. 

The surface texture becomes increasingly complex with AM processes due to its nature of 

fabricating components layer by layer. Measuring such surfaces demand advanced surface 

metrology instruments. There are several surface measuring instruments that broadly fall under 

three categories. A complete taxonomy of surface metrology instruments is provided in ISO 

25178-6:2010 [63]. According to the standard, the three techniques of measurement include 

line profiling, Areal-topography, and Area-integrating methods. In the following paragraphs, 

these methods are briefly introduced.  

 

Line profiling metrology is a process of measuring the surface profile to retrieve the profile 

roughness information [63]. It is typically measured along a line scanned across the surface and 

mathematically expressed as a function of height h(x) for a given displacement in the measuring 

direction. For circular profiles, the height information can be expressed as h(θ) where θ is the 

angular displacement [11]. Contact stylus profilometer [64], phase-shifting interferometry [65], 

circular interferometric profiler [66], and optical differential profiling [67] are some of the 

measurement methods that belong to this category. 

 

The areal-topography method, as the name suggests, provides surface information by measuring 

the areal surface topography and is mathematically expressed as a function of height h(x,y) for 

a given lateral displacement in the x and y direction [11][63]. It is also possible to get the areal 

topography data by combining several profile measurements, mathematically it can be 

formulated as h(x) being a function of y. Confocal microscopy [17], coherence scanning 

interferometry [68], structured light projection [69], focus variation microscopy [70], digital 

holography microscopy, angle-resolved SEM, SEM stereoscopy [71], scanning tunneling 

microscopy, atomic force microscopy [72], optical differential profiler, point autofocus 

profiling are some the surface metrology instruments that fall under this category.  

 

The area-integrating method is method does not involve generating profile data h(x) or areal 

topography data h(x,y) but rather measures a representative area of the surface that can generate 

numerical results to determine the surface texture [63]. For instance, the pneumatic flow 

measurement is a surface area-integrating method where fluid flows over the surface and its 

flow resistance is noted to calculate the roughness parameter [73]. Other examples include total 

integrated light scatter [74], angle-resolved light scatters [75], and parallel-plate capacitance 

[76].  
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Some of these above-mentioned optical surface metrologies have been briefly described 

elsewhere [77]. An overview of the various surface measurement techniques included in this 

thesis is provided below. 

3.2 STYLUS PROFILOMETER 

The stylus profilometer as per ISO 25178-601 [78], is described as a measurement of the surface 

topography using a probe system with contacting stylus whose displacement is converted into 

the signal as a function of position. Figure 18 presents an illustration of a stylus profilometer 

typically comprising a lateral scanning system and probing system. The lateral scanning 

systems include a drive unit responsible for moving the probing system or the surface to be 

measured along the x and y-axis. The probing system includes the stylus, the probe, and the 

digitizing system. The stylus is a mechanical component consisting of a tip used to measure the 

height data by traversing a predefined distance over the surface. The probe or transducer picks 

up these vertical displacements during the measurements and converts the height data into a 

signal. The digitizing system converts this analog signal to digital, thus the height data of the 

surface corresponding to the surface texture or roughness is measured.  

 

Figure 18. Stylus profilometer 

The lateral axis movement in the stylus profilometer allows for capturing the areal surface 

topography by taking multiple parallel profile measurements. However, the measurement will 

considerably increase and elevates exponentially with an increase in measurement area and 

resolution. The design of the stylus tip and the tip radius determines the resolution of the profile 

whereas for the areal surface measurements the resolution depends not only on the tip design 

and the radius of curvature but also on the sampling interval.  The stylus tips typically are made 

of diamond material with a tip radius ranging from 0.5 to 50 µm. Depending upon the nature of 

the surface under study, an appropriate stylus with a suitable tip radius must be chosen for 

determining the roughness. Furthermore, the use of the hard stylus tip for measurements often 

causes deformations on the surface, hence repeated measurements over the same spot are not 

advised [79]. The deformations can be substantial depending on the properties of the sample 

material, measurement speed, and load on the stylus tip all leading to uncertainty in 

measurements.  
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3.3 COHERENCE SCANNING INTERFEROMETER 

Coherence Scanning Interferometer (CSI) is a surface measurement method wherein the surface 

is imaged based on the localization of interference fringes that occurs due to the variation in the 

optical path lengths during the scanning [77]. Figure 19 displays an illustration of a CSI 

instrument scanning an object surface with varied height features. The mechanical scanners 

allow for the movement of the objective in the z-direction for scanning the surface topography 

and usually, the scan length ranges from a few micrometers for piezo-electric scanners to 

several millimeters for motorized scanners. The illumination from the light source is controlled 

by the aperture and field stops, and the light beam is then focused onto the objective and camera 

with the help of a beam splitter. Typically, the interferometers are designed to contain special 

objectives that contain an internal beam splitter and a reference mirror. Figure 19 shows the 

setup of a Mirau interference objective, there are also other variations such as Michelson and 

Linnik type of objective which has a slightly different arrangement of reference mirror and 

beam splitter [77]. In the objective, the light is projected onto a reference mirror and the surface 

of the object with an internal beam splitter. The variations in the optical path lengths due to the 

differences between the topographical heights between the surfaces of the reference mirror and 

object causes the formation of interference fringes which are then imaged by the camera.  

During the scan, a computer records light-intensity data for each image point or pixel in 

successive camera frames. The areal surface topography can be constructed using the 

information of interference fringes. 

  

 

Figure 19. Coherence Scanning Interferometer 
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3.4 STRUCTURED LIGHT PROJECTION 

Structured Light Projection or Fringe projection (FP) is a “surface topography measurement 

technique whereby a light image with a known structure or pattern is projected on a surface 

and the pattern of reflected light together with knowledge of the incident structured light can 

determine the surface topography” [63]. This measuring technique is named triangulation if the 

structured light is replaced with a single focused spot or fine line. Equation (1 presents a 

geometrical relationship between the projector, camera, and the point/spot on the object’s 

surface defined by the triangulation principle [80].  

𝑝 = 𝑞 
sin 𝜃

sin(𝜃 + 𝛼)
 (1) 

Where,  

C = Point on the surface  

p = Distance of the point on the object’s surface 

q = Known Distance between the Projector and Camera 

θ = Known angle of the light projector 

α = Known angle of the camera 

 

Figure 20. Structured Light Projection 

Figure 20 displays the principle of this technique with an illustration of the triangulation 

method. A light source capable of illuminating the structured light pattern and a camera or 

image sensor to capture the images are needed. A light image of a known pattern or light fringes 

is projected onto the surface to be measured and a camera views the surface under different 

light pattern illumination. The pattern projected gets distorted due to the presence of surface 

features on the sample. This distorted image along with the original incident light pattern is 

utilized to reconstruct the height information of the surface under inspection. This technique 

succeeds in measuring the surface topography of a variety of materials very quickly but fails to 

capture the surface information on reflective or transparent surfaces. In such scenarios, using a 

replica or coating the surface is recommended. Furthermore, it is limited in resolution compared 

to other optical methods.  
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3.5 CONFOCAL MICROSCOPE 

The metrological characteristics of non-contact especially confocal instruments are described 

in ISO 25178-602 [81]. The name confocal implies that both the illumination and detector have 

their optical path on a common focal point [77].  

 
Figure 21. Working principle of confocal microscopy 

Figure 21 illustrates the fundamental concept of confocal microscopy. It consists of two 

identically structured patterns along the optical axis, one of which is positioned near the light 

source and the other near the photodetector. The structured patterns are utilized mainly to 

minimize the size of illumination coming either from the light source or the backscattered light 

from the sample and these patterns can be in form of a single pinhole or set of pinholes, slits, 

or any other pattern [77]. Structured illumination is created when light from the source advances 

through the pinhole, which is then focused onto the objective and sample by the beam splitter. 

The purpose of the beam splitter is to divide the incident light beam from the source into 

transmitted and reflected light beams or in some cases it acts as a filter to remove a certain 

wavelength of visible light allowing the remainder to pass through onto the sample. The 

reflected or backscatter light from the sample passes through the same objective and beam-

splitter and it is directed into the detector pinhole (confocal aperture), which allows only the 

focused light to reach the photodetector and rejects the out-of-focus light. This generates 

optically sectioned images of the surface being measured. An in-plane scanning mechanism 

captures these optically sectioned images and the scanning differs with the type of confocal 

setup, for instance, Laser Scanning Confocal Microscope (LSCM) [82] scans the surface point 

by point along the XY plane. Also, an axial scanning system allows the objective to move on a 

vertical path to capture a series of optically sectioned images of the sample surface at various 

heights. Finally, areal surface topography is reconstructed using these pixel-intensity maps 

(optically sectioned images) [77].  
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3.6 FOCUS VARIATION  

The standard ISO 25178-6 [63] defines Focus Variation (FV) microscopy as a surface texture 

measurement technique where the sharpness of the surface image is used to construct the 

surface height at each position along the surface. Figure 22 presents the working principle of 

the FV measurement method.   

 

Figure 22. Working principle of Focus variation microscopy 

Typically, a Focus variation instrument comprises an optical system with a limited depth of 

field for focus detection, a light source, a charge-coupled device (CCD) sensor, and a drive 

mechanism [77]. Through the beam splitter (semi-transparent mirror) light from the source is 

delivered to the objective and sample. The light gets scattered upon its incidence on the surface 

and some of the reflected light is captured by the CCD sensor. The vertical movement of the 

sample in relation to the objective alters the degree of focus of the sample surface, and this 

alteration in focus is responsible for the contrast change in the CCD sensor. By examining the 

contrast on the CCD sensor, the height information of the inspected surface can be 

reconstructed. This measurement approach enables FV to capture surfaces that contain features 

with steep slope angles [83]. 

3.7 CONFOCAL FUSION 

Confocal fusion is a mode of measurement that combines both Confocal microscopy and Focus 

Variation methods for imaging the surface topography [84]. It is especially advantageous to use 

this technique for measuring surfaces with steep slopes and also surfaces that are highly 

reflective [84][85][86]. This technique was most suited for measuring the PBF-LB/M surfaces 

that contained reflective top surfaces and steep surface slopes due to the presence of powder 

particles at higher build inclinations. However, this technique along with the other "line of 

sight" instruments stated before (stylus profilometer, structured light projection, focus 

variation, and confocal microscopy), cannot capture the re-entrant features [13] present in PBF-

LB/M samples. 
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3.8 SCANNING ELECTRON MICROSCOPE  

The limitations of the optical microscope to resolve finer details are overcome by the electron 

microscope with its high lateral resolution, broad magnification range, and large depth of field 

due to the utilization of the shorter wavelength of electrons for imaging. A Scanning Electron 

Microscope (SEM) normally comprises a vacuum-operated electron gun, electromagnetic 

condenser lens, objective lens, deflection coils, sample mounting stage, and sets of electron 

detectors (secondary and backscatter electron detectors) [87]. The electron gun typically 

consists of a tungsten filament or Lanthanum- or Cerium hexaboride or a Field emission source 

from which electron beams are accelerated towards the specimen. The electron beam scans the 

sample in a raster fashion and a greyscale image is produced based on the intensity of signals 

obtained from the electron interaction with the sample. SEM is usually utilized for qualitative 

analysis since it produces two-dimensional false greyscale images, however, by the 

photogrammetry method, it is possible to obtain a three-dimensional image by reconstructing 

two or more grey-scale images captured at different angles [71]. In paper 1, 3D SEM was 

utilized for quantitative characterization of areal surface topography and in paper 6, SEM 

images were utilized for qualitative analysis of porosity in the FDM bronze sample.  
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Chapter 4 

TOPOGRAPHY CHARACTERIZATION 

METHODS 
In this chapter, various topography characterization methods utilized for defining surface 

quality of Additive Manufacturing (AM) and post-AM processes are described. It is followed 

by a presenting an overview of statistical methods utilized for analysis.  

4.1 NATURE OF SURFACES  

Surface metrology enables the capturing of the surface topography of manufactured samples. 

The captured surfaces can be subjected to analysis through qualitative or quantitative methods, 

in doing so, it is possible to optimize the manufacturing process for controlling the surface 

quality and function. The measured surfaces must be processed and refined before 

characterizing the topography data, since it may include form errors or other irregularities such 

as noise due to vibrations and so on. As mentioned earlier, every surface includes geometrical 

information about surface shape (Form and waviness) and texture (roughness) [62]. 

The form, waviness, and roughness of the measured surface are usually distinguished by 

measuring their surface wavelength [88]. Form errors have the largest wavelengths and they 

can occur when a surface containing a geometrical shape is measured. The rotary forms occur 

when the surface of a cylinder, cone, or sphere is measured and the planar form is due to tilting 

errors or when measured on a slope. Waviness surfaces have usually shorter wavelengths 

compared to form and can occur due to manufacturing process defects or in some cases due to 

the nature of fabrication itself. For instance, the “stair-step” effects in AM are considered to be 

waviness. The residual surface after filtering out the form and waviness surfaces provide the 

surface texture or the roughness surface. It must be noted that the separation of waviness and 

roughness features of the surface is arbitrary, an appropriate filter with a suitable nesting index 

must be chosen based on the required objective [88].  In the next chapter, a description of 

surface refining methods is presented.  

In the following sub-sections, various topography characterization methods are discussed. 

These methods can broadly fall under two categories: Scale-limited and Multi-scale surfaces. 

Scale-limited surfaces refer to the surfaces measured at a particular scale of interest. ISO 25178-

2:2021 [89] defines scale-limited surfaces as S-F or S-L surfaces. The S-F surface refers to the 

surface obtained after removing the form from the primary surface. The primary surface refers 

to the surface obtained after applying S-filter (small-scale filter) to the raw surface data. The S-

L surface refers to the surface obtained after applying L-filter (Large-scale filter) to the S-F 

surface [89]. In short, the scale-limited surface is either a waviness or roughness surface 

captured at a particular scale. On the other hand, multi-scale surfaces are surfaces that are 

viewed at various scales of observation [90]. It can usually be obtained by filtering the surface 

using various nesting indexes. 
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4.2 SCALE-LIMITED SURFACE CHARACTERIZATION METHODS  

4.2.1 Profile roughness parameters 

The ISO 21920-2:2021 [91] cancels and replaces the previously known standard ISO 

4287:1997 [92] that specifies the terms, and definitions for the profile roughness. Table 1 

provides a list of parameters based on the roughness profile and highlights the parameters that 

existed in the old standard along with a set of new parameters as per the current standard. The 

profile parameters are categorized into various groups that define the characteristics of a 

measured profile based on height, spatial, hybrid, material ratio, function, and feature aspects. 

A brief explanation of various parameters can be found elsewhere [10][93].  

Table 1. Classification of profile roughness parameters as per ISO 21920-2:2021 [91]. 

Symbol Unit Parameter Group 

Rqa, Rta, Rpa, Rva, Rza, Raa,  

Rptb, Rvtb, Rzxb 
µm 

Height Parameters 

Rska, Rkua, No unit 

Ral (s), Rsw mm Spatial parameters 

Rdqa,  

Rda, Rdt,  
° 

Hybrid parameters 
Rdl mm 

Rdr % 

Rmra (c),  % 

Material ratio parameters Rdca (p,q), 

Rmc (p) 
µm 

Rk, Rpk, Rvk, Rvq, Rpq µm 
Functional parameters (Stratified surfaces) 

Rmrk1, Rmrk2, Rmq % 

Rvm (p), Rvv (p), Rvmp (p), Rvmc 

(p,q), Rvvc (p,q), Rvvv (p) 
µm3/mm2 Functional parameters (Volume) 

Rsma, Rca,  µm or mm 
Feature parameters (Profile elements) 

Rpca 1/mm 

Rpd, Rmpc,  1/mm 

Feature parameters 

(watershed segmentation - Wolf pruning % of Rz) 

R5p, R5v, R10z, Rhhm, Rddm, 

Rhwm, Rdwm 
µm or mm 

Rhvm, Rdvm µm3 

aParameters that were in the old ISO 4287:1996 standard 
bParameters that were previously termed as Rp1max, Rv1max, and Rz1max in ISO 4287:1996 

The raw profile after the measurement is refined to eliminate noise by applying the low pass 

micro-roughness filter with certain cut-off (λs) specified in ISO 4288 [94], resulting in the 

Primary profile. The roughness and waviness profiles can be separated using the high-pass 

Gaussian filters with a cut-off in accordance with ISO 16610-21 [95]. The profile parameters 
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calculated on primary, roughness, and waviness profiles are denoted by prefixes P, R, and W 

respectively.  

4.2.2 Areal surface texture parameters 

The recently amended ISO 25178-2:2021 [89] presents a vast number of areal surface texture 

parameters defining several geometrical features of measured surface topography. Table 2 

shows the list of all the areal surface texture parameters as per the new standard.  

Table 2. Classification of areal surface texture parameters as per ISO 25178-2:2021 [89]. 

Symbol Unit Parameter Group 

Sqa, Spa, Sva, Sza, Saa,  µm 
Height Parameters 

Sska, Skua, No unit 

Sala (s), Ssw  mm  

Spatial parameters Stra (s) No unit  

Stda ° 

Sdqa  No unit 
Hybrid parameters 

Sdra % 

Smra (c),  % 
Functional parameters (Material ratio curve) 

Sdca (p,q), Smca (p) µm 

Vma (p), Vva (p), Vmpa (p), Vmca 

(p,q), Vvca (p,q), Vvva (p) 
µm3/mm2 Functional parameters (Volume) 

Ska, Spka, Spkx, Svka, Svkx µm 

Functional parameters (Stratified surfaces) Svqa, Spqa, Smqa No unit 

Smrk1b, Smrk2b, Sak1, Sak2 % 

Spca, Svc 1/mm 

Feature parameters (Watershed segmentation - 

Wolf pruning % of Rz) 

Spda, Svd 1/mm2 

S10za, S5pa, S5va 

Shh, Sdd 
µm  

Shaa, Sdaa mm2 

Shva, Sdva mm3 

Shn, Sdn No unit 

Shrn, Shff, Shar, Sdrn, Sdff, Sdar No unit Feature parameters based on the shape 

(Watershed segmentation - Wolf pruning % of Rz) Shed, Sded mm 

aParameters that were in the previous ISO 25178-2:2012 standard 
bParameters that were previously termed as Smr1, and Smr2 in ISO 25178-2:2012 

The areal surface texture parameters can broadly be classified into field and feature parameters. 

The field parameters are calculated from all the data points on a scale-limited surface, whereas, 

feature parameters are based on a subset of topographical information from a scale-limited 

surface [11]. They are further classified into several sub-groups as shown in Table 2, with each 



30 

 

group defining various geometrical aspects of the surface topography. The areal surface texture 

parameters are denoted by ‘S’ representing surface and ‘V’ for volume. In contrast to profile 

parameters, the notations (S or V) of the areal surface texture parameters do not indicate 

whether the measured surface is a waviness or roughness surface. The surface parameter values 

must therefore be associated with filtering conditions to understand the nature of the surface 

under investigation [11]. ISO 16610 series of standards presents various areal filtering methods 

that allow the separation of waviness and roughness features of the surface for analysis. 

Furthermore, it must be observed that most of the areal surface texture parameters are the direct 

counterpart of profile parameters [88] and therefore, both the characterization methods are 

comparable explaining similar geometrical features of the surface.  

• Height parameters are a set of parameters that characterize topographic features normal to 

the surface (z-direction). Within the height parametric group, several parameters provide 

the complete specifications of amplitude features of the measured surface. The average 

roughness (Sa) parameter gives a measure of overall surface texture, Skewness (Ssk) 

provides the shape of the topography height distribution, and Kurtosis (Sku) indicates the 

sharpness of the surface height features. The parameter Sz gives the overall height of the 

surface topography features and Sp and Sv provide the maximum height of the peaks and 

valleys respectively. These parameters can be used to identify extremely sharp peaks and 

valleys, often caused due to measurement noise or surface defects. [11] 

• Spatial parameters consist of mainly three parameters defining various characteristics of 

surface texture. Auto-correlation length (Sal) provides a quantitative measure of distance 

over the surface texture such that the new location has the least correlation or is statistically 

different from its original position. Standard texture direction (Std) is deduced by analyzing 

the Fourier spectrum of the surface being measured. It is utilized to indicate the direction or 

orientation of the dominant texture or lay on the surface topography. The texture aspect 

ratio (Str) provides the isotropy information of the surface. If the value of Str is closer to 0 

the surface is anisotropic indicating the presence of dominant texture direction and when 

the Str value is closer to 1 the surface is isotropic [11]. The newly included parameter Ssw 

provides the dominant spatial wavelength of the surface topography [89]. 

• Hybrid parameters provide a measure of the complexity of the surface topography. It is 

mainly utilized to define surface features that depend on both the amplitude and spacing 

features such as slopes, curvatures, and so on. A brief explanation of these parameters is 

provided in [11].  

• Feature parameters characterize specific features on the surface topography, and they play 

a crucial role in the functional behaviour of the product. They provide information on the 

height, density, curvatures, roundness, form factor, diameter, and aspect ratio of hills or 

peaks and dales or pits of the surface topography. The significant features can be identified 

by performing surface segmentation by the watershed method [89] followed by the pruning 

that helps in avoiding over-segmentation by setting a height threshold usually specified as 

a percentage of the total height parameter (Sz). [11] 

• Functional parameters are defined based on the Abbott-Firestone curve, which is also 

known as the Bearing area or Material ratio curve. It is a graphical representation of the 

Cumulative Distribution Function (CDF) of surface amplitudes expressed in the percentage 

of material [93]. Functional parameters can be utilized to understand surface functional 

behaviour such as lubrication capacity, wear effects, and so on. Generally, using the Abbott-

Firestone curve [96], certain functional height and volume parameters can be defined that 
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describes the quantity of material or void present between a predefined threshold or material 

ratios. Additionally, the functional behaviour of surfaces containing several textures 

imposed at different depths, often generated due to processing with distinct manufacturing 

procedures, can be described using Stratified parameters that fall under this category [11]. 

4.3 MULTI-SCALE SURFACE CHARACTERIZATION METHODS 

4.3.1 Power spectral density 

The ISO 25178-2:2021 [89] and ASME B46.1:2002 [97] standards define the Areal Power 

Spectral Density (APSD) as the magnitude square of the Fourier transform of the measured 

surface normalized by the pixel size. The Fourier transform decomposes the surface height 

distribution z(x,y) into individual frequency components.  Equation 1 represents the Fourier 

transform of the measured surface.  

 Ϝ (𝑢, 𝑣) = ∬ 𝑧(𝑥, 𝑦)𝑒−2𝑖𝜋(𝑢𝑥+𝑣𝑦)
 

𝐴

 𝑑𝑥 𝑑𝑦 (1) 

Where, z(x,y) provides the surface amplitude data for lateral displacement in the x and y 

directions; u and v are the spatial frequencies in the x and y directions; A is the area of a pixel 

or the lateral resolution of the measured surface with a certain width or breadth b and length l.  

As per the definition, APSD or 2D PSD is given by,  

 𝑓𝐴𝑃𝑆𝐷(𝑢, 𝑣) =
1

𝐴
|Ϝ(𝑢, 𝑣)}|2 (2) 
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Usually, the lateral resolution of the optical microscopes is the same, and hence b = l and A = 

l2. Therefore, 

 𝑓𝐴𝑃𝑆𝐷 (𝑢, 𝑣) =
1

𝑙2
|∬ 𝑧(𝑥, 𝑦)𝑒−2𝜋𝑖(𝑢𝑥+𝑣𝑦)

𝑙/2

−𝑙/2

𝑑𝑥 𝑑𝑦|

2

 (4) 

The power spectral density can be utilized to visualize the amplitude of the measured surface 

texture as a function of spatial frequency. The definition, applications, and comprehensive 

mathematical expression of APSD are provided elsewhere [98][99][100]. It is vastly adopted 

for characterizing optical and polished surfaces [99]. In this thesis, the PSD is utilized to 

describe the surface topography of PBF-LB/M and MEX processes for identifying the 

significant wavelength features influencing the surface quality and function. There are several 

types of power spectral density, hence, it is crucial to choose the right method, and other 

associated functions depending on the surface type before interpreting its results [101].  

4.3.2 Scale-sensitive fractal analysis 

Additive Manufacturing surfaces consist of topographical features of many sizes and scales but 

are mostly quantified at a single scale using the standard areal surface texture parameters. This 

could occasionally provide inaccurate results, particularly when identifying the correlation 
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between the surface and its functional performance. In such situations, the multiscale technique 

could be advantageous because it allows for surface analysis at several scales of observation. 

Scale-sensitive fractal analysis (SSFA) [89][90][102][103][104] is a type of multi-scale 

characterization method comprising two fractal methods namely the area-scale and length-scale 

analysis, where the former analyzes the areal features and the latter analyzes the profile length 

as a function of scales. In this thesis, the area-scale method is mostly utilized for analysis and 

in this method, the relative area and complexity of the surface topography can be calculated. 

The area-scale analysis involves creating a mesh of triangular tiles over the surface topography 

(see Figure 23) with each triangle having the same area representing a particular scale of 

measurement. The relative area at a certain scale is estimated by diving the calculated area by 

the nominal area at that scale. The calculated area is obtained by multiplying the number of 

triangular tiles covering the surface and the area of each triangle at a particular scale. The 

nominal area is obtained by calculating the area of the triangular tiles projected on the datum 

plane. The complexity of the surface topography is obtained by taking the slope of the relative 

area plot and multiplying it by the order of magnitude [11][105]. 

 

 

Figure 23. Relative area plots show an example of a tiling algorithm performed on as-built PBF-

LB/M surface. (a) Original surface (b) Relative area curve as a function of scale; (c-e) Surface 

topography representation at three different scales. [52] 

4.3.3 Feature-based characterization 

Additive Manufacturing surfaces, particularly PBF-LB/M surfaces comprise several 

topographical features that include powder particles, melt tracks, and other manufacturing 

footprints. Characterizing them individually could give a better understanding of the AM 
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process for effective surface quality and function optimization and control. The literature points 

out several strategies for characterizing the surface features of AM samples [106][107], 

similarly, in this thesis, Feature-based characterization is discussed for the PBF-LB/M method. 

The feature-based characterization involves isolating the various significant surface features 

and then characterizing them individually to establish a complete understanding of the surface 

creation process for the chosen manufacturing process. In the present context, the surface 

features of the PBF-LB/M process were extracted in two of the following steps.  

 

Firstly, the waviness from the measured surface topography was eliminated by applying a 

robust Gaussian filter (ISO 16610-71) with a suitable nesting index based on the characteristics 

of the measured surface. The isolated waviness surface would include the form caused due to 

the presence of powder particles, “stair-step” effects, and due to thermal conditions (shrinkages 

and swelling) during the printing process [108]. The roughness surface would include the 

powder particles and other manufacturing footprints.  

 

Secondly, the powder particles present in the roughness surface were isolated using the binary 

thresholding function, which was achieved by moving a cutting plane from the highest point on 

the surface to the material ratio value corresponding to the Reduced peak height (Spk) of the 

surface. The residual surface thus obtained as a consequence of this operation includes the 

remaining footprints of the PBF-LB/M process, which along with the waviness surface can be 

parametrically characterized using areal surface texture parameters (ISO 25178-2). The isolated 

powder particles can be collectively characterized by measuring their volume. This 

methodology can be visualized in Figure 46, in section 6.5.2.  

4.4 STATISTICAL APPROACHES  

4.4.1 Regression 

Regression, a statistical data analysis tool, is typically used to model interactions between 

dependent and independent variables [109][110]. Linear models are used in both simple linear 

regression (where only one independent variable is used) and multiple linear regression (when 

several independent variables are used) to predict the result of the dependent variable. In this 

thesis, a linear model is utilized to derive the correlations between the AM process settings or 

post-AM process settings and the surface parameters for optimizing the surface quality and 

product function. Furthermore, a special case of regression analysis is the Analysis of Variance 

(ANOVA) which explains the difference between the means of two or more data groups. It is 

important to understand the various factors involved in regression output to interpret the results 

required for process optimization and control. 

• Coefficient of determination (R2) describes the extent to which a given difference in one 

variable can be accounted for by the difference in another variable. In the context of surface 

analysis of AM processes, R2 indicates the portion of the variance in the surface parameter 

readings that is predictable by the AM process settings. High R2 values indicate a strong 

correlation between the dependent and independent variables. However, the R2 assumes that 

all of the independent variables contribute to explaining the dependent variable. This may 

not always be true since some of the independent variables may not aid in forecasting the 

outcome of the dependent variables. Hence in such situations, the Adjusted R2 can be 
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helpful since it pinpoints the exact set of independent factors responsible for explaining the 

dependent variables' variability. Usually, the adjusted R2 is preferred when there are many 

independent variables involved for analysis and if the difference between the R2 and 

adjusted R2 values is high, then it indicates that one or more of the independent variables 

may not adequately explain the variability in the surface parameter values. Excluding such 

independent variables or adding interaction effects can be some of the possible solutions to 

improve the accuracy of the model. The model fit may also be assessed with the help of the 

adjusted R2.  

• Significance F explains the trustworthiness of the data utilized in regression analysis. If the 

p-value associated with the F-test is less than 0.05, then there is a good chance that the 

measurements are accurate with respect to the process variables. It can also be utilized to 

determine the extent to which independent factors are reliable in predicting the variations 

of dependent variables.   

• P-value in the regression output is utilized to determine the effects of independent variables 

on the dependent variables. In the present context, the independent variables refer to AM 

process variables and the dependent variables are the surface or profile parameters. The p-

value is generally utilized in null hypothesis testing to determine whether the measured data 

is statistically different from the selected t-test. The null hypothesis usually suggests that 

there is no significant relationship between the two variables being measured. If the p-value 

is lower than 0.05, then the null hypothesis is rejected indicating a positive relationship 

between the measured variables. 

• Regression coefficients in the regression output provide numerical values that can be 

utilized to model the relationship between the dependent and independent variables. The 

coefficients of the independent variables can be insignificant in determining the dependent 

variables if the associated p-values are more than 0.05. The coefficients can return positive 

or negative values indicating an increasing or decreasing relationship to the dependent 

variable. 
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Chapter 5 

RESEARCH METHODOLOGY  
Research methodology refers to systematic procedures or techniques followed to effectively 

achieve the stated research objective. In this chapter, an overall structure and description of 

the steps involved in the research methods are presented. It is followed by a brief discussion of 

the newly developed method for answering one of the research questions.  

5.1 STRUCTURE OF RESEARCH METHODOLOGY 

The main objective of this research is to find appropriate methods for characterizing the AM 

surfaces to fully understand the nature of the manufacturing process for optimizing the surface 

quality to achieve optimal product performance. It is important to reiterate this research 

objective to dissect this information mainly to establish the appropriate research methods 

required to achieve this goal. The research objective is as per the formulated research approach 

based on the three facets of the surface control loop previously discussed in section 1.3. 

Relevant research methods are established based on each facet as shown in Figure 24. Since 

this research is focused on process optimization, the study is mostly based on experimentation 

where the cause-and-effect relationship is studied between the process control variables and the 

surface topography formation, hence an experimental research methodology is employed. 

 

 

Figure 24. Structure of research methodology as per the research approach 
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5.2 EXPERIMENTAL RESEARCH METHODOLOGY  

Empirical research is a type of research whose findings and conclusions rely on observed or 

experimental data or evidence rather than abstract theories and assumptions [111]. Empirical 

research is an umbrella term that includes a wide range of research methods such as interviews, 

observations, surveys, case studies, experiments, and so on, which are broadly classified into 

quantitative and qualitative methods [111]. A complete taxonomy of research methods and their 

definitions can be found in [112]. As mentioned earlier, in this thesis, the findings and 

conclusions are mostly based on performed experiments and hence an experimental research 

methodology is followed. 

Experimental research follows a scientific approach attempting to prove or disprove a 

formulated hypothesis by performing laboratory or field experiments [113]. It usually involves 

experimentation to study the relationship between multiple-independent (AM process control 

variables) and dependent variables (roughness parameters). There are several types of 

experimental research methods but are broadly classified into two categories namely 

Laboratory experiments (True/Classical experiments) and Field experiments (Pre-experimental 

and Quasi-experimental designs) [113]. Laboratory and Field experiments are scientific 

methods of hypothesis testing involving cause-and-effect relationships, where the former is 

performed under controlled conditions and the latter is performed in natural settings 

representing real-world situations. The research work presented in this study is more inclined 

toward laboratory settings since the experimentations take place using controlled process 

variables. It would be necessary to include uncontrolled independent variables (Environmental 

temperature, humidity, vibrations, and so on), in order to gain more realistic conditions. 

However, previous research points out that in any research design it is difficult to establish 

inference conclusively due to various uncertainties involved in the process but laboratory 

experimentation provides the highest possibility of decisive inference since the tests are 

performed under controlled conditions [113].  

Experimental research includes three important steps i.e. the Experimental design or Design of 

Experiments (DoE), Data collection methods, and Data analysis steps. The following sections 

discuss in detail these core concepts involved in experimental research along with a newly 

developed method to identify the significant roughness parameters and scale crucial for 

analyzing the manufacturing process and surface function.  

5.2.1 Design of Experiments (DOE) 

Design of Experiments (DoE) is defined as a statistical process of formulating a series of 

experiments based on independent variables to then analyze the empirically collected data 

mainly to discover and validate the objective information about a system under investigation 

[114]. Generally, DoE generates a number of experimental units consisting of a combination of 

“factors” and “levels” to determine its influence on the measured dependent variable. The word 

“factors” refer to two or more independent variables in a system and “levels” refer to several 

layers within each factor. For example, in the present research context, the factors are the AM 

process control variables such as layer thickness, print speed/temperature, infill density, and so 

on. Each factor has layers, for example, layer thickness for an FDM process can be chosen as 

anything between 0.1µm to 0.4 µm (the numerical values of layer thickness can vary from one 
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AM system to another) which are termed “levels”. The dependent variables are the obtained 

surface/profile parameter reading from the surface topography measurements. 

The major constraint of this research method is that the causal inferences made on the 

experimental results highly depend on the chosen DoE [115]. It is, therefore, important to 

consider randomization, replication, and blocking while designing the experiments before 

drawing any inferences or conclusions from the results. In doing so, it improves the accuracy 

and precision of estimating the effects of factors on dependent variables. Randomization refers 

to a random selection and ordering of experimental units, Replication refers to multiple runs of 

experimental units comprising of same factor-level combination. Blocking refers to segregating 

or grouping similar experimental units to reduce the effect of uncontrolled factors.    

There are several types of DoE and its complete taxonomy with explanation can be found in 

[114][115][116]. A summary of only a fraction of the classical DoE is presented in this thesis 

mainly to point out the typically followed procedure of conducting experiments in the appended 

papers. This research follows two main steps in DoE i.e., Screening Experiments, and either 

Full or Fractional factorial designs using Taguchi’s Orthogonal Arrays [115].  

Screening experiments form the initial stage of experimental design, typically used when there 

is a large set of factors involved. This is mainly done to vaguely establish a boundary between 

the factors that affect and the factors that do not affect or influence the dependent variable. It 

can also be used as a way to test the limits of the manufacturing process and note the most 

important factors influencing the outcome. After identifying the factors, subsequent 

experiments may be necessary to fully establish the relationship between independent and 

dependent variables. In this thesis, the experiments are designed either based on established 

knowledge (previously published papers or expert opinion) or from the experience gained 

during the experimental screening process.  

A full factorial design provides all possible experimental units for factor-level combination in 

experimental design. It can evaluate multiple factors with multiple levels which provide 

complete information about the process under investigation. A full factorial design is used when 

there is a limited number of factors and levels mainly due to the investment of time that is 

required to run all experiments. Hence, fractional factorial designs are often used to overcome 

the time constraint. It is a subset of full factorial designs that are carefully selected to represent 

the whole experimental design. One type of fractional factorial design is Taguchi’s orthogonal 

array [115] which allows selecting a balanced subset of multiple factors with multiple levels 

that ensure providing unbiased designs by considering all levels and factors equally.  

Furthermore, more advanced methods such as Response Surface Methods (RSM) [116] and 

Monte-Carlo simulations [117] can be used to study the non-linear relationship between the 

independent and dependent variables of a complex system.  

In this thesis, a linear model developed using relatively simplistic experimental designs seemed 

to be sufficient for investigating the surface topography of AM processes.  

5.2.2 Data Collection  

Data collection is a process of acquiring information by measuring factors of interest that either 

answer an underlying research objective, tests a hypothesis, or simply evaluate an outcome 

[118]. In the present research study, the data collection mainly refers to measuring topography 
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information of AM surfaces for conducting detailed data analysis to establish credible evidence 

for predicting and optimizing AM processes required to achieve its product function. The 

surface data collected is mostly primary data since it is directly collected from the researcher 

by performing experiments.  

The surface topography of AM processes is measured using state-of-the-art surface metrology 

instruments as discussed in Chapter 3. To study any manufacturing process, it is crucial to 

select appropriate surface metrology methods since they dictate the outcome of the study. Every 

surface measuring instrument produces surface information differently, some are comparable 

while others provide distinct surface data. The data extracted can either be used for qualitative 

or quantitative purposes depending on the defined research objective. However, for any surface 

data to be meaningful, several things need to be considered.  

▪ The calibration procedure is imperative for any surface metrology instrument to ensure 

the certainty of the data measured. It is a process of configuring the instrument so that 

the measured surface information lies within the acceptable range of the standard 

reference specimen [119].     

▪ Sampling size broadly implies the number of surface measurements made on a particular 

specimen to get a representative roughness value for that specimen. The definition of 

sampling size differs with the type of measurement. For instance, in profile 

measurements, each measurement made is termed as the evaluation length upon which 

the profile parameters are defined. The evaluation length is usually segmented into 5 

equal parts (by default as per ISO 4288:1996) and each part is called a sampling length 

[94]. To summarize, five sampling lengths make one evaluation length which represents 

one profile measurement made on a surface, and the number of such evaluation lengths 

measured gives the sampling size. With surface or areal measurements, the default as 

per ISO 25178-2:2021 is one sampling area per evaluation area [89] and a number of 

such sampling or evaluation areas gives the sampling size. In this study, the sampling 

size varies from one AM surface to the other. Usually, an average of 5 to 10 

measurements are taken to get statistically reliable parameter readings.  

▪ The choice of magnification is vital for analysis but largely depends on the research 

objective. For instance, if the area of interest is to study the function such as wear, then 

macro-roughness features could be more relevant for the study which can then be 

measured using low magnification. Magnification gives the possibility of observing 

surface features at various scales.  

▪ Every optical microscope has an objective lens associated with a certain magnification 

which when focused onto the specimen surface, an image of a certain area of the surface 

can be captured. This area captured is called the field of view or measurement area. The 

measurement area can be the area corresponding to either a single magnification 

measurement or a stitched area of several measurements. Each measurement area 

comprises several pixels and the size of each pixel is termed as the resolution for a given 

magnification. Whereas in profile measurements, the magnification corresponds to the 

resolution which is the same as the size of the stylus tip radius.  

▪ It must be noted that in areal surface measurements, the evaluation area or sampling 

area is the same as the measurement area or field of view, however, several of such 

measurements are considered as sampling size.  

▪ Other confounding factors such as environmental temperature, humidity, and so on can 

also influence surface measurement factors.  
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The exact values of chosen surface metrology specifications for each of the appended papers 

are presented in the results and discussion section.  

5.2.3 Data Analysis 

After the collection of data, the next step would involve analysis to extract meaningful 

information required for the study. The surface measurements can be either a profile or areal 

surface data. In areal surface measurements, the captured surfaces contain geometrical features 

that typically correspond to surface shape and texture formed as a result of the manufacturing 

process. The surface shape corresponds to form and waviness, and the texture is termed 

roughness. As per the ISO 25178-2:2021 [89] standard, the measured surface is called the raw 

or unrefined surface containing the aforementioned irregularities, and a primary surface is 

extracted from the raw surface after applying the S-filter removing the small-scale lateral 

features that correspond to noise in the measurements. The form is removed from the primary 

surface by applying the F-operator and the resulting surface is labelled as the S-F surface to put 

simply the term “S-F” refers to the surface obtained after removing the form. Further, the 

waviness or the large-scale components are removed by applying L-filter to the S-F surface 

resulting in an S-L surface denominated as roughness or texture.  

Similarly, ISO 4288 [94] standard defines the refining procedure for the profile measurements, 

the primary profile is obtained after the application of a low pass micro-roughness filter (λS). 

The form errors mostly correspond to tilt or shape correction of the measured profile and the 

high-pass filter (λC) as per ISO 16610-21 [95] separates the waviness and roughness profiles. 

All the captured surface profiles or images are processed using the software MountainsLab, a 

3D imaging, and analysis tool from Digital Surf. Once the surfaces or profiles are refined, they 

can be subjected to various topography characterization methods (refer to Chapter 4).   

Form removal  

In this study, the form is removed mostly using the levelling operator by the least-squares 

method that can be applied to both profile and areal surface texture measurements. There are 

other types of form removal techniques based on various algorithms, for instance, tilt errors can 

be removed using levelling line by line and levelling by partition, and polynomial 

approximation with higher orders can be used to remove any shape from the measured surface 

topography. The selection of the type of form removal operator depends on the nature of the 

surface under investigation.  

Filtering  

After removing the form from the surface, various metrological filters such as Gaussian filter, 

spline filter, morphological filter, motif method, wavelet transform, Fast Fourier transform 

(FFT) filters, and spatial filters can be utilized to separate the waviness from the roughness 

features [120]. These filters can also be used to remove the measurement noise from the surface 

data. A brief explanation of these filters can be found in [101]. In this thesis, the robust Gaussian 

filters (ISO 16610-71) were most commonly used and in one case FFT filters were utilized for 

analysis. The accuracy of separation of waviness and roughness components of the surface or 

profile mainly depends on the type of filter utilized along with the selection of nesting index or 

cut-off value. The term nesting index is commonly associated with areal surface texture 

measurement and cut-off values with profile measurements [121]. It decides the way the chosen 
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filter separates the surface features at a particular scale or wavelength based on its parameter 

value. ISO 16610 series of standards specifies the metrological characteristics of various areal 

and profile filtering methods to refine the surface data for analysis. 

Other operations 

Generally, the topography measurement of any manufactured surfaces results in either a few 

non-measured points or outliers in the form of sharp peaks or valleys, this may be due to the 

surface complexity or material transparency, and reflectivity issues of the sample. This 

challenge is particularly pronounced in optical measurements and can be handled by processing 

the image in the software. The software fills in these non-measured points by measuring the 

neighboring data points or by filling them with a constant value. The outliers can be removed 

by using image dilation [122].  

5.2.4 Developed methodology 

Additive Manufacturing (AM) surfaces contain various intricate features that constitute their 

surface roughness. The surface features are due to the physical phenomena that occur as a 

consequence of its manufacturing process and its process variables [9]. The surface features, 

for instance in metal AM, include melt pool tracks, stair steps, the spattering of powder 

particles, the balling effect due to the agglomeration of powder particles, and so on [9][123]. 

To achieve a complete geometrical description of these surface features, more than one and 

often several roughness parameters are required. It is also important to note that these features 

on the surface topography can be of many scales and sizes [124]. However, not all of these 

surface features will affect the functional performance of the AM part [15]. It is, therefore, 

necessary to identify the important parameters and scales that describe those specific surface 

features that affect functional behaviour. The following sub-chapters present two developed 

methodologies, the first is an approach to identify significant roughness parameters for scale-

limited surfaces and the second is to identify the significant scales and their corresponding 

roughness parameters for multi-scale surfaces. These methodologies are utilized in this study 

to have an improved interpretation of AM surfaces and for effective optimization of the AM 

process to achieve its intended function.  

Identification of significant roughness parameters using regression 

For the scale-limited surfaces, regression analysis is utilized for identifying the significant 

parameters. Regression analysis is a statistical data analysis tool for modelling and predicting 

the relationship between the dependent and independent variables [109][125]. The regression 

analysis used in this context is based on a linear model with multiple dependent and independent 

variables and hence it is called Multiple Linear Regression (MLR) [126]. In this study, the 

dependent variables are surface or profile roughness parameters and the independent variables 

are the process control variables from various AM processes (layer thickness, print temperature, 

etc.), Post-processes (Shot blasting media, laser engraving power, etc.), and design factors 

(build inclination, part orientation, etc.). Figure 25 presents a workflow that is followed to not 

only identify the significant parameters but also to determine the influence of process control 

variables on the identified parameters.  

The surface topography of various AM processes was measured and characterized using 

profile/surface roughness parameters as per the ISO standards. The roughness parameters were 
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then linearly regressed with AM process variables as per the selected design of experiments and 

analysis of the resulting regression output reveals the relevant roughness parameters. In this 

study, the four factors such as coefficient of determination (R2), Significance F, P-value, and 

regression coefficients are considered to be important. The first three factors are more 

concerned with the validity of the results while the last is used for modelling the relationship 

between the roughness parameter and AM process variables. A complete description of various 

factors in the regression output can be found in chapter 4, section 4.4.1. However, a brief 

explanation is presented for ease of understanding of the developed method. The following 

steps describe the parameters selection criteria.  

 

 

Figure 25. Identification of significant parameters using regression 

1. The first step of the parameters selection criteria is to observe the Coefficient of 

determination, R2 value in the regression output. The R2 provides information on the 

goodness of fit to show how well the chosen regression model fits the observed results 

[126]. The higher the value of R2 the higher will be the goodness of fit and the better will 

be the accuracy of prediction. The low values of R2 indicate that the chosen linear model 

may be insufficient in describing the variations between the dependent and independent 

variables. The adjusted R2 is utilized when there are several independent variables. In this 

study, a certain cut-off value of R2 or adjusted R2 is set as a threshold to filter out the 

parameters that do not agree with this condition.  

2. The second step is to examine the Significance F value. This provides information on the 

reliability of the regression data. From the regression output, any roughness parameter that 

has a significance F value less than 0.05, indicates that the probability of measurements 

made with respect to the process variables is not random. This is the final step in the 
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selection of relevant parameters, the parameters that agree with steps 1 and 2 are termed as 

significant.  

3. After establishing all the significant parameters, the next step is to identify which of the 

many independent variables used in the study has a significant influence on surface 

parameters. For this purpose, the P-value from the regression output is analyzed. Any 

independent variable whose p-value from the regression output is less than 0.05 does not 

have any influence on the roughness parameter. This step establishes the relationship 

between the roughness parameters and the process control variables, and this relationship 

can be modelled using the Regression coefficients. Thus, the obtained model can be used to 

predict the values of the significant roughness parameter for various values of independent 

variables or process control variables, thereby, enabling process optimization.   

 

Method limitations  

The identification of significant parameters and the derived relationship between process 

control variables and roughness parameters are based on the linear regression model. It may be 

necessary to investigate other complex models to test the accuracy of the developed method. 

Furthermore, the threshold value set for the coefficient of determination, R2 is mostly arbitrary, 

however, the choice of selection depends on the nature of the surface and its manufacturing 

process. Nonetheless, thresholding allows the selection of a robust set of parameters that can 

explain the occurrences of surface features effectively.  

Identification of significant scales using a multi-scale characterization approach 

The multi-scale characterization approach is a way of analyzing the captured surface 

topography at various scales of observation. The captured surface may contain topography 

features at different scales and by applying a filter with various nesting indices, surface 

wavelengths corresponding to the nesting index can be separated resulting in multiple surfaces. 

This yields an opportunity to identify the most significant scales affecting the surface function 

and thereby identify the most influential parameters for analysis. In this study, Power Spectral 

Density (PSD) and Scale-Sensitive Fractal Analysis (SSFA) are utilized for the identification 

of crucial scales and parameters. The PSD method analyzes the surface features as a function 

of spatial frequency and SSFA analyzes surfaces at scales of interest based on fractal methods 

[89]. 

This section presents two different methods based on two different scenarios present in the 

appended papers. These methods were developed specifically for the research presented in 

those papers. However, there is a possibility to generalize these techniques by extending them 

to other scenarios where the focus is to compare the surface topography quality of two or more 

manufacturing processes and for comparing the capabilities of multiple surface metrology 

instruments in capturing the surface topography information.  

 

Scenario 1 – comparing two processes  

In this case, SSFA through the Area-scale method is utilized for analysis, however, PSD can 

also be applied to get similar results. This method is best suited for comparing the surface of 

two processes with a smaller number of independent variables or process parameters. For 

instance, in paper 4, the surface topography of the samples produced from the PBF-LB/M 

process (process A) was compared before (as-built) and after the shot-blasting process (process 

B) for various build inclinations (only one independent variable), and this comparison is 
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performed at various scales. Figure 26 shows the workflow to identify the significant scales and 

parameters. 

The as-built and shot-blasted surfaces for all build inclinations were measured and complexity 

plots were generated. As previously described, complexity plots provide the rate of change of 

surface intricacy as a function of scale. The ratio of the complexity plots of as-built to that of 

shot-blasted conditions was taken for each build inclination to explain the differences between 

the two processes. The resulting plot from this operation was termed a “Transfer Function” and 

the region where the difference between the two processes is maximum was considered to be 

the most significant scale range. The surface features corresponding to the identified significant 

scale range were extracted from the original surface (as-built surface) by applying a bandpass 

filter using the robust Gaussian method [127]. The filtered surface contains surface features that 

are mostly affected by the shot-blasting process, any alterations in the independent variables or 

process control variables will likely affect the surface features corresponding to this scale range. 

Furthermore, to select the most significant roughness parameters within the selected scale 

regions, the coefficient of determination (R2) is utilized for this purpose. The R2 is calculated 

between the complexity values and roughness parameters obtained for process A at each scale 

(mostly for as-built surfaces since it contains all the surface information). The obtained R2 

values for each parameter are plotted for each scale and the parameters with R2 values more 

than the predetermined threshold inside the selected scale range are considered to be significant 

parameters.  

 

Figure 26. Identification of significant scale and parameters using area-scale analysis 

Method limitations 

Note that this method can be extended to various other scenarios to compare different 

manufacturing or post-processes and identify their effects on surface topography. However, the 

use of the “Transfer Function” in the methodology allows for comparing only two processes at 

any given time. Nonetheless, the complexity plots can still be applied to multiple manufacturing 

processes to vaguely visualize the difference between them through surface analysis. For 

establishing a more accurate difference “Transfer function” can be utilized. Also, the selection 
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of a threshold value based on R2 for identifying the significant parameters is again arbitrary. 

Similar to the previous method, it depends on the nature of surface topography and processes 

that are being compared.  

 

Scenario 2 – comparing multiple surface metrology instruments 

In this scenario, Power Spectral Density (PSD) was utilized to identify the significant region of 

interest that helps in discriminating the surfaces that are measured using different surface 

metrology instruments. This method was first developed in paper 1 where the focus was to 

compare the CSI and 3D SEM measurements performed on a roughness calibration standard. 

The objective of this paper was to use PSD to test the fidelity of 3D SEM measurements when 

compared to CSI measurements. Typically, SEM images provide false grey scale 2D images 

that are mostly used for qualitative analysis, but with the development of algorithms and 

software, it is now possible to reconstruct a 3D image by viewing the surface at different angles. 

Using this 3D SEM image, it is possible to calculate the surface roughness parameters, however, 

the accuracy of these readings is still a question. In paper 1, the 3D reconstruction of SEM 

images was obtained from two different algorithms namely Piazzesi Model Function (PMF) 

[128] and the Triangulation Algorithm (TA) [129]. Although the PMF and TA methods are 

algorithms for the 3D reconstruction of SEM images, they are considered separate measuring 

instruments for ease of interpretation of the developed method.  

The surface topography of the roughness standard sample was measured and relocated using 

CSI and SEM instruments. After relocating the images, surface parameter readings were taken 

for both CSI and SEM algorithms and the PSD was plotted. The PSD represents surface features 

as a function of spatial frequency and the PSD plot will reveal the regions in the frequency 

spectrum where the differences and similarities can be found between various measuring 

devices. The selection of a significant region depends on the objective of the research. With 

this method, one can choose similar regions in the frequency spectrum to convey the fidelity of 

3D SEM measurements to the CSI measurements. On the other hand, the differences in the 

frequency spectrum reveal the deviation in capturing the surface information with respective 

metrology devices. Once the significant region is identified, a suitable bandpass filter can be 

utilized to filter out the surface features and parametric characterization can be performed to 

get the quantitative differences or similarities between the different measuring instruments.   

The significant parameters can be identified by calculating the percentage difference of each 

surface parameter for each measuring instrument before and after the filtration process. The 

parameters that have a percentage difference of less than the set cut-off threshold for every 

surface measuring instrument are considered significant for the identified region of interest. It 

is also possible to identify the significant parameters by understanding the underlying 

mathematical expression utilized for calculating each surface parameter. For instance, the 

average height parameter (Sa) is defined based on the surface height information and so it 

mostly depends on larger wavelength regions in the frequency spectrum. Hence any filtration 

in the lower end of the frequency spectrum i.e., removal of shorter wavelengths will not affect 

the Sa parameter largely. Therefore, if the identified region of interest is in the larger 

wavelength region, then the Sa parameter is likely to have lower percentage differences thereby 

termed as significant.  
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Method limitations  

The identification of significant regions in the frequency spectrum is mostly visual where the 

spatial frequency curves of various measuring devices are observed and the nesting indices for 

bandpass filtering are identified. Also, the PSD curve differs based on the nature of the surface 

under inspection, for instance, the anisotropic surfaces will have 2D PSD that produces two 

peaks one for each dominant wavelength in the frequency spectrum. Hence, analyzing multiple 

PSD curves becomes tedious. One way to overcome this challenge is to use a 2D isotropic PSD 

that averages the 2D PSD (anisotropic) over an azimuthal angle [119].   

 

Figure 27. Identification of significant spatial frequency regions and parameters using Power 

Spectral Density 
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Chapter 6 

RESULTS AND DISCUSSION  
The chapter on results and discussion presents the main findings from the various appended 

papers to answer the raised research questions. This chapter begins by providing an overview 

of the structure used to show the organization of the appended papers into their relevant 

research questions and it is followed by providing a summary of relevant results.   

6.1 FRAMEWORK OF RESEARCH RESULTS 

In this research, four important research questions are formulated to answer the underlying 

research objective. The first three research questions are designed around the three facets of the 

surface control loop namely Characterization, Manufacturing, and Function. The fourth 

research question introduces the Validation step which intends to verify the results obtained 

from testing the surface control loop by applying them to a real-world application. A total of 7 

appended papers comprising various research methods, analyses, and results were utilized to 

answer the 4 listed research questions, but it is important to sort and classify these papers for 

the realization of the stated research objective. For this purpose, Figure 28 provides an overview 

of the structure of the research questions and relevant papers. The first research question is 

designed to include all the appended papers and hence a brief introduction for each paper is 

presented before proceeding with the discussion on the relevant topic. Whereas for the 

remaining research questions, the results are directly presented. The following sections present 

the results from the listed research papers.  

 

Figure 28. Classification of appended research papers as per the framed research questions based on 

the surface control loop.  

6.2 CHARACTERIZATION AND RESEARCH QUESTION 1 

This section addresses research question 1 by gathering relevant appended papers that describe 

various characterization methods employed for discriminating the scale-limited and multi-scale 

surfaces. The scale-limited surface characterization usually includes profile and areal surface 
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texture parameters whereas, multi-scale characterization involves more advanced methods such 

as Power spectral density, Scale-sensitive fractal analysis, and Feature-based analysis. An 

excerpt from research papers is presented to answer RQ1 in the following sub-sections.  

6.2.1 Scale-limited: Profile parameters characterization (Paper 3) 

The primary focus of this paper was to study the influence of post-processing methods such as 

Shot-blasting (SB), Laser-assisted finishing (LAF), and Acetone Vapour Deposition (AVD) on 

the surface topography of Fused Deposition Modeling (FDM) parts mainly to enhance the 

product surface quality required for its end application. For this purpose, the surface 

topographies of the FDM parts in as-built and post-processed conditions were measured and 

compared to the reference injection molding parts. The injection molding parts had a smooth 

texture with a matte surface finish, which meets the industrial aesthetic requirement. To achieve 

these conditions, it was necessary to study and experiment with different post-processing 

parameters. In this paper, a design of experiments was established for various manufacturing 

control variables and a linear regression model was implemented to study its influence on 

surface texture. A methodology was developed to identify the significant profile roughness 

parameter for the characterization of AM and post-processed surfaces. Finally, the knowledge 

gained through experimentation served as a guideline to implement the best approaches for 

finishing the FDM parts for industrial application and more advanced methods of 

characterization such as Power Spectral Density (PSD) were utilized to discriminate the final 

surface finish. However, for the first research question, the focus is concentrated on 

characterizing the FDM surfaces using profile parameters and hence only points related to this 

are discussed.    

 
Figure 29. CAD models of (a) Surface specific artefact and (b) TylöHelö sauna corner knot [44]. 

The experiments were performed using a surface test artefact [130] with varying build 

inclination from 0° to 90° in steps of 10°  as shown in Figure 29a and an industrial product as 

shown in Figure 29b served as a final product to test the results. The profile measurements were 

performed using a Stylus Profilometer with a stylus tip radius of 2µm and a total of 10 

measurements were obtained at each slope angle in the surface test artefact. The profile 

measurements were refined to remove form using leveling operator by least squares methods 

and the waviness was removed using the Robust Gaussian method with cut-off values (λc = 

2.5mm for 0° to 30° and λc = 0.8mm for 40° to 90° build inclination) obtained as per the ISO 

4287 standards [92]. The design of experiments as per Taguchi's L9 orthogonal array was 

composed for each post-processing method to generate an optimal set of experiments to study 

its effect on the surface topography of FDM parts. The process control variables for the Shot-

blasting process include blasting time and blasting media. Similarly, for the AVD process, the 

time of acetone exposure to the FDM parts was varied and results were recorded. For the LAF 

process, laser power, laser speed, and resolution were analyzed. The best possible FDM print 

settings were chosen and kept constant to eliminate their influence on surface topography. 
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Multiple linear regression was utilized for identifying the relationship between post-process 

settings and profile roughness parameters and based on regression methodology the Rp, 

Maximum peak height parameter was considered to be most relevant for analyzing the effects 

of post-processing on surface topography.  

The results from the profile measurements are discussed by considering the Laser-assisted 

finishing (LAF) post-processing method as an example, further, the discussion on various other 

post-processing methods can be found in the appended paper. Table 3 displays the experimental 

design utilized for the LAF process.  

Table 3. Design of Experiments with L9 (33) Taguchi’s orthogonal design [44] 

Experimental Units 
Laser-assisted finishing 

Laser Power in % Laser Speed in % Resolution (PPI) 

1 60 50 500 

2 80 65 500 

3 100 80 500 

4 60 50 750 

5 80 65 750 

6 100 80 750 

7 60 50 1000 

8 80 65 1000 

9 100 80 1000 

 

 
Figure 30. The maximum peak height of FDM surfaces finished by the LAF process at various build 

inclinations along with as-built and reference injection moulding measurements. [44] 

Figure 30 presents the variation of the Rp parameter as per the changes in build inclination for 

as-built, reference injection moulding, and laser-finished surfaces for each experiment 

performed in accordance with the DOE. It can be seen that Rp increases with a decrease in build 

inclination this is mainly due to the presence of the “stair-step” effect at lower build inclinations 

with an exception at 0° build inclination since it is comprised of a raster pattern that provides a 

slightly different surface texture [131][132].  Also, the value of the Rp parameter is substantially 

reduced from the initial as-built conditions upon the application of the laser finishing process 

for all the experimental runs. However, it has failed to fully reach the reference injection 

moulding surface conditions at lower build inclinations of 0° to 30°, whereas the roughness 

values are close to reference conditions at higher build inclinations (40° to 90°). From the 

statistical analysis, it was found that laser power and laser speed have the maximum influence 

on the profile roughness, and resolution had a negligible effect. It can be visualized from the 
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profile measurements as shown in Figure 31. The Rp or the peak on the profile measurement 

decreases with an increase in laser power and with a decrease in laser speed.  
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Figure 31. Profile measurements at 10° build inclination (a) As-built FDM profile (b) Reference 

injection moulding profile (c) Profiles measured as per DOE after laser-assisted finishing. [44] 

The laser speed demonstrates the amount of time the laser is in touch with the sample surface. 

At lower laser speeds the laser contact with the sample will be resulting in higher melt rates and 

thus provide lower roughness values. It can be said that the laser speed is directly proportional 
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to the Rp parameter. On the contrary, the laser power is indirectly proportional to the Rp 

parameter. This is quite obvious since high laser power results in higher melting rates, thus 

lowering the roughness values. The resolution in PPI (points per inch) indicates the number of 

pulsed laser points per inch in length. The results showed that the resolution did not have any 

influence on the Rp parameter, this is because the chosen resolution had high PPI values which 

imply closer spacing of these laser points resulting in excessive local melting and evapouration 

of surface features leading to the creation of randomness on the surface profile [54]. To fully 

realize the effect of resolution on surface topography, firstly, a better selection of PPI values is 

necessary, and secondly, other forms of topography characterization preferably areal surface 

texture parameters are required which could capture this randomness of the surface effectively. 

Furthermore, the use of the post-processing method significantly reduced roughness but it still 

produced surfaces that did not aesthetically meet the industrial requirement. The LAF process 

ignited the top layer of the surface during melting which led to discoloration of the part. This 

aspect cannot be captured in profile measurements hence, it is often combined with visual 

comparison or more advanced characterization methods for analysis. Although profile 

measurements provide topography information limited to only one direction (measured across 

the dominant wavelength), they can still provide adequate information about the surface texture 

to understand the manufacturing process under investigation.   

6.2.2 Scale-limited: Areal Surface Texture Characterization (Paper 6) 

In this thesis, the areal surface texture parameters as per ISO 25178-2:2021 [89] have mostly 

been utilized in combination with advanced characterization methods for the effective 

characterization of AM surfaces. However, in paper 6, the surfaces of metal FDM samples are 

simply explained using areal surface texture parameters alone.  

Paper 6 

This paper focuses on performing a feasibility study of the FDM process to produce bronze 

(CuSn10)-infused PLA components. The surface topographical, dimensional, physical, 

mechanical, and microstructural properties of FDM parts were analyzed and reported in this 

paper. For this purpose, the tensile test artefact (TS-bar) as per ISO 527-2 type 1BA [133] 

shown in Figure 32 was employed for analysis. Based on the previous research and initial 

experimentation, ideal FDM print settings were utilized to produce these TS bars. The printed 

TS-bars formed the green parts which were then subjected to thermal de-binding and sintering 

processes to get the final metallic bronze product. Figure 32 displays the as-built and sintered 

tensile test artefact. The surface measurements were performed using an Interferometer and the 

measurements were performed on the top surfaces of the TS bars for both the as-built and 

sintered surfaces.  

 

Figure 32. The FDM printed tensile test artefact in (a) as-built and (b) sintered conditions. [134] 



52 

 

 

 
a) Printed, top, Sa=1.8 µm, S10z=24.5 µm. 

 

 

 

b) Sintered, top, Sa=13.0 µm, S10z=122 µm 

Figure 33. Three-dimensional topography appearance of as FDM-3D printed 

and sintered TS-bars. [134] 

 

Figure 33 shows the 3D view of the surface topography of the as-built and sintered TS bars 

measured on top surfaces. The average roughness, Sa, and the ten-point height, S10z parameters 

were utilized to discriminate these measured surfaces. The Sa parameter provides the measure 

of the overall surface texture and S10z provides the measure of the average maximum height 

of the surface features. From the figure, it can be noticed that Sa=1.8 µm, and S10z=24.5 µm for 

the as-built FDM part, it appears to be smoother due to the operation of ironing employed for 

producing the FDM parts. The ironing operator involves running the heated nozzle of the FDM 

printer repeatedly over the top surface and this removes the raster pattern smoothening the top 

surface layer. However, in reality, the ironing operator does not completely remove the raster 

pattern and this can be witnessed visually in Figure 33a.  The sintered tensile bars have a surface 

topography appearance similar to that of a sintered powder metallurgy metal surface. It can be 

noticed from Figure 33b that the surface roughness is higher with Sa=13.0 µm and S10z=122 µm 

compared to the as-built conditions. The surface topography formation with high waviness may 

be due to the occurrence of thermal effects during the sintering process. At de-binding 

temperatures, the polymer material melts and evaporates causing imperfections on the sample 

surface. The 3D printing inaccuracies can lead to the formation of porosities during the sintering 

process. Additionally, the uneven metal powder distribution in the green parts can cause uneven 

shrinkages resulting in rough surfaces [135]. The inclusion of refractory materials on the top 

surface layer during an improper sintering cycle can also lead to an increase in surface 

roughness [136].  

6.2.3 Multi-scale: Power Spectral Density (Paper 1) 

This section presents paper 1 where Power Spectral Density (PSD) was utilized to discriminate 

the surfaces measured on a roughness calibration standard using various surface metrology 

instruments. The initial purpose of this paper was to assess the capability of the 3D SEM method 

for capturing complex AM surfaces, but it was first necessary to check the fidelity of these 3D 

SEM measurements with CSI before measuring the AM surfaces. With this study, it was 

understood that employing PSD could be very useful for the characterization of the multi-scale 

AM surfaces which was then introduced successfully to study the AM surfaces in paper 3. The 
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following section describes the use of PSD in the context of showing it as a powerful method 

for characterizing surface features. 

Paper 1 

In this paper, the surface topography of a roughness calibration standard was measured using 

Coherence Scanning Interferometer (CSI) and Scanning Electron Microscope (SEM). The CSI 

measurements formed the reference optical measurement to which the SEM measurements 

were compared. Typically, the SEM measurements provide false grey scale images mostly 

utilized for qualitative analysis, however, in this study 3D surface topography from SEM 

images was produced for comparison. This can be achieved by employing various algorithms 

(TA-Triangulation and PMF-Piazzesi Model Function) that allows the 3D reconstruction of 

SEM images captured at different viewing angles and PSD analysis was performed to assess 

the degree of fidelity of 3D SEM images.  

The roughness calibration standard chosen for this purpose was anisotropic with a dominant 

texture in the Y direction as shown in Figure 34. The measurements were performed using CSI 

with 10X magnification with a lateral resolution of 1.1x1.3µm. The SEM measurements were 

performed at 150X magnification with a lateral resolution of 0.33µm and a field of view of 

750x500µm was maintained for both measurements. One-dimensional PSD was plotted both 

along (X-direction) and across the lay or surface texture direction (Y-direction). For ease of 

comparison, the 3D SEM surfaces were resampled to match the CSI measurements, and PSD 

was plotted for each texture direction, as shown in Figure 35. 

 

Figure 34. The surface texture direction of the measured roughness calibration standard [71] 

It can be clearly witnessed from Figure 35a, that there is a huge difference between the CSI and 

3D SEM (TA & PMF) measurements along the texture direction (X-direction). This may be 

caused due to the following reasons. Firstly, the 3D SEM reconstruction of the surfaces 

containing smaller amplitudes is often difficult and may require large tilt angles. Secondly, the 

disparity in the X-direction should theoretically be zero since the tilt angles were along the Y-

direction. In reality, it is impossible to completely avoid the disparity in X-direction due to 

inaccuracies in tilting and matching images during reconstruction. Whereas, in Y-direction i.e. 

across the surface texture direction, the 3D SEM measurements had a very good replication of 

the reference roughness standard and were comparable to the CSI measurements as seen in 

Figure 35b.  This is mostly due to the presence of dominant wavelength components which are 

usually quite easy to reconstruct. Therefore, for further analysis, the surface features belonging 

to the Y-direction were compared. 
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Figure 35. One-dimensional averaged power spectral density plots in X (left) and Y (right) directions, 

performed on a roughness calibration standard. [71] 

To carry out the parametric analysis, the surfaces were filtered to remove the features in the X-

direction. Figure 36 displays the surface topography of CSI and 3D SEM measurements 

representing the wavelength components in the Y-direction of the frequency spectrum. These 

surfaces were obtained after the application of the Fast Fourier Transform filter to the original 

surfaces with nesting indexes corresponding to the wavelength range in the X-direction of the 

frequency spectrum (2µm to 375µm). Figure 37 represents the residual surface after the 

filtration process mainly representing the wavelength components in the X-direction of the 

frequency spectrum. 

 

Figure 36. Areal surface topography of (a) CSI; and reconstructed SEM images from (b) PMF and (c) 

TA considering only the dominant wavelength. [71] 

 

Figure 37. Areal surface topography of the filtered residue of (a) CSI; and reconstructed SEM images 

from (b) PMF and (c) TA algorithms. [71] 
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6.2.4 Multi-scale: Scale-sensitive fractal analysis (Paper 4) 

The focus of this paper is to utilize area-scale analysis to characterize the surface topography 

of Laser-Based Powder Bed Fusion of Metals (PBF-LB/M) before and after the shot-blasting 

process. Additionally, this multi-scale approach helps in understanding the influence of 

geometrical design variations and shot-blasting behaviour on surface topography. To carry out 

the necessary analysis, the truncheon artefact was utilized with varying building inclinations as 

shown in Figure 38. 
 

 
Figure 38. Surface-specific artefact with varying build inclination [40] 

Two sets of surface test artefacts (truncheon artefact) made of 316L stainless steel material were 

produced using standard default settings in the EOS M290 metal AM machine with a layer 

thickness of 20µm. One set was subjected to post-processing by shot blasting while the other 

was retained in as-built conditions without any physical modifications. A confocal fusion 

optical microscope that combines both Confocal microscopy and Focus variation for imaging 

was utilized for capturing the surface topography of PBF-LB/M samples. The field of view was 

maintained at 2.5x2.5mm with a lateral resolution of 0.65µm. The captured images were refined 

to fill in the non-measured points, tilt errors were removed using the least squares method and 

the noise was eliminated using a denoising spatial filter with a window size of 5x5 pixels. It 

must be noted that surfaces of only a few selected build inclinations representing most of the 

surface conditions in the PBF-LB/M process were utilized for analysis. 

  

Relative area analysis 

The relative area plots of as-built and shot-blasted PBF-LB/M surfaces for various build 

inclinations are depicted in Figure 39. It can be witnessed from the plots that the relative area 

increases with the increase in spatial intricacy of surface texture. At larger scales, the relative 

area is close to unity because this region corresponds to the waviness of the measured surface 

comprising a smoother surface texture. At fine scales, the surface texture gets complex and 

rougher and the transition between the waviness to roughness is called smooth-rough crossover 

(SRC) [137]. It is clear from Figure 39a, that the surface topography can be easily discriminated 

from scales smaller than 10000 µm2 (SRC) for all the build inclinations. It is important to note 

that the magnitude of the relative area plot of the as-built surface is more than that of shot-

blasted AM surfaces, indicating the extent of surface smoothening offered by the shot-blasting 

process. Furthermore, a clear pattern can be recognized in Figure 39a, the relative area increases 

with an increase in build inclinations up to a 15° build angle, beyond this the pattern diminishes. 

Also, a disparity in the relative area curves can be witnessed between 15° and 30° build angles. 

This is mainly because at lower build inclinations below 15°, the surfaces are influenced by the 
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stair-stepping effect and raster patterns with relatively low inclusions of powder particles. On 

the contrary, at higher build inclinations the surfaces are dominated by powder particles 

increasing the surface roughness. Due to this reason, the relative area values also increase, and 

it is especially pronounced at finer scales. This can be visualized in Figure 40a.   

  

Figure 39. The relative area plots of PBF-LB/M surfaces at various build inclinations (a) in as-

built conditions and (b) in shot-blasted conditions [40] 

On the other hand, the relative area plot of shot-blasted surfaces does not exhibit a trend 

(see Figure 39b). This is due to the elimination of stair-stepping, raster patterns, and powder 

particles from the surface topography by the shot-blasting process, resulting in a relatively 

smooth surface texture as seen in Figure 40b.  
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Figure 40. Extracted surface topography of PBF-LBM sample at build inclination 15° and 30° for 

(a) as-built and (b) shot-blasted samples. [40] 
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Complexity plots 

The shot-blasting process not only eliminates the dominant features on the surface texture but 

also imparts new features due to the impact of abrasive media. This effect can be analyzed using 

the complexity plots. The complexity plot gives the rate of change of surface intricacy at each 

scale. Figure 41 shows the complexity plots of as-built and shot-blasted AM surfaces. It can be 

noticed that the complexity plots of as-built surfaces (see Figure 41a) contain a sharp peak 

representing the Scale of Maximum Fractal Complexity (SMFC). The SMFC varies slightly for 

different build inclinations, however, collectively for all the build inclinations the SMFC can 

be identified at approximately 600 µm2  scale. From the SMFC value, a certain scale range can 

be identified that mostly represents the surface complexity scale. For as-built surfaces, the 

scales range from approx. 70 to 3000 µm2 was selected which nearly contains the most complex 

features on the surface. Figure 42 displays the surface topography obtained for 3° and 60° after 

the application of the filter corresponding to the identified scale range. It can be noticed that 

within this scale range the most complex features comprising “stair-steps”, raster patterns, and 

powder particles can be found.  

 

Similarly, for the shot-blasted surfaces, the complexity curves contain two peaks and reach 

SMFC at approximately 10 µm2. Although there are two peaks, the complexity of a surface is 

highest around the SMFC and so the scale range around it is considered important for analysis. 

Figure 43 shows the magnified image of the filtered surface per the identified scale range. It 

can be noticed that the shot-blasting process eliminated the “stair-steps” and other PBF-LB/M 

footprints and instead created new footprints from the shot-blasting process due to the impact 

of blasting media on surface texture. To conclude, SSFA allows the visualization of the surface 

topography at various scales and reveals important scales for analysis.  

   

Figure 41. Complexity plots of (a) as-built and (b) shot-blasted PBF-LBM surfaces at various build 

inclinations. [40] 
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Figure 42. 3D surface view of as-built PBF-LBM samples at build inclination (a) 3° and (b) 60° after bandpass 

filtration with nesting indexes 12 and 77 µm. [40] 
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Figure 43. 3D surface topography view of bandpass filtered PBF-LBM sample with nesting 

indexes of 2 and 15µm at 3° build inclination (a) original as-built surface and (b) shot 

blasted surface. [40] 

6.2.5 Multi-scale: Feature-based characterization (Paper 2) 

This paper focuses on presenting a novel characterization method to tackle the challenges of 

defining the complex surface topography of AM samples. For this reason, the surface 

topography of samples produced by the Laser Based Powder Bed Fusion of Metals (PBF-

LB/M) process was utilized and the feature-based characterization method was selected for 

effective description of the surface quality. In this paper, surface-specific artefact or truncheon 

artefact was produced using 316L stainless steel material containing surfaces at various slopes 

ranging from angles 0° to 90° in steps of 3° increments as shown in Figure 44. The sample was 

manufactured using the EOS M290 SLM (Selective Laser Melting) system with a layer 
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thickness of 20µm and the rest of the print settings were kept in default mode. The stainless-

steel powders were gas atomized with particle size distribution ranging from 20 to 53µm. 

 
 

 

 

 

 

 
Figure 44. Surface-specific artefact [138] 

 
Figure 45. Feature-based characterization strategy [138] 

The areal surface topography of SLM samples was measured using a stylus profilometer and 

the captured surface was subjected to a string of operators as shown in the workflow strategy 

in Figure 45 and which is explained in the following paragraph.  

 

The measured surface was first processed to remove the form and then a high-pass filter using 

the robust Gaussian method was utilized for removing the waviness. Since the measured 

surfaces vary due to the changes in build inclination, the nesting index chosen for the separation 

of waviness from roughness also varies. The value of the nesting index was chosen carefully 

based on the degree of accuracy of waviness separation and also to ensure that the roughness 

surface is as flat as possible for further processing. The next step involved using a binary 

thresholding operator to isolate the powder particles from the roughness surface by moving a 

cutting plane from the highest peak on the surface to the value of the material ratio 

corresponding to the Reduced summit parameter (Spk) [11]. This resulted in a surface map 

containing powder particles and the remaining surface was identified as a residual surface. It 

must be noted that this method only works efficiently well if the waviness surface has been 

effectively removed.   

 

Figure 46 shows the segregated surface images after the application of the feature-based 

characterization method. The waviness (Figure 46b)on the SLM surfaces is mostly caused due 

two reasons i.e., the “stair-step” effect caused by the build inclination and due to the physical 

phenomena such as shrinkages or swelling effect that occurs due to thermal conditions during 

the fabrication process [108]. The roughness surface (Figure 46c) includes partially melted 

powder particles and other manufacturing footprints. The roughness surface was further 

processed to separate the powder particles (Figure 46d) and residual surface (Figure 46e). The 

waviness and the residual surfaces were subjected to areal surface topography characterization 

as per ISO 25178-2 [89] and powder particles were characterized volumetrically.    
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Figure 46. Segregation of powder particles and staircase effect by applying the Robust Gaussian 

filter. (a) Original surface (b) Waviness surface (c) Roughness surface (d) Powder particles (e) 

Residual surface. The measurement area of the captured surface is 2.5 x 2.5 mm. [138] 

 

It is evident from Figure 47, that the average roughness of as-built SLM surfaces (Sa – original) 

increases with an increase in build inclination, which contradicts the model first developed by 

Reeves and Cobb to predict the average roughness values for AM process [139]. Equation (2) 

presents a model where the average roughness is a function of layer-thickness (Lt) and build 

inclination (α). This model was developed to mainly account for the “stair-steps” formation that 

depends on the layer thickness and build inclination.   

 𝑅𝑎 =
𝐿𝑡

4
𝑐𝑜𝑠𝛼 (2) 

After the application of the feature-based characterization methodology, the average roughness 

of the extracted waviness surface (Sa – waviness) has a trend similar to model roughness (Ra – 

model) implying the presence of a “stair-step” effect and it decreases with an increase in build 

inclination. From this analysis, it can be understood that the roughness values obtained from 

as-built conditions may be misleading in understanding the underlying mechanism involved in 

the SLM process. In an ideal situation, the parts built during the SLM process will have all of 

the powder particles fully melted leaving behind a surface similar to the extracted waviness 

surface. However, in reality, the SLM surface may contain partially melted powder particles, 

spattered powders, and adhered loose powder particles during its building process which 

contributes to increased roughness.  

The presence of powder particles on the SLM surfaces increases with an increase in build 

inclination. Since the fabrication takes place in a powder bed, the contact between the surface 

and powder particles increases with an increase in slope angle (refer to section 2.1.1, Figure 5). 

It can be noticed by observing the volumetric curve in Figure 48. Furthermore, there is an 

inverse relationship between the residual surface roughness and the volume of powder particles 

present on the SLM surfaces. The higher the volume of the powder particles, the lower the 

roughness of the residual surface. An illustration of the deterministic-stochastic nature of AM 

surfaces can be witnessed in Figure 49. At lower build inclinations, the volume of powder 

particles is less and hence the residual roughness is more indicating the dominance of stair-step 

effect representing the deterministic nature. A transition takes place between 6° to 9° build 
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angles and from 9° to 15° powder particles start to dominate with a slight presence of stair-step 

effect, indicating the deterministic-stochastic nature. Beyond 15° build inclination, the method 

used in this study fails to recognize the residual surface since it is completely dominated by 

powder particles mostly signifying the stochastic nature of AM surfaces.  

 

Figure 47. Average roughness curve [138] 

 

Figure 48. Volume curve of the powder particles and Sa 

of residue plotted against the build orientation. [138] 

 
Figure 49. Areal surface topography representation of SLM surfaces  
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6.3 MANUFACTURING AND RESEARCH QUESTION 2 

This section answers research question 2 by using the developed research methodology to 

identify the significant roughness parameters, thereby, providing a better interpretation of AM 

processes. For this purpose, papers 1, 4, and 5 were chosen. Paper 5 identifies significant 

parameters using a regression for scale-limited surfaces, and paper 1 and 4 establishes the 

significant parameters using PSD and SSFA respectively for multi-scale surfaces.   

6.3.1 Identification of significant parameters using Regression (Paper 5) 

In this paper, the focus is provided to understand the effect of the FDM process parameters on 

surface texture and identify significant profile parameters for characterizing FDM surfaces. 

Investigations were performed using a surface-specific artefact [130] with varying build 

inclination from 10° to 90° in steps of 10°. A design of experiments was formulated using 

Taguchi’s orthogonal arrays [140] with factors containing mixed levels. The factors include 

layer thickness, print speed, and material infill.  A stylus profilometer was utilized for retrieving 

quantitative profile measurements for analyzing the FDM surfaces. The 2D roughness 

parameters were obtained after processing each profile measurement to remove tilt errors using 

the least squares method, and waviness using the robust Gaussian filter. Linear regression was 

implemented to study the relationship between the profile parameters and the FDM process 

variables and also to identify the most significant profile parameters for characterization using 

the developed methodology (refer to section 5.2.4, Figure 25).   

The results from the developed methodology using regression identified the Rp, Rv, Rz, Ra, 

RSm, Rdc, and Rpc as significant profile roughness parameters. The definition of all of these 

parameters is included in [92]. These parameters mostly describe the amplitude and spacing of 

geometrical features on the measured profile. These parameters except Rpc (Peak count) 

decrease with an increase in build inclination and increase with an increase in layer thickness. 

On the contrary, the material infill and print speed were found to have a negligible effect on the 

surface texture.  

The formation of surface texture in the FDM process is in the form of “stair-steps” and “raster” 

patterns primarily due to the layer-by-layer process of building components [141][132]. As a 

result, the measurements made contain a wave-shaped profile which constitutes the roughness. 

Due to the nature of manufacturing, the amplitude and spacing of such wave-shaped profiles 

decrease with an increase in build inclination, thereby, increasing the number of “stair-steps”. 

Conversely, an increase in layer thickness will increase the amplitude and spacing which 

reduces the number of “stair-steps”. This behavior can be observed both qualitatively and 

quantitatively from the profile measurements, as shown in Figure 50 and Figure 51. 
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Figure 50. Roughness profile measurements [41] 

Profile measurements provide surface roughness information in only one direction which can 

be insufficient in cases where the surface is anisotropic. The FDM surfaces are anisotropic since 

they have high directionality in their surface texture due to the nature of manufacturing in 

layers, however, the representative surface roughness of the FDM parts is usually obtained by 

measuring normal to the direction of its dominant texture. Hence, in the case of FDM, profile 

measurements may be sufficient to provide enough information for analysis. Nonetheless, 

measuring the areal surface texture could provide more information about other physical 

phenomena such as waviness due to shrinkages, material flow tracks, and other manufacturing 

footprints, which may be necessary for optimizing the process for surface quality. However, it 

must be noted that the occurrence of these phenomena is random since it depends on 

uncontrollable factors such as print temperature fluctuations, machine vibrations, 

environmental temperature, humidity, and so on. It does not fall under the current scope of 

research, however, the use of areal surface texture measurements could provide more accurate 

surface information for improving the accuracy of prediction, optimization, and control of 

surface quality.   
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Figure 51. Mean and predicted values of significant- amplitude and spacing parameters. [41] 

6.3.2 Identification of significant parameters using PSD (Paper 1) 

Before proceeding towards discussing the results in paper 1, it is first necessary to state the 

relevance of this paper to research question 2 and Additive Manufacturing surfaces. This paper 

presents a method where the Power Spectral Density (PSD) was utilized to derive the most 

significant surface parameters by analyzing the frequency spectrum and identifying the crucial 

wavelength components representing the significant surface features required for analysis. This 

developed method is discussed in detail in section 5.2.4. This method was first tested in paper 

1 using a reference standard sample to assess its capability and later implemented for identifying 

the crucial wavelength corresponding to important surface features for characterizing AM 

surfaces. The following passage describes this method used in paper 1.  

In this paper, the focus was provided to gauge the fidelity of 3D reconstructed SEM images to 

the reference CSI measurements made on a roughness calibration standard. Power spectral 

density (PSD) was utilized for this purpose. The PSD analysis allows the possibility to identify 

the significant wavelength components comprising surface texture based on the research 

objective. In this paper, one-dimensional PSD in the Y-direction i.e. across the dominant 

surface texture was considered for analysis (see Figure 34) since the PSD curves for 3D SEM 

and CSI are similar in the Y-direction (see Figure 35). Hence, the surface features 

corresponding to the X-direction were filtered and the resulting surfaces were subjected to 
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characterization to understand not only the capabilities of surface metrology instruments but 

also to perceive the underlying mechanism of the surface creation process.  

As per the methodology (refer to Figure 27), Table 4 displays the significant parameters that 

have a percentage difference between the original and filtered surfaces of less than 2% for both 

CSI and 3D SEM measurements. These significant or robust sets of parameters are insensitive 

to the micro surface texture in the X direction, this implies that these parameters can be utilized 

to characterize the 3D SEM surface directly without the need for filtration. 

Table 4. Percentage difference between the original surface and the filtered surface for CSI and 3D 

reconstructed SEM. [71] 

Parameter 

Group  Height  Functional  Spatial  Hybrid 

Parameters  Sq Ssk Sku Sp Sv Sz Sa  Smr Smc Sdc  Sal Str Std  Sdq Sdr 

CSI  0.3% 0.5% 0.7% 8.3% 6.1% 7.2% 0.2%  107.2% 0.6% 0.6%  0.1% 0.1% 0.1%  22.6% 40.9% 

SEM(PMF)  1.8% 3.8% 4.2% 41.2% 52.3% 47.3% 1.4%  200.0% 0.1% 4.0%  0.6% 0.6% 0.8%  76.7% 138.7% 

SEM(TA)  0.2% 1.0% 0.5% 0.8% 2.0% 1.4% 0.1%  0.9% 0.0% 0.5%  0.0% 0.0% 0.5%  13.1% 24.0% 

Parameter 

Group 
  Volume   Feature 

Parameters   Vm Vv Vmp Vmc Vvc Vvv   Spd Spc S10z S5p S5v Sda Sha Sdv Shv 

CSI   1.4% 0.6% 1.4% 0.2% 0.6% 0.6%   200.0% - - - - - - - - 

SEM(PMF)   36.5% 0.5% 36.5% 0.5% 0.1% 7.3%   199.7% 195.5% - - - 190.5% 197.6% 158.7% 193.1% 

SEM(TA)   2.5% 0.1% 2.5% 0.2% 0.0% 1.7%   171.4% 123.1% - - - - 78.1% - 85.5% 

   Significant parameters  Parameters having a percentage difference of less than 2% 

 

By definition, the average amplitude parameters, Sa and Sq describe the overall texture of the 

surface topography [11], and these parameters mostly depend on the large wavelength features. 

Due to this reason, these parameters were selected as significant since these parameters are 

insensitive to the variations of the short wavelength high frequency features present along the 

texture direction in the X axis (See Figure 34). On the other hand, maximum amplitude 

parameters such as Sz, Sp, and Sv that depend on the extreme points on the measured surface 

were found to be insignificant since the micro surface features in the X direction can influence 

these parameters. However, it must be noted that these parameters for the Triangulation 

Algorithm (TA) utilized for 3D SEM reconstruction appear to have a percentage difference less 

than the set threshold of 2% mainly because the surface features in the X direction have a very 

fine surface texture which does not largely affect the extreme points on the surface required for 

calculating the maximum amplitude parameters. Furthermore, the Kurtosis (Sku) and the 

Skewness (Ssk) parameters that describe the sharpness of peaks and symmetry of surface 

amplitude distributions can be unstable since these parameters have higher-order powers in their 

mathematical expression which make them very sensitive to the variations in the surface texture 

[11]. 

 

The Areal material ratio [], Smc parameter at material ratio p=10% provides bearing area height 

after removing 10% of the top layers or peaks of the surface. Hence, the micro-roughness 

features present along (X direction) the dominant wavelength does not influence this parameter 
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and therefore, it was obtained as significant. On the contrary, the Inverse material ratio [], Smr 

parameter returns a material ratio value at the default height of c=1µm beneath the highest peak. 

It is due to this reason this parameter is highly sensitive to the micro-roughness features in the 

X direction. Furthermore, the section height difference parameter [], Sdc (p=50%, q=97.5%) 

provides the material height after removing 50% and 2.5% of the peak and valley respectively. 

It was found to be significant for CSI and TA reconstructed SEM measurements, whereas, the 

opposite for the PMF-reconstructed SEM measurement since it has a relatively rougher texture 

(see Figure ) along the X direction, making the Sdc parameter insignificant as it would 

necessitate the removal of additional layers in the valley region.  

(a)  (b)  

Figure 52. (a) Material ratio curve and (b) the Volume curve of a surface. [71] 

From the above results, it can be understood that the surface features in the X direction tend to 

affect the parameters that depend on extreme points on the measured surface texture and have 

negligible influence on the average and core parameters. Hence, the volume parameters such as 

Void volume (Vv), Core material volume (Vmc), and Core void volume (Vmc) are significant 

and the Dale void volume (Vvv) and Peak material volume (Vm, Vmp) are insignificant. 

Similarly, the auto-correlation length (Sal), Texture Aspect Ratio (Str), and Texture direction 

(Std), by definition depend on the large wavelength features of the surface and hence were 

obtained as significant. The hybrid and feature parameters are very sensitive to the variation of 

surface features in the X direction and hence excluded from the study.   

6.3.3 Identification of significant parameters using SSFA (Paper 4) 

This paper aims to utilize scale-sensitive fractal analysis through area-scale analysis to 

discriminate the PBF-LB/M surfaces before and after the shot-blasting process. Previously, in 

section 6.2.4, in paper 4, the relative area and complexity plots were utilized to individually 

interpret the AM surfaces, whereas, in this section, importance is given to simplifying this 

procedure by using a developed research method to identify the importance scales and 

significant parameters to then characterize the AM surface for enhancing understanding of the 

manufacturing process.  

As per the methodology (refer to section 5.2.4, Figure 26), the identification of significant scales 

can be established by using the “transfer function” of a complexity plot. The “transfer function” 

is obtained by simply taking the ratio of complexity plots of as-built and shot-blasted surfaces 

for all build inclinations. The resulting graph describes the effects of the shot blasting process 

on the as-built surface conditions at each scale. Figure 53 represents the transfer function of the 

complexity plot which identifies three significant scale ranges for comparison. A significant 
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peak can be observed at the mid-scale range, this suggests that there is a huge disparity between 

the as-built and shot-blasted surfaces. At a finer scale range, the complexity values in the 

“transfer function” plot reaches unity, indicating the similarity of the surface features in both 

as-built and shot-blasted conditions. At the higher scale range, it can be observed that the 

complexity values are close to unity and then varies chaotically at the highest scales. This is 

because both the as-built and shot-blasted surfaces are similar at scales that correspond to the 

waviness caused by the “stair-stepping” effect and raster patterns formed during the fabrication 

process. However, at the highest scales, the waviness due to thermal effects (shrinkages and 

swelling effect) occurs which vary randomly for various build inclinations. To further interpret 

the surface behaviour, visual and parametric characterization were considered.  

 

Figure 53. The transfer function of the complexity plots of the PBF-LB/M surfaces at various build 

inclinations [40] 

The surfaces corresponding to the identified scale regions were filtered using a robust Gaussian 

filter. Figure 54 shows the filtered surfaces of both as-built and shot-blasted PBF-LB/M 

surfaces. It can be noticed visually that the highest difference in surface texture is in the mid-

scale range compared to the other two scale ranges. 
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                  As-built             Shot blasted 

Large-scale 

range 

  

Mid-scale 

range 

  

Small-scale 

range 

  
Figure 54.  Filtered surface topography of as-built and shot blasted sample at 3° build inclination for 

large, mid and small scale ranges. The measurement area was maintained at 2.5 x 2.5mm. [40]  

Furthermore, the methodology allows for identifying the significant parameters within the three 

important scale ranges. Figure 55 shows the coefficient of determination for areal surface 

texture parameters at each scale. This was obtained by linearly regressing the complexity values 

to the values of each surface parameter at each scale. A threshold was set at 70% implying that 

any parameter within the identified scale range has a coefficient of determination higher than 

the threshold was selected as the significant parameter. The parameters such as Sa, Sq, Smc, 

Vmc, Vvc, and Vv have a high correlation within the large-scale ranges, implying that these 

parameters mostly depend on the waviness surfaces, and parameters such as Sdr, Sdq, Sal, and 

Str have a high correlation in the small and mid-scale ranges. These significant parameters were 

utilized to compare the filtered surface as per the identified scales.  
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Figure 55. The coefficient of determination (R2) of significant parameters was obtained by taking 

correlations between the complexity values and areal surface texture parameters at every scale. [40] 

From the developed methodology using the SSFA technique, it can be understood that:  

• The shot blasting method as shown in Figure 54, has a negligible effect on surface features 

corresponding to the largest scales because it is unable to effectively eliminate the waviness. 

As a result, the waviness surfaces of both as-built and shot-blasted samples are identical, 

as indicated by the Sa values in Figure 56a. Shot blasting may not be a viable option for 

finishing products for high-precision applications.  Sa is inversely proportional to build 

inclination and is highest at build inclinations lower than 15°. Hence, it is advised to avoid 

orienting the object with these build angles. 

• At intermediate scales, the hybrid parameter (Sdr) that provides the perception of surface 

complexity has a positive correlation with the build inclination for as-built surface 

conditions (see Figure 56b). This is because the Sdr parameter is influenced by the powder 

particles which increases with an increase in build inclinations. On the contrary, the shot-

blasting eliminates the stair-step, raster pattern, and powder particles (see Figure 54, mid-

scale range), hence, the Sdr parameter value is mostly constant for all the build inclinations. 

However, as-built surfaces at lower build inclinations may not require as much blasting as 

those at higher build inclinations. Blasting time can be adjusted for different surfaces to 

achieve optimal results. 

• At finer scales, a slight anisotropic property can be observed on the as-built surfaces at 

lower build inclinations, however, it is entirely eliminated by the blasting process since the 

shot-blasted surfaces exhibit high isotropic properties for all the build inclinations. Visually, 

the effects of shot-blasting owing to the abrasive action at finer scales are apparent (see 

Figure 54, small-scale range), but parametrically, there is no substantial change.  
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(a)                    Large-scale range (b)                    Mid-scale range 

  

                                      (c)                     Small-scale range 

                                     

Figure 56. Variation of selected significant parameters concerning build inclination in corresponding 

scale ranges. [40] 
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6.4 FUNCTION AND RESEARCH QUESTION 3 

This section tackles the third research question by using the regression method as a means of 

predicting and optimizing the manufacturing process to achieve the required surface function. 

It is important to establish the relationship between the process control variables and the 

surface topography and once it is established then it can be conveniently optimized to achieve 

the required function. Hence, the focus is mostly provided to establish this relationship required 

for optimization.  

6.4.1 Process optimization using regression (Paper 3) 

In this paper, multiple linear regression was utilized to obtain the relationship between the post-

processing settings and surface topography of FDM parts. As previously mentioned, three post-

processing methods namely Acetone Vapour Deposition (AVD), Laser-assisted finishing 

(LAF), and Shot-blasting (SB) were utilized to finish the surface as per the industrial 

requirement. However, only the LAF process is selected for illustrating the process prediction 

and optimization.  

The surface test artefact (truncheon artefact) was utilized for analysis as it provides the 

roughness information at various build inclinations. Table 5 displays the design of experiments 

(DOE) based on Taguchi's orthogonal array for the LAF process. The number of truncheon 

artefacts required for analysis depends on the number of experimental units in the DOE.  

Table 5. Design of experiments 33 Taguchi's orthogonal array. [44] 

No. of 

Experiments 

Laser-Assisted Finishing 

Laser power 

in % 

Laser speed 

in % 

Resolution 

(PPI) 

1 60 50 500 

2 80 65 500 

3 100 80 500 

4 60 65 750 

5 80 80 750 

6 100 50 750 

7 60 80 1000 

8 80 50 1000 

9 100 65 1000 

 

The experiments were performed as per the DOE and the surface topography was captured and 

the profile roughness parameters were noted. The variables in DOE formed the independent 

variables upon which the dependent variables i.e. roughness parameters depend. The 

relationship between these variables was retrieved by performing ANOVA. As per the 

regression methodology (refer to section 5.2.4, Figure 25), Table 6 reveals the ANOVA results 

for profile parameters that have the highest adjusted R values with a significance F having a p-

value less than 0.05 for a confidence interval of 95%. For ease of analysis, the Rp, Maximum 

peak height parameter was chosen as a significant parameter for assessing the surface quality 
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obtained from the LAF process. From the p-statistics in Table 6, it can be understood that all of 

the LAF process variables (Laser speed, Laser power, and Resolution) including build 

inclination have a considerable effect on the Rp parameter since the p-values are less than 0.05.  

Furthermore, by observing the ANOVA coefficients obtained for the Rp parameter in Table 7, 

a linear regression model can be formulated to predict its value. The linear prediction model is 

based on the equation 

                  𝑅𝑝 = 17.264 − 0.265𝐵𝐼 − 0.087𝐿𝑃 + 0.189𝐿𝑆 + 0.0067𝑅                  (3) 

Where, BI – Build Inclination, LP – Laser Power, LS – Laser Speed, and R – Resolution. 

From the coefficients obtained from ANOVA, the value of Rp decreases with an increase in 

build inclination and laser power due to the negative sign associated with its coefficients and 

similarly, Rp increases with an increase in Laser speed and Resolution due to the positive 

coefficients. As per the functional requirement, Rp parameter values can be varied by inserting 

various values of independent variables using this equation. However, it must be noted that the 

accuracy of the prediction depends on the chosen model. In this context, the degree of prediction 

can be poor due to the use of a linear model, and adjusted R values will determine the accuracy 

of prediction. As a future step, it may be necessary to utilize complex models and they can be 

trained using machine learning for improved prediction and optimization.  

Table 6. ANOVA results from Laser-Assisted Finishing [44] 

2D 

parameters 
Description Adj. R² Sig. F 

P-value 

Build 

Inclination 
Laser Speed 

Laser 

Power 
Resolution 

Rp 
Maximum peak 

height 
56% 9.69E-72 1.71E-66 5.68E-12 1.61E-05 3.30E-05 

Rv 
Maximum valley 

depth 
55% 4.38E-68 1.87E-48 6.25E-21 4.07E-17 8.30E-08 

Rz Maximum Height 58% 1.16E-74 1.42E-61 1.62E-18 1.92E-12 2.99E-07 

Rdq 

Root-mean-square 

slope of the 

roughness profile. 

58% 4.6E-74 2.5E-09 4.8E-38 1.3E-40 1.9E-18 

Rdc 
Section Height 

difference 
51% 9.65E-62 4.37E-48 1.03E-16 2.23E-12 2.50E-05 

 

Table 7. ANOVA coefficients for the selected parameter Rp [44] 

Intercept Build Inclination (BI in °) Laser Power (LP in%) Laser Speed (LS in %) Resolution (R in PPI) 

17.264 -0.265 -0.087 0.189 0.0067 
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6.5 VALIDATION AND RESEARCH QUESTION 4 

This section addresses the final research question by gathering relevant appended papers that 

provide use cases from industries and dentistry to test the characterization approaches in 

practice. Paper 3 presents a use case from the industry and paper 7 presents a dental 

application.  

6.5.1 Industrial use-case (Paper 3) 

In the previous section, paper 3 was introduced where the focus was to find the best finishing 

process to achieve surface properties close to that of the injection molding process. For this 

purpose, various post-processing methods with different settings were tested and two-

dimensional profile roughness parameters were utilized for characterization. Statistical data 

analysis through regression helped in identifying the most significant parameters and also in 

establishing the relationship between the various post-process settings and the surface 

topography of FDM parts. Finally, after thorough experimentation and analysis, the best post-

processing methods and ideal process settings were identified, and also it was realized that the 

combination of post-processing methods worked the best both in terms of surface finish and 

aesthetic properties. 

In this section, an excerpt from paper 3 is presented where the results from regression were 

implemented on an industrial product. The TylöHelo sauna product (see Figure 58d), was 

originally produced using the injection moulding process, and hence, it was taken as a reference 

object to which the 3D printed and post-processed sauna products were compared. The 

identified best post-processing methods and settings from regression analysis were 

implemented on the 3D printed industrial product and the surface topography of these products 

was measured and PSD was plotted as shown in Figure 57. This figure displays the PSD curves 

for as-built FDM surfaces, post-processed surfaces, and the reference industrial product surface 

for comparison.  

 
Figure 57. One dimensional averaged power spectral density of As-built, Reference injection 

moulding, Acetone+Blasting, Laser+Blasting surfaces at 0° build inclination. [44] 

It can be witnessed that the features below the wavelength of 100µm are similar for all the 

surfaces since there are no significant deviations in this region. The most important difference 
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between the surfaces lies in the larger wavelength regions of the frequency spectrum. The 

surface features corresponding to wavelengths above 100µm are filtered to study the differences 

in detail. Figure 58 shows the TylöHelo sauna produced in as-built, reference injection 

moulding, and post-processes conditions along with the topography of original and filtered 

surfaces. It can be observed that acetone+blasted surfaces have a slightly better finish than the 

reference injection moulding samples. Laser+blasting processes have a surface finish closer to 

as-built conditions, however, the strong directionality of the as-built surface texture was 

completely removed. Also, the acetone utilized for smoothening the surface can only work with 

samples that are reactive to it, in other cases, the laser finishing process can be found beneficial.  

 
TylöHelo corner knot Unfiltered 0° surfaces Filtered 0° surfaces  

(a) (a) 

 

Sa = 15.7µm 

 

(a)  Sa = 14.3µm; Str = 0.129 

 

 

(b) 

 

Sa = 4.7µm 

 

(b) Sa = 2.59µm; Str = 0.316 

 

 

(c) 

 

Sa = 14.2µm 

 

(c) Sa = 12.0µm; Str = 0.951 

 

 

(d) 

 

Sa = 6.5µm 

 

(d) Sa = 3.03µm; Str = 0.922 

 

 

Figure 58. TylöHelo sauna corner knot with unfiltered and filtered surfaces (a) As-built FDM surface 

(b) Acetone + glass blasted surface (c) Laser + glass blasted surface (d) Reference injection moulding 

surface. The measurement area of the captured surfaces is 2.5 x 2.5mm. [44] 

In conclusion, this paper provided a statistical tool (regression) for quick surface quality 

assessment and to visualize the effects of post-processing on surface texture. Based on the initial 

experimentation, the post-processing methods and their settings were optimized and validated 

by implementing them on an industrial product to get a good finish. Finally, an advanced 
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characterization tool through PSD was utilized to further analyze the surface quality of the end 

products.  

6.5.2 Dental use-case (Paper 7) 

The main focus of this paper is to provide a detailed part quality analysis in terms of surface 

topography, dimensional accuracy, and mechanical properties of Stereolithography (SLA) 

biocompatible materials required for Dental/Bio-medical applications. The analysis also 

includes investigating the produced SLA samples before and after the sterilization process 

(Autoclave steam sterilization). Finally, the knowledge gained during the experimentation is 

implemented on an actual dental sample utilized for animal testing and the results are compared 

with the reference control sample.  

Several test artefacts are defined in the standard ISO/ASTM 52902:2019 [130] for assessing 

the geometric capability of AM systems. However, the criteria for selecting the test artefacts 

for analysis were dependent on the typical geometrical designs used for guided bone 

regeneration (Dental/bio-medical application) in animal testing as shown in Figure 59. Based 

on this design several geometrical artefacts were selected, however, in this context since the 

focus is solely on surface quality, the surface test artefact shown in Figure 60 was utilized for 

analysis  

 

Figure 59. The dental barrier typically used in animal testing for Guided Bone Regeneration (GBR). 

Image is taken from paper 7. 

Isometric View 

 

Rear-view 

 

Figure 60. Surface test artefact with varying build inclination from 0° to 90° in steps of 15°. 

Image is taken from paper 7. 

The surface test artefact [130] comprises seven flat tabs with different build inclinations ranging 

from 0° to 90° in steps of 15°. A total number of 5 surface test artefacts were produced to study 

the repeatability of the SLA printer and also to have statistically reliable results a total of 10 

measurements were performed on each tab on each surface artefact at random locations on the 

up skin surfaces using the CSI microscope and summing up to 50 surface measurements on 

each build inclinations. The objective of 50X with a measurement area of 0.17x0.17mm and 



76 

 

lateral resolution of 0.17µm were utilized for studying the micro-roughness. The measured 

surface was processed to remove the form and waviness by the gaussian filtering method with 

the nesting index discussed in the following section. 

Numerous studies have been conducted to identify the influence of the microroughness of 

dental implants and dental barriers on bone growth responses [142][143][144]. Most of the 

research has shown that there is a positive relationship between micro-surface roughness and 

hard tissue regeneration in dental applications. However, it is frequently found in the literature 

that exact roughness values that correspond to effective bone growth are difficult to identify. It 

is also important to note that apart from surface topography, other surface characteristics such 

as hydrophilicity, nano-roughness, and chemical bonding also influence bone growth [143]. 

Nevertheless, in this thesis, the focus is restricted to the influence of surface topography on 

bone regeneration.  

Furthermore, Anderud et al. [145] utilized milled ceramic-based Zirconia and Hydroxyapatite 

dental barriers for analyzing bone formation in animal testing. These samples were measured 

and filtered using a gaussian method with a nesting index of 50µm. The results indicated that 

Zirconia material with moderately rough surfaces with a Sa value of 1.1±0.1µm and Sdr of 

30±2% produced larger volumes of new bone compared to surfaces with smooth roughness less 

than 0.4µm. Hence, in this paper, Zirconia is utilized as a reference control for analyzing the 

surface roughness of SLA-based biocompatible material.  

  

Figure 61. The graphs of (a) Average roughness, Sa, and (b) Developed Interfacial Area Ratio, Sdr 

for various build inclinations. Measurements were obtained after removing the outliers and by 

applying a Gaussian filter with a 50µm nesting index. Graphs from paper 7. 

Figure 61 shows the Sa and Sdr values for SLA samples for various build inclinations along 

with the reference control values. The Sa parameter, average roughness provides a measure of 

overall surface texture, and Sdr is the developed interfacial area ratio which provides a measure 

of surface complexity [11]. It can be noticed that the AM surfaces differ with variations in build 

inclinations, and also the underlying mechanism of surface formation is different in AM 

compared to other traditional manufacturing processes. Hence, enforcing a Gaussian filter of 

50 µm nesting index for SLA surfaces might not effectively remove the waviness, and therefore, 

for certain build inclinations, the Sa values exceed the control limit. On the contrary, the 

parameter Sdr has values less than the control implying that the surface topography of SLA 

samples appears to be less intricate than the Zirconia surfaces. It can also be observed from 

Figure 61, that the sterilization has minimal effect on the Sa parameter for all the build 

(b) (a) 
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inclinations, whereas, there is a significant effect on the Sdr parameter. The effect of 

sterilization on the surface topography of SLA parts can further be scrutinized by using the 

complexity “Transfer function” plot, shown in Figure 62.  

 

Figure 62. Transfer function plot depicting the effect of sterilization on the SLA samples. The image is 

taken from paper 7 

The transfer function plot was obtained as per the methodology presented in section 5.2.4, 

where the ratio of complexity plots of Unsterilized to Sterilized SLA surfaces was taken for all 

the build inclinations to determine the effect of sterilization. This ratio is close to unity if the 

as-built and sterilized surfaces are similar, a ratio greater than unity indicates the dominance of 

the sterilization effect and vice versa for ratios less than unity. It can be noticed from Figure 62, 

that there is a clear deviation in the fractal complexity for scales less than 50 µm2. This implies 

that the Autoclave steam sterilization process effectively alters the micro surface topography 

features upon the application of heat and pressure. This effect can be visualized in Figure 63 

and from the deviation in the Sdr parameter in Figure 61b.  

 

(a) Sa = 0.5 and Sdr = 8.3% 

 

(b) Sa = 0.5µm and Sdr = 3.2% 

Figure 63. 3D view of relocated surface topography of SLA BioMED material at 0° build 

inclination in (a) Unsterilized and (b) Sterilized conditions. Surface topography was obtained after 

applying a Gaussian filter with a 50 µm nesting index. Images were taken from paper 7. 
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The surface features that correspond to scales higher than 50µm2 remain unaffected by the 

sterilization process since the complexity curves are closer to unity. This implies that the region 

corresponding to the scales 50µm2 and above can be termed waviness region since sterilization 

only affects the micro-roughness features. Thus by applying a gaussian filter with a nesting 

index of 10µm that corresponds to a 50µm2 scale, waviness can be separated. Figure 64 shows 

the results after applying the gaussian filter. It can be noticed that the micro-roughness, Sa is 

well below the control limit, however, the Sdr parameter remains unchanged this is because the 

Sdr parameter is mostly defined by surface features at lower scales. As mentioned earlier, the 

literature points out that smooth surfaces having roughness values less than 0.4 often have low 

bone responses. It may be necessary to perform post-processing to achieve the required surface 

roughness for effective bone growth. However, further research is required to fully establish 

the correlation between bone responses and surface topography at various scales, to fully realize 

the relationship between them.   

  
Figure 64. The graphs of (a) Average roughness, Sa, and (b) Developed Interfacial Area Ratio, Sdr 

for various build inclinations. Measurements were obtained after removing the outliers and by 

applying a Gaussian filter with a 10µm nesting index as per the transfer function plot. Graphs are 

taken from paper 7. 

Validation of results using Dental barriers 

In this section, the knowledge gained from the initial experimentation with the artefacts for 

assessing the surface topography quality is implemented in the actual dental barrier specimen 

utilized for animal testing. The surface analysis involved measuring the inner and wall surface 

topography of the printed SLA dental barriers before and after the sterilization process. Figure 

65 displays the non-relocated surface images obtained from unsterilized and sterilized SLA 

samples. Figure 66 presents the Sa and Sdr values obtained after removing the outliers and by 

applying a Gaussian filter of 10µm nesting index.  It can be noticed that these parameter values 

are well within the control limit, complying with the results obtained from initial 

experimentation on the test artefacts.  

 

(a) (b) 
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Figure 65. 3D view of the surface topography of the inner and wall surface of the fabricated Dental 

barrier before and after the sterilization process. Image is taken from paper 7. 

 

  

Figure 66. The graphs of (a) Average roughness, Sa, and (b) Developed Interfacial Area Ratio, Sdr 

for various build inclinations as measured on the inner surface (0° surface) and wall (90° surface) 

of the printed dental barriers. Graphs are taken from paper 7. 

At the inner surface or 0° surface, both the Sa and Sdr values are higher for sterilized samples 

compared to the unsterilized samples, this observation slightly contradicts the findings 

obtained from the artefact testing. The initial surface study on 0° build inclination showed 

that on average the values of Sa and Sdr parameters were slightly lower for the sterilized 

samples, although the difference was insignificant. Surface images also showed (see Figure 

63) visually the effect of the sterilization process. However, in the case of dental barriers, the 

unsterilized samples have lower values of Sa and Sdr mainly due to the increased presence 

of the resin on the inner surfaces of the dental barriers. The geometry of cup-like shaped 
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dental barriers confines the resin during the printing process and the automated process of 

washing the specimen in IPA alcohol does not fully remove the resins from its surface 

topography. The excess resin after the wash gets further cured in the UV chamber, leaving 

behind a smoother shiny inner surface of the dental barrier. During the sterilization, the steam 

under pressure may disrupt the smooth surface texture to provide a rougher texture to the 

samples. Figure 67 shows the presence of resin compared to the resin-free surface before the 

sterilization process. Hence, manual washing may be necessary to avoid the accumulation of 

excess resin. The inner walls of the dental barrier have Sa and Sdr values that were similar to 

the observed results from the initial experimentation with surface-specific test artefacts. This 

indicates that the excess resin from the inner walls of the dental barriers can be removed after 

multiple runs in the automated alcohol rinsing. However, it is necessary to optimize the 

washing process to maximize the removal of resins from such complex geometries. 

 

(a)  (b)  

                           

Figure 67. 3D view of the surface topography of the inner surface of the unsterilized SLA dental 

barriers with an extracted surface view (a) Excess resin on the surface and (b) Resin-free 

surface. Images adapted from paper 7. 
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Chapter 7 

CONCLUSION AND FUTURE WORK 
This is the final chapter of the thesis where the conclusion and future work are presented. The 

conclusion section is organized to answer the raised research questions and the future work 

includes the next steps in functional surface research aimed at improving the AM technology 

for industrial standards.  

7.1 CONCLUSION 

Globally, there are ongoing attempts to promote AM technology and assure its widespread 

adoption across industries, since it has shown huge potential in manufacturing and can soon 

become the industry standard for the production of parts. To achieve such milestones, it is first 

necessary to address and rectify the downsides of AM. As a consequence, this thesis aims to 

improve AM processes by addressing the quality-related issues associated with the surface 

topography of fabricated parts. This thesis compiles and compares diverse research involving 

various AM technologies, post-processing methods, surface measuring instruments, 

topography characterization, and statistical methods focused on improving AM surface 

topography quality and its part function. Additionally, this thesis can be formulated as a 

guideline for AM users and researchers looking to optimize AM processes for enhanced surface 

quality. The following passage presents a summary of the whole study by answering the raised 

research questions.   

 

RQ1: What are the various topography characterization methods that can be used to interpret 

scale-limited and multi-scale Additive Manufacturing surfaces? 

 

The characterization section in the previous chapter pointed out various appended papers 

comprising different characterization methods and their effectiveness in interpreting the 

Additive Manufacturing surfaces. The quality of information that can be extracted from the 

surface topography depends on the sophistication of characterization methods. For instance, the 

description of AM surface based on profile parameters (ISO 4287) may not fully reflect the 

functional behaviour due to its technique of providing waviness and roughness information only 

in one direction i.e., along the measuring direction. On the other hand, characterization through 

areal surface texture parameters (ISO 25178-2) provides the missing surface information from 

profile measurements that could improve the explanation of surface functional behaviour. 

However, the majority of these parameters are a direct counterpart of the profile parameters, 

and the literature has shown that average parameters are mostly employed for surface 

description which often does not fully correlate to the product performance. Hence, either a 

combination of areal surface texture parameters or advanced characterization approaches must 

be utilized for describing AM surfaces. The multi-scale characterization methods map the 

surface topography either as a function of scales or as a function of spatial frequency which 

helps in identifying the significant scales or wavelengths representing the most crucial surface 

features affecting the function. Characterizing these surface features not only strengthens the 

correlation between the surface and its functional performance but also improves the 

representation of AM surfaces as a whole. To summarize, this thesis provides a contrast 

between various characterization methods. The profile and areal surface texture parameters 

were utilized to mainly describe scale-limited AM surfaces and the multi-scale surfaces were 
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characterized using more advanced methods such as Power spectral density, Scale-sensitive 

fractal analysis, and Feature-based analysis.   

 

RQ2: How does the identification of significant roughness parameters improve the 

understanding of AM and post-processes? 

 

As mentioned earlier, several surface texture parameters are required to establish a complete 

geometrical description of AM surfaces and it is important to note that not all of these surface 

parameters are required to understand the underlying mechanism of surface formation in AM 

processes, and definitely not all to necessarily explain the surface function. It is, therefore, 

important to identify only a few parameters that describe the crucial surface features which can 

provide meaningful interpretation of the manufacturing process. With that said, it is also 

important to outline, that most of the research involves using average roughness parameters (Ra 

or Sa) to describe the AM surfaces. Using a single parameter to describe the surface will limit 

the understanding of manufactured surfaces. Hence, in this thesis, a research methodology is 

developed (refer to section 5.2.4) to identify the most significant surface/profile roughness 

parameters representing the “footprints” on the surface, unique to each manufacturing process. 

This is done efficiently by using a regression for scale-limited surfaces, where the significant 

parameters are identified by observing the coefficient of determination (R2) value. For multi-

scale surfaces, significant parameters are identified either by analyzing the significant scales 

obtained from the “transfer function” of complexity plots or by scrutinizing the power spectral 

density maps.  

 

RQ3: How can the statistical data analysis method facilitate the optimization of the additive 

manufacturing processes for achieving its intended surface function? 

 

The unique features of the surface topography highly influence the function of the part. It is, 

therefore, necessary to fully understand these features and their relation to the manufacturing 

process to establish control over the function of the part. Once this information is fully 

established the manufacturing process control variables can be varied to adjust the formation 

of surface features to achieve its intended function, thus enabling process optimization.  

For instance, Multiple regression statistical methods help in achieving this goal by identifying 

the influence of AM print settings (layer thickness, print temperature, Infill settings, and so on) 

and post-process settings (shot-blasting, laser-finishing, and acetone process settings) on 

surface topography. By observing the regression coefficients, an equation can be derived that 

links the process variables to the concerned roughness parameter and as per the functional 

requirements, the process settings can be varied to achieve the desired result. 

  

RQ4: How to validate the obtained research results in Industrial and Dental use cases? 

 

Paper 3 and 7 presented two use cases from industrial and dental applications. In paper 3, a 

TylöHelo sauna product was utilized for analysis, where the functional requirement was to 

restore the original injection moulding properties particularly related to aesthetic aspects (matte 

finish). The developed research method of using regression aided not only in identifying the 

significant parameters for characterization but also in identifying the best post-processing 

methods and their respective process control variables. Using the acquired knowledge from the 

statistical methods and by visual inspection, the best-suited post-processing method was 

selected and implemented on the industrial sauna product. It was found that combining multiple 

post-processing methods yielded the best results that were comparable to the reference injection 

moulding product.  
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In paper 7, the focus was provided on generating surface topographical properties that are 

suitable for bone regeneration required for a dental application. For this purpose, surface test 

artefacts were produced by using SLA AM technology using biocompatible material and the 

micro surface topography of as-built and sterilized samples were analyzed and compared to the 

reference milled Zirconia dental barriers. The developed method using area-scale analysis 

helped in identifying the important scales and roughness parameters for characterization. The 

obtained results were utilized to optimize the printing process to produce dental barriers that 

resulted in surface roughness within the required specification for facilitating bone growth in 

the dental application.  

7.2 FUTURE WORK  

The focus of this thesis was to establish a framework to mainly characterize the Additive 

Manufacturing and post-processing surfaces, thereby enabling the prediction and optimization 

of the surface quality to achieve its intended component function. Future work involves mainly 

addressing the de-limitations mentioned in this thesis. The surface analysis performed in this 

research was confined to only three of seven AM process categories and to generalize the 

findings into a framework other AM processes need to be investigated. However, the selected 

three AM processes i.e., Powder Bed Fusion, Material Extrusion, and Vat-photopolymerization 

for analysis are most widely used in industries, medical and dental sectors. In this thesis, all the 

results were restricted to the up-skin surfaces of AM samples mostly including surface features 

corresponding to “stair-steps” and raster patterns. It is necessary to study the influence of re-

entrant surface features on the functional performance of the produced samples. These features 

are typically present on the down skin surfaces. This then points out the fact that the utilized 

surface measuring instruments often fail to capture these re-entrant features and hence other 

methods of surface acquisition namely computed tomography may be necessary to analyze the 

AM surfaces. Furthermore, it may be necessary to analyze the form effects on AM product 

functional performance, since the current methods of characterization especially the surface 

parameters and filtering conditions are mainly designed to analyze nominally flat surfaces. 

Finally, the most important future step would be to integrate Artificial Intelligence for the 

surface analysis of AM products. AI through Machine Learning allows the utilization of 

complex modeling algorithms that provides better prediction and optimization of AM process 

variables and surface function.  
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