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Abstract 

Additive Manufacturing (AM) has proved efficient in many medical, aerospace, and automotive 

applications. While most critical AM parts still require a case-by-case verification, medium size productions 

have been proven successful and future plans of mass customisation and quality inspection protocols are being 

drawn. AM is beneficial and cost effective to use in low volumes or when parts have highly functional complex 

features like topology optimised shapes or lattice structures. While AM has been existing for more than three 

decades, the usual high cost, especially of Powder Bed Fusion (PBF) means that the use of advanced design 

techniques, like the incorporation of functional lattice structures, is necessary to capitalise on the technology 

investment. However, while design and manufacturing capabilities has significantly increased in the last 

decade, especially with methods like design for AM (DfAM), the metrology side is still falling behind, 

especially when it comes to internal features or complex geometries like lattices. This challenge has led further 

academic and industrial research in metrology related to AM, which is sometimes referred to as “design for 

metrology”. This has been done by understanding the quality measurement tools, considering them from the 

beginning of AM process and also by using AM benchmark artefacts followed by adequate measurement 

strategies. The lack of standards related to AM and to non-destructive evaluation (NDE) tools like X-ray 

Computed Tomography (XCT) meant that further research still has to be done in this field. XCT still currently 

lacks from the challenge of being heavily relying on user experience, which increases chances of human error. 

Another current challenge in the AM field is the lack of tools allowing for considering or designing the 

expected manufacturing defects like dimensional deviation or surface topography in the design phase, making 

most current design simulations inaccurate as they are done on perfect computer-aided design (CAD). Finally, 

and since there is still no unique AM benchmark artefact that is standardised and can be used for all processes, 

multiple designs are currently suggested in literature, although, none of them being mainly focused on lattices 

with clear and appropriate measurement strategy. This thesis reports on development of novel protocol that 

can assist XCT users to optimise scan process settings in a cost effective and timely manner using 2D image 

analysis prior to reconstruction. This is especially critical when using lattice structures since XCT is the only 

tool that can give a holistic analysis as well as reach internal features or re-entrant ones. The technique has 

been initially tested on machined parts and further developed to work for lattice structures. This work has 

increased the efficiency and optimised the dimensional metrology process of lattices. After proposed method 

related to dimensional metrology, a method was developed to extract surface data of AM lattices using XCT 

alongside a script developed to allow the design of AM PBF like surfaces on any CAD using areal surface 

parameters as inputs. The method was then further optimised and adapted to work for the CAD of lattice 

structures which have different up skin and down skin surface values. Subsequent to proposed dimensional 
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and surface research studies, an AM lattice benchmark artefact design and measurement strategy has also been 

developed, which was an ideal way to complete the overall research study. The novel design has a gradual 

strut diameter and is the first AM benchmark artefact suggested in literature that is solely made for lattices. 

The measurement strategy has used ISO/ASTM 52902:2019 as a guideline to develop lattice specific 

measurement methods using XCT. This sequence of connected research experiments has been designed to 

focus specifically on AM lattice structures, providing adequate and efficient methods in dimensional and 

surface metrology fields using XCT. The research is completed by a novel AM lattice benchmark artefact that 

is parametric and not process specific, which was printed in this research in both PBF and Fused Deposition 

Modelling (FDM) processes. The developed research has been chosen to be relevant in industrial scenarios 

where cost effectiveness is essential. The work presented in this thesis represents a milestone in research 

related to XCT dimensional and surface metrology linked to lattices as well as research related to AM 

benchmark artefacts. Further research in this field can accelerate the transition and use of efficient AM 

protocols and adoption of lightweight and highly functional lattice structures, accompanied by reliable 

processes from the design stage to metrology one.   
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Glossary 

3MBIC 3M Buckley Innovation Centre.  

3MF 3D Manufacturing format is a file format developed for additive manufacturing and 

can include information like the 3D model, colours and materials. 

ABS Acrylonitrile Butadiene Styrene is a polymer material commonly used in FDM 

process. 

ACOs Aircraft certification offices. 

AM Additive manufacturing 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 [1]. 

AMSC America Makes & ANSI Additive Manufacturing Standardization Collaborative. 

ANSI American National Standards Institute. 

ASTM American Society for Testing and Materials. 

B-rep Boundary representation is a collection of surface elements used to represent a 

geometry in a CAD environment.  

Bit depth Bit depth is the range or number of grey levels that can be assigned to each pixel as 

an exponent of 2. 

BCC Body Centred Cubic is a crystal molecular body structure used as a lattice structure 

unit cell. 

CAD Computer Aided Design. 

CFD Computational fluid dynamics. 

CLI Common Layer Interface is an AM format that is unambiguous and represents the 

multiple cross sections forming the 3D volume part, where the space between the 

cross sections is the layer thickness [2]. 

CMM Coordinate Measuring Machine. 

CNC Computer numerical control. 

Contouring The melt strategy followed in the outer region or outline of the part during the AM 

process. 

CPU Central processing Unit. 

CT Computed Tomography. 
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DLF Direct laser forming, an AM process. 

Downskin Additive manufactured geometry of a product can be divided to the core part, up 

skin and downskin areas. The areas with no underlying layers are named downskin. 

FAA Federal aviation administration. 

FCC Face Centred Cubic is a crystal molecular body structure used as a lattice structure 

unit cell. 

FDA Food and Drug Administration. 

FDM Fused Deposition Modelling, an AM process. 

FE Finite element. 

FEA Finite element analysis. 

GD&T Geometric dimensioning and tolerancing. 

Gyroid A type of TPMS discovered by Schoen in 1970  [3]. 

Hatch spacing The spacing between two parallel laser passes in the LPBF process. 

Hatching The melt strategy followed in the central region of the part during the AM process. 

ISO International Organization for Standardization. 

Kelvin cell Based on kelvin model proposed by Sir William Thomson (Lord Kelvin) in 1887 used 

to describe the equal sized bubble foam. The kelvin cell is a tetrakaidecahedron 

(polyhedron with 14 faces) consisting of 6 squares and 8 hexagons [4]. 

LPBF Laser Powder Bed Fusion, an AM process. 

Melt pool Melt pool is the interaction result between the LPBF process material and laser. The 

melt pool size affects the size of the created geometry. 

MIDOs Manufacturing inspection district offices. 

MPE Maximum Permissible Error. 

NASA National Aeronautics and Space Administration. 

NDE Non-destructive evaluation. 

NIST National Institute of Standards and Technology. 

NPL National Physical Laboratory. 

OD Outer Diameter. 

PBF Powder Bed Fusion, an AM process. 

PLA Polylactide thermoplastic is a polymer material commonly used in FDM process. 
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PPE Personal protective equipment. 

Radiograph A 2D digital representation using grayscale of the X-ray imaged part. 

ROI Region Of Interest. 

SDF Signed distance field. 

SEM Scanning Electron Microscope. 

STL Stereo Lithography format is a file format used to describe the surface geometry of 

a 3D model. 

TC Technical committee. 

TIFF Tagged Image File Format is an image file format commonly used for its lossless 

compression capability [5]. 

TPMS Triply periodic minimal surfaces are a category of lattice structures where the 

geometry of the surfaces have a mean curvature of zero. 

Up skin Additive manufactured geometry of a product can be divided to the core part, up 

skin and downskin areas. The areas with no further upper layers are named up skin. 

V&V Verification and validation. 

XCT X-ray Computed Tomography. 
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1. Chapter: Introduction 

1.1. Background Motivation 

Additive manufacturing (AM) adoption has been constantly increasing in the recent years. During 

the last decade, the AM industry grew by $10.8 billion and is expected to reach $47.7 billion, four times the 

progress done in the last 10 years by 2025 [6]. A major reason for this has been the innovations reached in 

the design stage using design for AM (DfAM), as well as advancements in the manufacturing and post 

processing phases, making AM machines more affordable and efficient. 

 To take advantage of AM, engineers would usually have to justify the cost by increasing their 

component efficiency, reducing weight in addition to production times [7]. This usually leads to using the 

mentioned DfAM technique which can include lattice structures, topology optimisation and more [8]. 

Lattice structures have been applied to lightweight parts, for thermal dissipation, damping, osseointegration 

of implants and more [9,10].  

However, in a global economy of $80 trillion, manufacturing represents 16% of it, and AM account 

for less than 1% of that. If AM was to reach 5% of global manufacturing, it would reach a $640 billion 

industry [6]. High cost of AM technology is usually justified by increasing the efficiency of the parts by 

incorporating lattice structures, which can allow for increased manipulation of material properties. Advances 

in this field led to state-of-the-art and new design approach called “architected materials” [11], with 

boundless possibilities. The use of lattices in medical has for example allowed for the manufacturing of 

implants that have closer mechanical properties to the human bone [12], reducing the stress shielding effect 

[13] and increasing chances of osseointegration [14]. Lattice structures have also been combined with 

superalloys like Inconel which are challenging to machine, to produce significant lightweight parts with 

remarkable properties, attractive for aerospace applications [15]. Applications related to heat exchangers 

have also benefited from the use of lattice structures [16], especially triply periodic minimal surfaces like 

gyroids which significantly increase the surface area [17]. The impact of these lattice heat exchangers is 

expected to be significant, especially with the increasing research in AM copper [18]. 

However, while AM enables us to design and manufacture better functioning lattice structures in 

medical, automotive, aerospace and more, it also creates bigger challenges when it comes to metrology and 

quality control of these complex geometries. This challenge is emphasised by lack of methods developed for 

inspection and holistic evaluation of AM lattice structures as well as lack of standards in use of ideal non-

destructive evaluation (NDE) tools like X-ray Computed Tomography (XCT) which are often suitable for 

these kinds of complex geometries. These gaps have been thoroughly highlighted both in literature [19] and 

organisations like America Makes & ANSI Additive Manufacturing Standardization Collaborative (AMSC), 
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which names Gap NDE4 the one related to XCT, Gap P4 the one related to surface metrology of complex 

geometries and AM lattices and GAP D26, the one related to developing metrology methods optimised for 

lattice structures [20]. Due to the challenges currently hindering further adoption of AM, especially 

advanced lattice structures and alongside the mentioned research gaps, the following aim and objectives 

summarise the work presented in this PhD study. 

1.2. Aim 

The aim of this project is to lay a clear approach in providing defining parameters and 

measurement techniques for the metrology process of additive manufactured lattice structures from design 

to inspection. This aim will enable a clear, repeatable, and reliable approach of measuring or comparing 

produced lattice structures to further accelerate the mass adoption of AM and use of lattice structures in 

industry. 

1.3. Objectives 

The objectives set to reach the aim of the project are: 

• Objective 1: Holistic review of AM lattices regarding the latest advances and current research 

gaps in design, manufacturing using laser powder bed fusion (LPBF) and material extrusion 

as well as metrology using XCT.  

• Objective 2: Develop a non-destructive method to optimise the XCT dimensional metrology 

of lattice structures, additive manufactured in Aluminium using LPBF process. 

• Objective 3: Develop method to extract areal surface parameters of both up and down skin of 

Aluminium lattice structures, additive manufactured using LPBF process. Also optimise the 

metrology process of lattices by exploring possibility of incorporating dimensional and 

surface defects in design stage.  

• Objective 4: Develop a novel design of AM lattice benchmark artefact, additive manufactured 

in Titanium using LPBF process and polylactide thermoplastic (PLA) using material 

extrusion as well as the non-destructive measurement strategy of both internal and external 

features using XCT. 
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2.   Chapter: Additive Manufacturing 

2.1. Commercial beginnings 

AM is defined by the International Organisation for Standardisation (ISO) as “process of joining 

materials to make parts from 3D model data, usually layer upon layer, as opposed to subtractive manufacturing 

and formative manufacturing methodologies” [1].  

The odyssey of AM commercialisation started in 1987, with SLA-1, the first stereolithography (SLA) 

machine introduced by 3D Systems [21]. Electro Optical Systems (EOS), another giant in the AM industry, was 

founded in 1989 and sold their first stereolithography machine in 1990 [6]. A year later, new technologies 

like fused deposition modelling (FDM), solid ground curing (SGC) and laminated object manufacturing 

(LOM) were commercialised by Stratasys, Cubital and Helisys respectively [6]. In 1998, Extrude Hone 

(currently named ExOne) commercialised the industry’s first metal AM machine, the ProMetal RTS-300 [6]. 

Early 2000s saw the rise and fall of many companies, acquisition and mergers, as well as a number 

of lawsuits and patent agreements. The stirred and fierce competition in this period started to lead to slightly 

more affordable AM machines like for example the ZPrinter 310 from Z Corp in 2003 priced at $29,900 

later reduced in 2006 to $19,900, this drop in price was however not general to all AM technologies [6]. 

In 2009, a key FDM patent held by Stratasys expired, making way to multiple low cost FDM 

manufacturers to enter the AM market [22], mainly in the FDM market and more specifically the desktop 

based versions. This scenario led to the first truly affordable desktop AM machines, which were mostly 

based on the open-source FDM Replicating Rapid Prototyper Project (RepRap). The low cost RepRap 

desktop AM machine, was shared by Dr. Adrian Bowyer, formerly an academic at the University of Bath 

who obtained multiple awards for his considered outstanding contribution to 3D printing[23,24]. RepRap 

machines went to inspire some of the biggest FDM companies today like Makerbot, Prusa or Ultimaker 

who’s co-founders recently testified that his company would not have existed today if it was not for the 

RepRap project. The proliferation of desktop AM manufacturers of FDM machines meant that in April 2009, 

a RepRap based kit was sold for around $1000 by Bits from Bytes [6]. It is possible today to buy RepRap 

based 3D printers for as less as $200, a first in FDM AM community [25]. 
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2.2. Different types and trends of AM processes 

AM is split into seven different type of processes as categorised by BS EN ISO/TC 261 and ASTM 

F42 in the Terminology for AM Technologies Standard [1]. These processes include powder bed fusion, 

binder jetting, directed energy deposition, material extrusion, material jetting, sheet lamination and vat 

photopolymerization. Industry adoption percentages of different AM process types can be seen in Figure 1 

where Powder Bed Fusion (PBF) process is clearly dominant with a value of 54%.  

 

Figure 1: Industry adoption of different AM processes in 2020 [26] 

a) LPBF metal AM process 

Powder bed fusion (PBF) represents 54% of the AM industry adoption in 2020 as seen in Figure 1. 

PBF is further categorised depending on the heat source like laser or electron beam, both with a powder 

based material supply [27]. LPBF is considered the method with the best dimensional accuracy and 

reproducibility of a part production [28]. The LPBF process is sometimes referred to by other names like 

Direct Metal Laser Melting (DMLS) or Selective Laser Melting (SLM) which are terms coined by different 

AM companies[26]. 

The process usually starts by a layer of metal powder with a defined thickness to be spread across the 

machine build platform as seen in Figure 2. The area of interest is then melted using the laser beam, 

subsequently, the build plate moves down, and another layer of powder is spread followed by further melting 

of the next cross section of the part. The process is repeated until the build is complete, layer per layer hence 

the additive naming of the process.  
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Figure 2: Example of an AM LPBF system [29]. 

Different process parameters can be set prior to starting the printing process. The parameters include 

for example the laser beam power, the hatch scanning strategy spacing, the scan velocity and layer thickness 

[28]. Different printing process parameters can lead to different part characteristics like microstructure, 

dimensional deviation, surface roughness and more. Structural integrity can be affected by these defects, in 

some cases, fatigue performance of LPBF additive manufactured Ti-6Al-4V part can be 77% less than its 

wrought material equivalent [30]. In another study done by Masuo et al. the process defects reduced the 

fatigue performance of the as fabricated LPBF AM Ti-6Al-4V by a third compared to its wrought alloy 

equivalent [31]. The PBF process in general is relatively more expensive than its AM process counterparts 

and with a size limitation. The process also sometimes suffers from some levels of distortions and coarse 

surface finish, especially in overhangs. The quality of “as built” components may not be satisfactory to 

product requirement, necessitating post processing techniques. For example, hot isostatic pressing (HIP) has 

been shown to be effective in reducing part porosity [32], with limitations depending on pore connectivity, 

proximity to surface and sometimes the reopening of pores, when annealing after HIP [32,33]. The reduction 

of part porosity lead to a decrease of internal stress concentrations, allowing for an increased fatigue life 

[34]. However, HIP process can also lead to decreased yield strength and ultimate tensile strength due to the 

recrystallisation and microstructure changes caused by the process [35]. Improvements in HIP process can 

allow for the sealing of pores as well as preserving yield and ultimate tensile strength properties [36]. 

Chemical etching can be used to reduce surface roughness of complex geometries like lattice structures, 

leading to removal of critical surface defects that might also act as crack initiators [37]. 
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b) Material extrusion 

Material extrusion or FDM process represents 10% of the industry adoption in 2020 as seen in Figure 

1. This AM process is usually dominated by polymer materials and considered a good entry level due to its 

low cost and ease of use. The FDM process relies on the melting and rapid cooling of a material usually in a 

filament tube form layer per layer as seen in Figure 3. Recent innovations and trends in this process include 

the infusion of metal powder in the commonly used (PLA) or acrylonitrile butadiene styrene (ABS) with 

varying quantities. This has opened the door to manipulate the mechanical properties of the printed part 

while reducing chances of warping due to increased thermal conductivity [38]. Another recent development 

in the material extrusion process type is the capability to manufacture metal parts. The raw material this time 

is metal powder mixed with a polymer binding agent that is still extruded through a nozzle in a close way to 

the FDM process. After printing the post processing includes a solvent and thermal debinding to remove the 

binder agent and producing mechanically stable parts in a material like 316 L steel parts with 95% density 

[39]. 

 

Figure 3: Example of AM FDM system [40]. 

 An example of a part made using this process can be seen in Figure 4. Material extrusion can be a 

great entry level and low-cost way to enter the AM field, although recent advancement in producing metal 

parts can see even more adoption from small batch AM applications or especially machine shops. However, 

the process is relatively slower when compared to other AM processes and often requires the use of 

supports, limiting the complexity and accuracy of produced parts. Nevertheless, the process has low 

maintenance costs, low material costs and can be considered simpler to use [26]. 
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Figure 4: Additive manufactured 316L steel blade done using material extrusion process combined with solvent and 

thermal debinding leading to a 17% shrinkage shown from the left image to the right one [39]. 

2.3. Applications of AM 

AM was initially used for prototyping or to make cosmetic models [41]. These models were usually 

used for communicating design intent or shown to clients for limited demonstrations [6]. However, it can be 

seen how in Figure 5 AM cosmetic models only represent 10.5% and falls fourth in the most common 

application of AM. Also, Figure 5 shows how more than half of AM applications are used for end use parts 

(30.9%) followed by functional prototypes (24.6%). End use parts include components that are sold and 

used directly by the customer. The difference between cosmetic models and functional prototypes is that the 

latter are used by designers and engineers to assess the function capability of the part and its fit in into an 

assembly. This application heavily assists users of AM in removing any ambivalence about the tolerances or 

functional issues of a part before any batch production. 
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Figure 5: Most common AM applications figure recreated from Wohlers 2020 report [6] 

The aerospace industry was one of the early adopters of end use parts. As shown in the 2020 Wohlers 

report, and in Figure 8, this sector now ranks third in application sector with a value of 14.7%. For example, 

the American aerospace company Boeing have already fitted more than 70,000 AM production parts in their 

commercial and defence programs [42]. Similarly, General Electric (GE) has also been using AM to produce 

thousands of fuel nozzles, as part of their LEAP engineering project [43]. Examples of Boeing AM parts can 

be seen in Figure 6. 

 

Figure 6: Boeing examples of design freedom and increase of functionality when using AM [44]. 

The automotive industry comes first in AM applications [6] as seen in Figure 8. For instance, BMW 

opened an AM centre of production with an investment of €15 million and had produced in 2019 more than 

300,000 parts [45]. The recent i8 Roadster from BMW includes multiple AM parts like rails and aluminium 

made fixtures that can be 44% lighter and ten times stiffer than its injection moulded plastic counterpart 

[46]. Automotive field is now one of the closest to reach a mass manufacturing scale in AM. Engine 
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components are now also additive manufactured like an additive manufactured cylinder head by BMW in 

their S58 engine [47] or pistons by Porsche in their high performance 911 GT2 RS model. The additive 

manufactured pistons by Porsche (Figure 7) are lighter and more efficient as they can withstand 30 PS more 

power when fitted to their 700 PS biturbo engine [48].  

 

Figure 7: Pistons additive manufactured by Porsche for their 911 GT2 RS model [48]. 

 

Figure 8: Distribution of AM usage in different sectors recreated from Wohlers report 2020 [6]. 

Coming fourth in most common application sector is the medical and dental sector with a percentage 

of 13.9% as seen in Figure 8. AM can most of the time be an ideal choice for medical parts since most of 

them perform better when they are customised to the patient instead of chosen from standard sizes. Using 

DfAM principles, design engineers can have increased control over the stiffness and porosity of the 

produced medical parts or implants [12]. 
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Another example of worldwide AM use has been the recent COVID-19 pandemic which led to 

multiple supply chains struggling to provide health care consumables [4]. AM enables reduced supply chain 

times, and on some occasions removal of delivery costs [3]. In this case, AM proved worthy especially in the 

early days of the pandemic [5]. During this period, it was possible to additive manufacture ventilator valves 

[6], surgical helmets [8] and wearable respirator [7] sometimes with antibacterial properties [49] as seen in 

Figure 9. One of the main benefits of using AM was to cover for the shortage period as well as to make 

patient custom designs or function related materials that are suited for each application. For example, the 

AM of polymer materials that have copper nanocomposites that acts as an antimicrobial [9]. AM can also 

allow for the reduction of polluting environmental emissions while allowing the production of parts on 

demand while being with improved quality [10]. While this section was more focused on general AM 

applications, more lattice related applications will be mentioned in detail in Chapter 3 section 3.2.1. 

 

Figure 9: Additive manufactured respirator valves [50] (left) and antibacterial N95 mask [51] (right) 
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2.4. AM workflow  

a) Design software and 3D modelling 

As mentioned above, the AM timeline starts with different proof of concepts and patents starting 

with the photopolymerization in the late 1960s [6]. However, another important driver of these research 

efforts has been in the late 1940s, dating the invention of the computer followed by advances in the 

computer aided design (CAD) and also computer aided manufacturing (CAM). Although not being directly 

used for AM, CAD/CAM systems have laid the ground work and were used heavily by the computer 

numerical control (CNC) machines which were developed in the early 1950s [52]. 

As seen in Figure 10, the AM process workflow usually starts with a design idea. The design idea 

can be modelled from scratch using a 2D drawing/sketch as a reference [52]. It is also common to see parts 

traditionally done in CNC or other processes adapted and re-designed for AM to decrease part count or 

increase functionality. Currently, The design freedom of AM also allows for part consolidation where part 

counts can be dramatically reduced alongside the manufacturing cost and assembly time [41]. 

Another source of obtaining a 3D model can be by using reverse engineering techniques like optical 

scanners [53] or X-ray computed tomography [54]. XCT can be more critical in cases where the object has 

unknown internal features like antique parts that might break when disassembled or crime scene evidence 

that would be tampered if opened. Reverse engineering techniques like photogrammetry [55] can take 

multiple images from different angles and height steps, find their centre point, and create a digital model. 
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Figure 10: AM process workflow from product idea to manufactured component [52]. 

b) Slicing of the CAD 

Once a 3D model is obtained from either of the techniques mentioned above, it is usually exported to 

one of the used 3D printing 3D file formats like. STL or the recently highly used .3MF file format or. AMF 

one. The exported mesh file is double checked for any mesh errors like non-manifold errors [56], flipped 

normal, holes or gaps between faces, edges, and vertices of the design in AM software like Autodesk 

Meshmixer or industry used one Netfabb.  

The next step involves opening the mesh file exported from the 3D model in what is usually called 

slicing software [57]. The slicing software translates the 3D volume data to machine instructions and 

nozzle/laser path. A common exported file format especially the low cost and open-source 3D printers is the 

G-code [58], which is similar to the traditional one used in CNC machining [59]. Few companies have 

adapted the G-code and managed to develop their own slicing software that works better for their 3D printer 
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hardware, however, there are many open-source slicers that can work for multiple 3D printers at once like 

Cura [60]. Instructions that are included in the exported slicing software file include for example the 

machine heated bed temperature, the nozzle temperature or laser power.  

c) Raw material quality control 

Raw material used in the AM process plays an important role in the produced quality of the part. This 

is crucial since it is often possible to recycle the non-used raw material like powder in an LPBF process, 

however, excessive recycling can lead to increased porosity and reduced mechanical properties [61]. Also, 

LPBF powder or material extrusion filaments have the risk of absorbing unwanted moisture and should be 

stored accordingly [62,63]. During the AM process, and before the laser sinters a layer, a coater passes and 

depose the raw material powder on the print bed. Therefore, the powder particle size and flowability play a 

crucial role in the success of the powder deposition as well as properties of produced part. The flowability of 

the used powder can be influenced by the standard deviation of the particle size distribution (PSD) [64]. The 

powder flowability also improves with coarser powder particles [65] and get decreased with increase in 

moisture [66]. 

d) Fabrication from the slicing data 

The following step usually involve sending the slicing data (which has different file formats 

depending on the machine manufacturer) to the AM machine either wirelessly or using a universal serial bus 

(USB). In the case of FDM process, when the AM machine is started and the file is set to be printed, the 

machine usually warms up the printer bed and on some occasions perform automatic build platform 

calibration [67]. Otherwise, the user would have to perform a manual bed levelling or sometimes a semi-

automatic one where the machine performs the calculations and instruct the user on for example which 

screws to tighten to have a calibrated bed [68]. As for the LPBF process, several studies are investigating 

and testing the possibility for in-situ monitoring of the AM process at different levels, as seen in Figure 11, 

allowing for increased reliability and earlier detection of manufacturing defects [69].  
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Figure 11: In-situ monitoring of a PBF system at different process levels [69]. 

e) Stress relieving and support removal 

In general, during the manufacturing process of the LPBF method, the part being built experiences 

fast heating and cooling cycles that usually impact the physical part properties as well as microstructure 

[70]. These multiple and rapid changes of thermal cycles induce residual thermal stresses on the final 

produced part. Furthermore, a heat treatment is usually necessary to be performed on the final part to relieve 

these residual stresses and reach a homogenised microstructure and improved mechanical properties [71]. 

Most of the times, the part is still attached to the build platform and gets transferred to a furnace following 

standardised heat treatment procedures. In other occasions, the stress relieving procedure is included in the 

machine being used without the need to or moving it.  

After the stress relieving procedure comes the next step of removing supports and separating the part 

from the build plate [72]. In the case of material extrusion processes like FDM the part is easily removed 

after cooling down using a sharp spatula, however in cases like metal AM processes, wire electrical 

discharge machining (EDM) is used to separate the part from the build plate [73]. Research has been looking 

at different aspects to ease this post processing step, from automatic support removal [74], using dissolvable 

metal supports [75] to using advanced lattice designs for optimised supports during the AM process [76]. 

Examples of different warpage scenarios or cracks on produced AM parts can be seen in Figure 12. 
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Figure 12: Examples of part failures like part cracking in Inconel-718 (a), part cracking in Titanium Ti-6AL-4V (b), 

part cracking in build plate interface (c), warpage of non-supported structures, warping from build plate sectioning 

(e) and of the part base (f) [77]. 

f) Finishing and advanced heat treatment 

The finishing step has post-processes like machining the holes, thin walls and critical features of the 

part using CNC equipment for increased accuracy and tighter tolerances that cannot be reached using AM 

process [78]. In other occasions, surface treatment operations are done on the part by either machining the 

critical features or applying chemical etching for internal features that would not be  reachable with 

machining like the case of lattice structures [79,80]. Further to the support removal, increased part 

performance and mechanical properties can be obtained by more advanced heat treatments like hot isostatic 

pressing (HIP) [32]. The HIP process relies on applying high pressure (400 to 2070 bar) and high 

temperatures up to 2,000°C resulting in parts that are way closer to the theoretical 100% density with far 

improved ductility and fatigue resistance [81]. Example of an AM part cross section using XCT before and 

after HIP treatment [82] can be seen in Figure 13. 

 

Figure 13: XCT slice image of an aluminium  AM  produced sample before HIP (left) and after HIP process (right) 

showing decreased porosity [82]. 
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g) Inspection 

Additive manufactured parts follow an inspection and quality control process for example to evaluate 

any dimensional deviations from the original CAD, making sure that the critical features are within the 

intended tolerances [83,84]. Beside dimensional measurements, surface roughness can also be measured 

using either contact, optical and also XCT [85,86]. The surface roughness of LPBF processes has relatively 

higher amplitudes compared to the conventionally machined surfaces, especially in the overhang areas 

which can for example affect a fluid flow in cooling channels [87]. Also, instead of using profile surface 

measurements which are more conventional in the case of CNC machined components, AM parts usually 

have different surface roughness’s across the different faces/sides of the same part depending on the 

geometry, overhang angle. The use of areal surface parameters is the norm when assessing AM surfaces 

[88]. Porosity is also usually checked for additive manufactured parts using different methods like 

Archimedes for a faster general value [89]. Otherwise, for more holistic porosity analysis with pore volume 

distribution and density, the whole part or a smaller section of it can be XCT scanned and analysed using 

volume analysis tools [90]. Examples of contact, optical and XCT instruments being used for metrology can 

be seen in Figure 14. 

 

 

Figure 14: Examples of inspection using contact methods [91,92] , optical methods [93] and XCT methods [94]. 
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2.5. Additive manufacturing standards 

a) Start of AM standards 

With every new emerging technology, standards play a key role in accelerating global adoption in 

industry. While few AM standards for materials and processes exist, there is still a lack of AM specific 

standards and also need for further development of existing ones [95] especially in the case of complex parts 

like lattice structures. The beginnings of AM standardisation can be considered from 2009 with the 

American Society for Testing and Materials (ASTM) International establishing the F42 committee and 

recognising the importance of AM standards.  

In 2011, an agreement has been reached between ISO TC 261 and ASTM F42 to avoid competing 

standards [96] and in 2016, America Makes and American National Standards Institute (ANSI) started the 

AMSC collaborative [97]. Also in the same year, ASTM and ISO released the AM standard development 

framework, splitting types of standards to three main categories, general standards, category AM standards, 

specialised AM standards as seen in Figure 15 [98]. 

 

Figure 15: Common AM standards roadmap and organisational structure shared by SO/TC 261 and ASTM F42 

showing the three level hierarchy of AM standards [98]. 

Other government agencies have also released their take on AM guidelines and quality standards like 

Food and Drug Administration (FDA) [99] for their biomedical AM components or National Aeronautics 

and Space Administration (NASA) [100] for their spacecraft parts. Agency specific standards can be 
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important in the case of a rapid increase of AM use in a niche field that was untapped before. The best 

example in this case can be the rapid rise of community responders who rushed into additive manufacturing 

millions of medical personal protective equipment (PPE) like masks or face shields. Although slightly 

delayed, this has caused the FDA to share in November 2020 guidelines on 3D printing PPE [101] to tackle 

the covid pandemic. The shared guidelines were insightful and helped address multiple frequently asked 

questions regarding the AM parts viability and necessary risk assessment.  

The increase of AM adoption in aviation meant that the federal aviation administration (FAA) 

released different guidelines for manufacturing inspection district offices (MIDOs) and also to regional 

aircraft certification offices (ACOs) to better assess and evaluate and certify additive manufactured parts 

[95]. The unique custom aspect of AM means that while few process standards from different fields 

(biomedical, aerospace...) can be similar, most AM part certification processes and part requirements are 

different, depending on the part criticality level and its type of application. 

 

Figure 16: XCT porosity analysis results showing how a witness coupon (left) and turbine blade (right) made at the 

same time, do not necessarily have transferrable and similar properties/characteristics [95].  

Industry accepted standards are crucial when developing an innovative and emerging manufacturing 

method as they remove any ambiguity during each procedure and also level out the playing field for new 

AM start-ups by showing the minimum accepted requirements for each AM process. AM standards are also 

becoming important since it is often challenging to correlate AM machine settings and raw material 

properties to the produced part defects/microstructure and eventually, the produced mechanical properties 

especially the fatigue behaviour.   
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Unfortunately, using standards previously developed for other manufacturing methods might not be 

necessarily transferrable since the specimen size, geometry or homogeneity assumptions that are not always 

practical for AM [95]. For example, when developing a fatigue standard for AM, it is common to test a 

manufacturing process by using a specific standardised coupon. However, when it comes to AM, having 

multiple coupons in the same build does not necessarily mean similar properties, especially when placed at 

different orientations. Most importantly, the AM coupon defects will not necessarily be similar to the defects 

detected in the actual engineering part [95], as seen in Figure 16. This means that applying quality inspection 

methods only on witness coupons printed alongside the AM products is not a definitive method, and further 

research is required. 

b) Current state and gaps in AM standards 

As of April 2021, ISO/TC 261 committee which consists of 25 organisations and seven working 

groups has 19 published standards, of which 16 are jointly made with ASTM F42 committee. Also, 33 

standards are currently under development, which are all jointly being developed with ASTM [102]. 

Relevant standards from the officially 19 published ones can be seen in Table 1. Most AM standards are 

either general or oriented for metal AM and more specifically LPBF process. Most important standards at 

the moment can be considered to initially be the terminology one [103], ISO/ASTM 52901:2017 regarding 

the requirements for purchased AM parts and ISO/ASTM 52910:2018 guidelines for design can also be 

significantly important when developing a validation process to either sell, purchase or design AM parts 

[104].
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Table 1: Relevant AM standards from the 19 officially published as of April 2021 by ISO/TC 261 of which 16 are jointly made with ASTM F42 committee. 

Standard AM process Material Category Title 

ISO/ASTM 

52900:2015  

- - General principles Additive manufacturing — General principles — Terminology 

ISO/ASTM 

52902:2019  

- - Test artifacts 
Additive manufacturing — Test artifacts — Geometric capability assessment of 

additive manufacturing systems 

ISO/ASTM 

52904:2019  

PBF Metal 
Metal AM process 

characteristics 

Additive manufacturing — Process characteristics and performance — Practice for 

metal powder bed fusion process to meet critical applications 

ISO/ASTM 

52910:2018  

- - Design Additive manufacturing — Design — Requirements, guidelines, and recommendations 

ISO/ASTM 

52911-1:2019  

LPBF Metal Design Additive manufacturing — Design — Part 1: Laser-based powder bed fusion of metals 

ISO/ASTM 

52942:2020  

LPBF Metal 

Metal AM 

qualification 

principles 

Additive manufacturing — Qualification principles — Qualifying machine operators of 

laser metal powder bed fusion machines and equipment used in aerospace 

applications 

ISO/ASTM 

52950:2021  

- - General Principles Additive manufacturing — General principles — Overview of data processing 

https://www.iso.org/standard/69669.html?browse=tc
https://www.iso.org/standard/69669.html?browse=tc
https://www.iso.org/standard/67287.html?browse=tc
https://www.iso.org/standard/67287.html?browse=tc
https://www.iso.org/standard/74637.html?browse=tc
https://www.iso.org/standard/74637.html?browse=tc
https://www.iso.org/standard/67289.html?browse=tc
https://www.iso.org/standard/67289.html?browse=tc
https://www.iso.org/standard/72951.html?browse=tc
https://www.iso.org/standard/72951.html?browse=tc
https://www.iso.org/standard/74949.html?browse=tc
https://www.iso.org/standard/74949.html?browse=tc
https://www.iso.org/standard/76830.html?browse=tc
https://www.iso.org/standard/76830.html?browse=tc
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The number of AM standards currently in development, which is 33, clearly shows how full AM 

standardisation still has a long way to go before being relatively normalised compared to conventional 

manufacturing methods. For a clearer idea of the necessary AM roadmap and possible standard gaps needed 

to be filled, AMSC has developed a study highlighting 93 standard gaps of which 18 are high priority [97]. 

Each one of these gaps have no published standard and doing so will help deliver a specific AM industry 

need. Furthermore, AMSC has developed an online tracker where each one of these gaps are being updated 

depending on the standards released about it, its progress status and level of priority, delivering a concise 

holistic location useful for standard organisation, academics wanting to choose AM research topics and AM 

newcomers wanting to adopt and implement a solid AM process [105].  

One of the main gaps mentioned by AMSC and related to this study is firstly, Gap D18 and Gap D26 

which highlights “new dimensioning and tolerancing requirements” and “design for measurement of AM 

features/verifying the designs of features such as lattices” respectively [20]. The unprecedented design 

freedom and challenging features means that current verification and validation (V&V) and geometric 

dimensioning and tolerancing (GD&T) compatibility when applied to AM must be evaluated. A portion of 

the measurement challenges especially for lattices and internal features will have to be addressed by using 

non-destructive evaluation. This need has also been highlighted by AMSC in a range of non-destructive 

evaluation named Gap NDE 1-8. Relevant to this study is Gap NDE3, which is a gap related to a “standard 

guide for the application of NDE to objects produced by AM processes [20] and most importantly Gap 

NDE4 related to dimensional metrology of internal features and complex geometries like lattice structures. 

Another relevant gap to this study is Gap P4 which highlights the need for developing surface metrology 

tools related to complex geometries like lattice structures, of which literature has been limited to profile 

measurements on lattice struts [79,106]. In terms of standards, the one related to this topic and is still being 

under development and currently in the proposal stage is ISO/ASTM AWI TR 52905 [107] which is related 

to NDE of metal AM parts. The lack of standards in the field of metrology of AM lattices and XCT further 

highlights the importance of gaps specified by the AMSC, which published an April 2021 report highlighting 

the latest development in each gap [20]. The research presented in Chapter 5, 6 and 7 come as a direct 

response to Gap NDE4, Gap P4 and Gap D26. The presented studies focus on not only improving the design 

and measurement techniques for AM lattices but also the used NDE process, which in this case was the XCT 

one.   
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2.6. Additive manufacturing benchmark artefacts 

AM has enabled the production of parts previously impossible to produce using common subtractive 

manufacturing processes. Optimised AM parts with topology optimisation or lattice structures are usually 

challenging to manufacture and inspect. One of the ways to tackle this challenge is to use AM benchmark 

artefacts like the ones seen in Figure 17.  

 

Figure 17: Example of AM benchmark artefacts [108]showing Mahesh (a) [109], Kruth (b) [110], Castillo (c) [111], 

Delgado (d) [112] , Johnson (e) [113], Moylan (f) [114] (not on scale). 

Due to the increasingly high number of AM technologies and processes, different methods and tools 

are needed to compare them and assess their capabilities and limitations. AM benchmark artefacts can be 

used as a comparison method or also as a calibration tool. They can be split into three categories [115]: (i) 

geometric benchmark artefacts to evaluate the AM system accuracy and design requirements, (ii) mechanical 

benchmark artefacts to evaluate the properties of the additive manufactured parts, (iii) process benchmark 

artefact used to further improve and optimise different stages of AM process from print orientations and 

layer thickness to post processing stages. 

There is currently no standardised benchmark artefact that can be used for all AM processes or 

systems, which has led many researchers to publish different AM benchmark artefacts usually more adapted 

to a specific AM process and with a clear goal and measurement strategy [116]. The timeline of AM 

benchmark artefacts starts with the one published by Kruth in 1992 [117,118]. Another well-known 

benchmark artefact in AM community is Moylan’s NIST artefact which allows for evaluating the AM 

system spatial repeatability. Another one is Mahesh’s artefact [109,115,119] which is composed of multiple 

features that can assist in evaluating the AM system resolution as well as its spatial repeatability while 
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considering geometrical product specifications ISO standards like flatness [120]. The first instances 

published AM benchmark artefacts had relatively simple geometries adapted for GD&T. These benchmark 

artefacts did not however assess the unique capability of additive manufacturing complex and free form 

geometries, opening the door to more proposed designs. An example can include Yang et al. published AM 

benchmark artefact done as a redesign of NIST artefact with multiple free-form features. Detailed 

comparison between general AM benchmark artefacts has been performed and published by Rebaioli et al.    

Comparisons between the different literature AM benchmark lattice artefacts have been previously 

performed by Rebaioli et al. [118]. Another review in this field is the one published by De Pastre et al. [116]  

and focused on comparing different AM artefacts although this time, from a design methodology point of 

view.  

             

Figure 18: AM benchmark artefact with four lattices Top view of rendering (left) and manufactured one 

(right) [121]. 

However, from more than 65 AM benchmark artefacts already published in literature since early 

1990s [122], only two designs included a lattice structure. Lattice structures represent the non-stochastic or 

controlled type of cellular solids and can be classified by type of unit cell used and its geometry variables 

like thickness and cell size. Two common categories of lattice structures are strut based ones, like the simple 

cubic [123] Figure 19 (a) or body centred cubic (BCC) [123] seen in Figure 19 (b), and triply periodic 

minimal surface (TPMS) ones like gyroid [124], seen in Figure 19 (c). While strut based lattices are 

composed of usually cylindrical connected beams, TPMS ones are composed of surfaces with zero mean 

curvature [124]. More information about lattice structures can be found in Chapter 3. The first AM 

benchmark artefact design to include a lattice structure is in a study published by Teeter et al. in 2014 [121]. 

The AM benchmark had different features like holes or cylinders, and also included four lattices, each with a 

different strut thickness (0.3mm, 0.4 mm, 0.6 mm, 0.8mm). As seen in Figure 18, the four different lattices 

were placed symmetrically across the build platform and had a “simple cubic” type of unit cell. In terms of 
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measurement strategy, the lattices were dimensionally measured using STM6 Olympus microscope, micro-

CT, in conjunction with other measurement tools like callipers and gauges. Upon analysis, the author 

reported that the 0.3 mm strut thickness value was an ideal minimum for the used LPBF process. 

 

Figure 19: Unit cell of simple cubic (a) [123], BCC (b) [123] and gyroid TPMS (c) [124] lattice structures. 

The second study that included a lattice design is the AM benchmark artefact published by Taylor et 

al. in 2021 [122]. The lattice included in the design was composed of a gyroid Triply Periodic Minimal 

Surface (TPMS) unit cell as well as a strut-based BCC unit cell. The author mentioned that these two lattice 

unit cells were chosen due to being the most common ones reported in literature [122]. The objective of this 

design was to avoid common AM test cubes have a compact (40x39x40 mm) general LPBF design that can 

be used for multiple purposes due to the multiple features included in the design as seen in Figure 20. For 

example, the AM benchmark artefact can be used to evaluate the dimensional accuracy and resolution using 

thin features like holes and walls but also to assess the microstructure, residual stress and more. 

Measurements applied on the added lattice structures included surface integrity, microstructure assessment 

as well as easiness of the trapped powder particles left from the LPBF process. 

 

Figure 20: Taylor et al. [122] AM benchmark artefact and its different zones. 
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Nevertheless, the internal features of these lattice from the two mentioned benchmark artefact were 

not assessed. More measurements that are important for evaluating lattices like dimensional deviation, 

surface roughness and porosity were not measured. This highlights a crucial gap in terms of AM benchmark 

artefacts since there has been no artefact solely focused on lattices. Furthermore, more development must 

also be done in developing an adequate measurement strategy that is optimised for lattices. Research focused 

on developing a lattice benchmark artefact and adequate measurement strategy would directly meet the 

previously mentioned research gaps highlighted by AMSC, specifically Gap D26 related to design and 

measuring lattices [105]. A comparison can be seen below between the two published AM benchmark 

artefact that added lattices to their designs. 

Table 2: Comparison between lattices included in Teeter's benchmark artefact and Taylor's one 

Artefact Teeter Taylor 

Size 
Box size of each lattice 

was:16x16x7mm 

Box size of whole artefact  

was: 40x39x40mm 

“Lattice box size not mentioned” 

Lattice unit cell Simple cubic  Body centred cubic, gyroid 

Cell size 2mm “Not mentioned” 

Strut thickness 0.3mm, 0.4mm, 0.6mm, 0.8mm 0.5mm 

Performed measurement 

and instrument 

Dimensional measurement: STM6 

Olympus microscope, micro-CT 

Gauges, callipers 

Surface integrity, microstructure, 

and easiness of powder removal 
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3. Chapter: Design for Additive Manufacturing and Lattice Structures 

3.1. Design for additive manufacturing 

When trying to additive manufacture CAD designs that were made for CNC machining or injection 

moulding, the cost is usually higher and harder to justify beside few benefits like the removal of stock and 

print on demand or reducing material waste. To justify the usual high cost of AM, design engineers often 

take full advantage of the AM offered shape complexity, material and mass customisation and decentralized 

manufacturing as seen in Figure 21. Needless to say, some parts will always stay optimised for non-AM 

processes like large and thin making it easier for stamping or some small assembly parts with no special 

functionality like standardised screws, bearings or gears. This section will focus on multiple ways DfAM 

can be applied with more emphasis on the use of lattice structures, their characteristics and also challenges 

in inspecting them. 

 

Figure 21: DfAM benefits compared to rapid prototyping, direct part replacement and part consolidation [125]. 

a) Cellular and lattice structures 

Cellular structures are the parent category of lattices. They are common in nature and range from 

Coral, sea sponge, insect nests and more [126], as seen in Figure 22. They have been used in a broad range of 

applications, for example 5000 years ago with wooden artefacts in the pyramids, or cork as bung for wine 

bottles in roman times  [127]. Examples of man-made cellular materials can be polymeric foams or foam 

metals, ceramics or glass which can be used for insulation or cushioning [127]. While cellular structures 

have attractive properties, they are often less researched, documented or understood [127]. 
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Figure 22: Examples of strut based or surface cellular structures from nature [126].  

Lattice structures are one type of cellular solids. Cellular materials include either honeycomb 

structures (2D) or foam structures (3D). Foam structures are then differentiated between open cell foams and 

closed cell foams where not only the vertices and edges are full but also the faces [127]. When foams are not 

produced by a stochastic process but with a rather controlled one, they are referred to as lattice structures. 

This explains the dominant use of the lattice structures term in the AM field instead of cellular structures. 

 

Figure 23: Cellular structures classification to stochastic (foam) and non-stochastic structures (lattice structures) 

[128] 

Ashby et al. defines a lattice as a “connected network of struts”. Due to their millimetre or 

micrometre scale, they can be viewed as both structures and materials [129]. While being previously 

(sometimes currently) considered just as a different version of its monolithic material, lattice structures 
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should be viewed as a material on their own allowing a direct comparison with their fully dense monolithic 

material [129]. Historically, it was also thought that lattice properties were linearly relative to their density, 

which is not the case for most of their properties [129]. 

Lattice structures classification can be done using different parameters like overall lattice structure 

and distribution, the type of unit cell used and the unit cell geometry like its strut diameter and strut size 

[129]. Indirect parameters can include the material, manufacturing process and post processing method used. 

Unit cell classification can be done to categorise lattices to strut based, with triply periodic minimal surface 

or topology optimised unit cell as seen in Figure 24. 

  

Figure 24: Different cell unit examples like strut based (a), TPMS based (b) or sheet-TPMS unit cells (c)[130]. 

Lattice structures can be very beneficial and used in different applications like heat dissipation, 

energy absorption and tissue engineering scaffolds[131]. Other applications can include acoustic ones [132] 

or damping [133]. One of the trending current applications is implementation of cellular solids in medical 

implants. The unprecedented possibility to control the medical implant porosity leads to implants with closer 

bone properties to the human bone surrounding it, reducing common implant problems like stress shielding 

[14,134].  

 Different strut-based cell unit geometries can have different applications. For example, in 

applications where high stiffness and strength is required, the octet-truss unit cell lattice (see Figure 24) can 

be used [135] while in bending dominated applications the BCC unit type lattice can be used since they have 

a longer compression stress plateau [136]. Triply periodic minimal surfaces (TPMS) type of cellular solids 
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like gyroids, suffer less from issues like stress concentrations compared to its strut based equivalent, leading 

to higher fatigue resistance making them ideal for applications like medical implants [137].  

The usual multiple parameters possible to choose from when designing a lattice within a part like cell 

type, cell size, strut thickness and more, makes the design process challenging for most DfAM engineers 

[138]. This challenge has led to multiple research studies in the field that address the connection and linking 

of geometry parameters and the expected/resulting mechanical performance [139–142]. More information 

on applications of lattice structures as well as their AM workflow from design to manufacture can be found 

in section 3.2. 

b) Part consolidation (PC)  

Another way to apply DfAM is part consolidation (PC). Changing the manufacturing process from 

for example CNC machining different parts of an assembly to the AM process is not always cost-efficient. 

Instead, a design engineer can take advantage of the complexity and design freedom to use part PC which 

consists of consolidating different parts of an assembly into a single 3D printable part.  

 

Figure 25:Example of consolidating multiple moving parts into one printable part [143]. 

This method can increase the part functionality and its strength since a stress concentration could 

have been existing in the assembly features [144]. PC can also dramatically decrease assembly time and 

reduce the number of parts in the company design database and physical inventory cost. Another iteration 

that can be done on conventional parts is to embed electronic components like sensors or conductive tracks 

during the AM process, requiring methods that have the multi material capability [145]. 
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Figure 26: Additive manufactured and patented variable turbo consolidated and with enclosed moving parts [146] 

Part consolidation can also be optimised for AM to not only reduce the part count but also produce 

assemblies as one object with moving parts straight after the AM process as seen in Figure 25 and Figure 26. 

This usually requires advanced understanding of the machine limitations regarding the achievable tolerances 

and minimum size features. AM assemblies with movable parts means that the clearances between the parts 

will be filled for example by powder, resin, or filament, depending on the chosen AM process. This means 

that the positions of these clearances need to be accessible so that it can be removed during post processing. 

For material extrusion and in cases where supports are necessary during the printing process in the 

clearances, materials like polyvinyl alcohol (PVA) can be used since they are soluble in water and don’t 

have to be manually accessed by the user [147].  

c) Overhangs, supports and part orientation. 

During the AM process, features that have a horizontal angle or under 45 degrees features have more 

chances of distortion, rougher surface or even failure during the printing process. These parts of the design 

are usually called overhangs and are fixed by adding supports below them. The supports also assist in 

holding the part during the printing process as well as diffusing the heat, reducing the chances of warping 

and part distortion [148]. Supports are usually generated during the slicing process presented before and 

performed by the slicing software taking different shapes [149] decided by the user as seen in Figure 1. 
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Figure 27: Different support geometries for metal AM [149] 

In some cases, and in the LPBF process, the part would not have overhangs, however, since it has a 

large surface area touching the build plate, the part will have to be oriented (most of the times diagonally) 

and supports are added to assist in the heat diffusion during the printing process. Failure to do so would lead 

to higher temperature gradients exerted on the part leading to warpage and ultimately failure of the print.  

The shape of the supports can differ and since one of their functions is to hold the print during AM 

process, previous research has looked into applying finite element methods to find ideal shape for a certain 

design as seen in Figure 28 [149]. 

 

Figure 28:Optimal support generation for different build angles [149]. 

Different AM software is being developed to simulate what happens during the AM process using 

numerical modelling methods. The simulation process can also assist in finding the ideal orientation and 

supports that can minimise residual stresses, simulate the part removal process and ultimately reduce energy 

and production costs [150]. Ultimately, further research in this field will allow detailed simulation and 

prediction of the final AM product microstructure and increase the precision at which a factor is cornered to 

be the one responsible for a certain failure. 

d) Hollowing the part and infill 

One of the main characteristics of AM is the ability of adding material only where is needed. This 

design freedom is not only used on the outer shell and design of the part but also in the infill of the part. The 

infill term in AM usually means if the part will be additive manufactured as a 100% full dense part or with a 

less density percentage. In the case where the part is hollow, and depending on the chosen AM process, a 
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shell of chosen thickness is set for the part and a hole is usually left at the bottom of the design to be used as 

an escape route for the raw material (powder, resin or else).  

 

Figure 29: From the left to the right, human femur, principal stresses, rendering of optimised porous infill, additive 

manufactured model [151] 

The shape of the infill can also play a functional role. Usually, the infill is a form of a lattice structure 

like BCC or gyroid. Trending research in this topic is looking at further optimisation techniques of the infill 

shape, direction, and density. The optimisation and infill characteristics can be based on the part load values 

and direction as seen in Figure 29. The amount of infill can also influence the duration of the AM process as 

well as the cost since its increase means more raw material being used leading to increased cost. 

3.2. Lattice structures 

3.2.1. Applications of lattice structures 

a) Additive manufactured lattice filters 

An ideal example of a local company that is a leading filter manufactured for over 30 years and 

located in Northwest England is Croft filters. The applications of filters range from the Food & Beverage 

field to the Pharmaceutical one or Oil & Gas. Traditionally, the company has been producing filters using 

subtractive manufacturing methods like perforation, machining, and welding for assembly of final part as 

seen in Figure 30. The approach taken by Croft Filters in applying AM is a hybrid one. Instead of drastically 

changing the manufacturing process and forcing the use of AM across all company’s product portfolio, Croft 

Filters team has been meticulously considering added value per part, from the part size, improvement of 

functionality, decrease of tooling costs, ease of supply chain and more [152].  
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Figure 30: Example of filters like custom filter cylinder (left) witch hat filter (middle) and cone filters (right), all 

produced by Croft filters using subtractive manufacturing methods [152]. 

By using AM, Croft filters managed on many occasions to apply part consolidation to reduce total 

number of parts while increasing their design freedom. Therefore, a significant increase in filter’s 

functionality has been noted with critical light weighting of the produced part. However, producing parts 

like filters with internal channels leads to AM challenges which the dominant one in this case being the 

surface roughness [153] of the as built parts. The significant surface roughness can be especially critical in 

the functional features, lowering the chances of meeting the set design tolerances, as well as making the 

powder removal process and final inspection more challenging.  

When adding a filter in the passage of a running fluid, the latter would add turbulence and added 

resistance quantified as a pressure drop between the incoming flow and outcoming one before and after 

passing through the filter. Usually, the optimisation goal when designing a filter consists of minimising this 

resistance and pressure drop which ultimately leads to less pumping energy, making the filter more efficient 

[154]. For example, a usual solution is to put the orientation of the filter’s perforations or holes in the 

direction of the passing fluid.  

 

Figure 31: Comparison between conventional and AM made filter part [155].  
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Croft filters is using AM for its design freedom capabilities to control the filter’s aperture/strut 

dimensions and orientation. For example, and as mentioned above, by aligning the aperture holes in the 

direction of the fluid, the additive manufactured filter, seen in Figure 31, allowed for a significantly lower 

pressure drop, which allowed a reduction in the needed pumping energy by as much as 20% from all trialled 

flow rates [155]. This functionally advanced design, named by Croft the “Straightliner™ Filter”, was not 

possible to produce by using subtractive manufacturing or conventional machining due to the required 

accuracy especially in designs with long thin aperture walls. 

Beside decreased pressure drops and pumping energy, following a DfAM approach, the company 

managed to have side walls and internal features that are self-supportive and more efficient, leading to a 

decrease in operation costs for the end user as well as the carbon footprint along the lifespan of the part. 

Building lattice structures using AM has also allowed the company to lightweight the final part as well as 

reducing their waste levels when compared to conventional subtractive operations from a bulk part. This 

achievement has allowed a significant gain in the buy to fly ratio, which is a common measure, especially in 

the aerospace industry, of the ratio between the raw material weight used and the final produced part weight 

[156]. Using DfAM in this field can allow the designer to add material only where necessary while being 

self-supportive and with good structural integrity. Complex filter designs however raise another challenge in 

terms of quality inspection which at the moment has limited published research. 

b) Additive manufactured lattices for light weighting applications 

Another company that has successfully implemented lattices is Cobra Aero [157]. The company is 

specialised in the aerospace market and has been producing 2000 engines for drones or unmanned aerial 

vehicles (UAV). The company switched from using castings to AM process, mainly due to the increased 

design freedom. Using the LPBF process with a Renishaw AM500 machine and in Aluminium (AlSi10MG), 

the company could replace conventional fins with lattice structures that delivered increased heat transfer 

results. This change also meant that the company reduced wasted material by 50% and also consolidated six 

parts into one final component as seen in Figure 32 [158].  
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Figure 32: Cross section of the additive manufactured lattice used for heat transfer (left) and an assembled view 

(right) [158]. 

Another application in this field has been done by the United States U.S Air Force Institute of 

Technology (AFIT) which also used AM lattice structures and where this time, Gyroid TPMS was used for 

light weighting and increased functionality [15]. The redesigned part was a CubeSat, which is a small or 

miniaturized satellite version, often used for space research. Using the design freedom of AM and using a 

Concept Laser M2 machine, it was possible to consolidate 125 parts and manufacture complex shapes in 

Inconel 718 [15]. The use of the Gyroid TPMS lattice structure led to 50% weight reduction accompanied by 

a 20% increase in stiffness [15]. The final produced part can be seen below in Figure 33.  

              

Figure 33: Conventional CubeSat on the left [159] and on the right a CubeSat developed by Airforce institute with an 

internal TPMS lattice structure [15]. 
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c) Additive manufactured lattices for medical implant applications 

An innovative use of AM lattices during the shortages caused by the recent global pandemic was the 

AM of nasal swabs as seen in Figure 28. The lattice design and material properties meant that it was possible 

to meet the targeted absorption rates seen in conventional design, it was also possible to additive 

manufacture more than a million swab per week using Carbon’s printers [160]. In other occasions, it was 

possible to surpass the conventional design with 63% viral gene transfer rate of the AM lattice swabs 

compared to 36% of the conventional flocked fibre ones and 14% of the polyester ones [161].   

   

Figure 34: Design of lattice nasal swabs [51] (left) and one’s additive manufactured by Massachusetts startup OPT 

[161] (right). 

Another common use of AM lattice structures is the medical orthopaedic implant field. The first 

advantage from using AM is the design freedom allowing the manufacturing of structures that are more 

similar to the trabecular and porous structure of bones leading to increase chances of bone ingrowth and 

osseointegration between the implant surface and the bone of the patient [162]. The capability of 

manipulating the pore thickness and distribution can also lead to controlled Elastic modulus of the implant, 

matching the patient needs and placement as well as having mechanical properties closer to the cortical 

bone, further decreasing chancers of stress shielding [13,163]. Stress shielding is usually caused by 

conventional hip implants when they absorb most of the load, leaving the lower bones with little to no load 

which results in bone shrinkage and resorbing due to Wolff’s law [164]. This effect unfortunately leads to 

failures like periprosthetic fracture and often requires a revision surgery for the patient [165].  

To produce medical components  using improved manufacturing techniques, Betatype [166] 

company is  capable of producing 100 spinal cage implants in an impressive time of 7 hours which is two 

times faster than when following conventional AM workflows [162]. 
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Figure 35: Different types of implants Ti6Al4V implants (left) and SEM of AM porous surface of an acetabular cup 

(right) [162]. 

Previously developed by the author, and as seen in Figure 36, conventional hip implant designs can 

be redesigned to benefit from AM advantages and have a trabecular lattice structure that is relatively closer 

to human bone trabecular bone design compared to conventional one. The design incorporated an average 

pore size of 1.1mm which is associated with an increased chance of osseointegration, usually happening at 

pore dimensions between 0.64 mm and 1.4 mm [167]. The design also led to a 23% reduction of maximum 

Von Mises stress, 15% reduction in maximum displacement as well as 30% reduction of total volume when 

compared to full conventional implant design [168]. The produced design had a variable trabecular strut 

thickness and density distribution linked to the finite element simulation resulting in only having material 

where necessary and reducing it in low stress areas. The design was submitted to the international 2020 

Additive World DfAM student category competition and won first place prize [169]. 

 

     

Figure 36: Hip implant design with optimised lattice structures and winner of 2020 Additive World DfAM challenge 

[168]. 
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3.2.2. Design of lattice structures 

a) File formats used for design and AM process 

Designs for engineering purposes are usually done using CAD software and exported to .STL file 

format when it comes to AM. STL file format has been initially released in 1987 [170] and developed by 3D 

systems to be for stereolithography AM machines but has become de-facto standard file format for over 

three decades [171,172]. However, the universal nature of the STL file format comes at a cost. For example, 

one of the downsides of the STL file format is the fact that it does not carry information about the unit, scale, 

colour or material to be used [173,174]. Since STL file format relies on tessellating a model with multiple 

triangles to represent the surface geometry, it usually suffers from a design fidelity issue [173], that is more 

prone to happen for lattice structures. The mesh representation issue also happens when building FEA 

models as seen in Figure 37, leading to increased computing power when using a fine mesh density. 

 

 

Figure 37: Comparison between coarse, intermediate, and fine mesh representation of lattices in relation to CPU time 

(tcpu) [175]. 

Lattice structures are not always efficiently representable with STL file format for different reasons. 

In the case of a design with multiple stochastic lattices struts like trabecular AM hip cup seen in Figure 35, a 

compromise has to usually be reached between the maximum accuracy of the geometry that can be reached 

and the file size of STL file [172] and needed computing power [175]. Another challenge when designing 

lattices is how the conventional software is not always optimised to handle large amount of lattice strut 
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representations and geometry break ups would usually happen in boundary representations (B-rep) and in 

mesh representations. Along the lines of this challenge, many innovative workflows or file formats are being 

suggested by companies in the AM field and academic researchers like. AMF and .3MF file formats. 3MF 

has been developed and shared by the 3MF consortium which include 3D Systems, EOS, Siemens and more 

[176]. Opposite to STL, This new file format carries way more data regarding the design like the full colour 

and texture, support structures, efficient storage of lattice that can reach one third the file size of STL lattices 

[177] and can also be currently opened by most AM design software or slicer software. 

 

Figure 38: Comparison between mesh based file formats and 3MF file format for AM [176]. 

Another solution is the universal Common layer interface (CLI) file format that is simple, 

unambiguous and represents the multiple cross sections representing the 3D volume part where the space 

between the cross sections is the layer thickness [2]. While the conventional method start by designing a 

model in a CAD software, exporting it to STL file format and then slicing it in AM machine software to a 

CLI format, it is possible to currently generate a CLI directly from the original design without going through 

the STL file format [178]. This workflow can assist greatly in reducing the different issues of file size and 

usual mesh problems like inverted normal and manifold ones, which are easily detected and fixed by pre-

processing software like Netfabb [179] or Magics [180] but nevertheless increase the processing time of the 

AM process. 
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Figure 39: Example of a gyroid designed by author showing from left to right the rendering, mesh view and CLI view. 

b) Boundary representation versus signed distance function  

A recent innovation in the field of AM design and especially AM lattice design is the rise of “implicit 

modelling” instead of boundary representation or mesh modelling. For example, conventional CAD software 

like Solidworks usually represents geometry in a boundary representation (B-rep) form. A B-rep geometry is 

usually a topology made of a list of vertices, edges, faces and a boundary separating the inside and outside 

of the part [181]. This representation works fine for low and medium complexity designs but struggles when 

dealing heavy complex designs [182,183]. Implicit modelling is based on signed distance functions. Since 

the goal of a design is to specify the boundary of a model, signed distance functions are capable of 

modelling a boundary and are capable of determining whether any point x in space is inside, outside or 

touching the boundary Ω [181]. For example, and as seen in Figure 40, a circle in two dimensions can be 

either represented in a B-rep format where only information about the circle’s curve is mentioned which 

works well for simple shapes but might break when for example the starting point does not match the ending 

one. Instead, the two-dimensional circle can be represented in a signed distance field (SDF) format where 

the inside of the design is represented by the distance from the centre minus the radius. Negative values in 

this case will represent the inside of the part, values equal to zero will represent the boundary and positive 

values represent the outside of the boundary. Representations in this format can handle better complex 

geometries since the B-rep will have multiple building blocks prone to failure while implicit method can 

handle complex Boolean operations, containment and offset operations [183]. 
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Figure 40: One the left is a B-rep circle representation and on the right a signed distance representation [181]. 

Using an implicit way of modelling using signed distance functions has another advantage which is 

the use of data fields [158]. Data fields can carry structural stress data, thermal distribution data, fluid 

dynamic data or electromagnetic one. When combined with the concept of signed distance representations, 

the strut thickness for example of a lattice can be easily driven by simulation results based on different load 

cases as seen in Figure 41. Also from the same figure, two different fields can be combined to drive different 

design parameters. While on the Figure 41 (a) all fields were structural ones, the combined fields [184] can 

be of different type like thermal one with pressure results of a simulation and more as seen in Figure 41 (b) . 

This means that when a part has different functions and constraints, lattice structures can be used in 

combination of these field data to add material exactly where needed to ultimately create perfect fit parts 

that are lightweight, with increased efficiency and improved function [158]. 

        

Figure 41: Different loading compositions used as fields and superimposed on signed distance field data to drive the 

strut thickness distribution in both (a)[184]and (b)[158]. 

c) Generative design 

Choosing the right lattice can often be a challenging task. Initially, the type of unit cell can be chosen 

depending on the wanted part optimisation wanted result like maximising stiffness or thermal efficiency. 
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However, when multiple constraints are combined, choosing the right unit cell as well as its parameters like 

strut thickness and density can be a demanding task that requires large amounts of data analysis from both 

experimental and simulation data [185]. A common solution in literature is to choose unit cell depending on 

if it is a stretch dominated or bending dominated one [186], leaving nevertheless a wide range of options 

[185]. 

To tackle this challenge, a recent trend in this field has been the use of generative design to automate 

the selection process. Generative design is an iterative design method that assists in generating multiple 

outputs meeting a multi-criteria design problem where each variable has defined input limits [187]. The 

method is heavily used by leading architecture practices and taught in most Master level architecture 

programs [187].  

Practically, and in the case of lattices, an initial generative design of experiment can first be done to 

choose the right lattice structure and a second one to choose the ideal lattice parameters [188]. Generative 

design allows for a deeper understanding of the part constraints since advanced correlations can be drawn 

from the input variables and measured outputs. Instead of designing one CAD model, the design engineer 

ends up with an adaptative workflow of which the constraints can be tuned again to obtain a new custom 

part, a feature that is very suitable for AM mass customisation especially in cases like the medical field. 

 

Figure 42: Example of generative design process where multiple designs are generated (left) and correlations as well 

as ranking of obtained designs is performed (right) [188]. 

3.2.3. Evaluation of lattice structures 

a) Mechanical properties of lattice structures  

One of the most used references in mechanical properties of lattice structures is the work performed 

by Gibson and Ashby in 1997 [127]. The elastic moduli or Young’s modulus of a lattice is proportional to its 

density as seen in equation (1) below where 𝐸𝑙𝑎𝑡𝑡𝑖𝑐𝑒 represents the lattice elastic moduli and 𝐸𝑠𝑜𝑙𝑖𝑑 the 
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elastic moduli of the material making the lattice. Density of the lattice is represented as 𝜌𝑙𝑎𝑡𝑡𝑖𝑐𝑒 while the 

density of the material making the lattice is 𝜌𝑠𝑜𝑙𝑖𝑑. The prefactor 𝐶1 can span from 0.1 to 4.0 while the 𝑛 

value depends on the type of lattice deformation from being bending dominated to being stretching 

dominated [138].  

 
𝐸𝑙𝑎𝑡𝑡𝑖𝑐𝑒

𝐸𝑠𝑜𝑙𝑖𝑑
=  𝐶1(

𝜌𝑙𝑎𝑡𝑡𝑖𝑐𝑒

𝜌𝑠𝑜𝑙𝑖𝑑
)𝑛 (1) 

Another developed by Gibson and Ashby [127], equation (2) seen below relates the compressive strength of 

the measured lattice 𝜎𝑙𝑎𝑡𝑡𝑖𝑐𝑒  and yield strength of the material making the lattice 𝜎𝑦𝑠𝑜𝑙𝑖𝑑 to again the density 

of the lattice 𝜌𝑙𝑎𝑡𝑡𝑖𝑐𝑒 and density of the material making the lattice 𝜌𝑠𝑜𝑙𝑖𝑑. The 𝐶5 prefactor ranges from 0.1 

to 1.0 and the m also depends on the lattice type deformation. For example, for bending dominated lattices, 

the m and n value are ~ 2 and ~ 
3

2
  respectively [127,142]. 

 
𝜎𝑙𝑎𝑡𝑡𝑖𝑐𝑒

𝜎𝑦𝑠𝑜𝑙𝑖𝑑
=  𝐶5(

𝜌𝑙𝑎𝑡𝑡𝑖𝑐𝑒

𝜌𝑠𝑜𝑙𝑖𝑑
)𝑚 (2) 

For further analysis, manufactured lattice structures can be evaluated using experimental methods 

which are most of the times destructive. Currently, only few standards are released specifically for lattices 

experimental testing like ISO 17340:2020 “Metallic materials. Ductility testing. High speed compression 

test for porous and cellular metals” [189] and ISO 13314:2011 [190] “Mechanical testing of metals. 

Ductility testing. Both ISO standards are for ductility testing and one of them (ISO 17340:2020) uses high 

speed compression. To perform the ISO 13314:2011 standard, number of specimens should be no less than 

three while a minimum of five is recommended. Great care must be taken when cutting the lattices from the 

printer bed using processes like EDM to remove any supports and performing any necessary deburring. The 

surfaces touching the test machine plates needs to be parallel, which can be performed by adding a skin in 

both sides of the lattice. It is also recommended by the standard to have cylindrical test pieces; the diameter 

of the test piece needs to be at least 10 times the average pore size of the lattice with a minimum size of 10 

mm [190]. In the case of a rectangular test piece, the width needs to also be at least 10 times the average 

pore size. The ratio of the height of the test specimen to its width or diameter needs to be between one and 

two as also seen in Figure 43. These lattice compression testing standards are not always followed in 

literature, making the comparison between them increasingly challenging.   
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Figure 43: Design rules of ISO 13314:2011 for compression test of lattice structures. Rectangular cross section on the 

left and cylindrical one on the right [190]. 

The mechanical properties of lattice structures can be classified to bending dominated ones and 

stretch dominated ones. Strength dominated lattices have high strengths and low compliance and vice versa 

for bending dominated lattices [191]. 

The multiple parameters involved in design of lattices and AM means that experimental testing is 

often necessary for definite validation. For example, Al-Ketan et al. [130] used compressive testing to 

evaluate multiple additive manufactured lattices done using the PBF process at different densities. As seen in 

Figure 44, the results showed that the sheet-based diamond TPMS lattice had the highest stiffness behaviour 

that was almost independent from the variable relative density set in the experiment. Also, results showed 

how in general, sheet based TPMS structures performed better under compression when compared to strut-

based lattices and skeleton based TPMS structures, especially at low densities. This shows how the 

importance of the cell unit design becomes more important at low densities and tends to converge at higher 

ones. 
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Figure 44 : Young's Modulus (a) peak stress (c) and toughness at 10% relative density compared to Young's modulus 

(b) peak stress (d) and  toughness (f) at 25% density [130]. 
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b) Finite element methods for lattice structures. 

In cases where experimental testing is not possible due to complex geometry or cost, finite element 

analysis methods can be used. To do so, the CAD is usually used to generate a simulation ready model that 

can be based on 3D elements like tetrahedrons or beam elements. The usual complex shape of lattices and 

increased mesh size makes beam elements an attractive choice in this case [191]. Beam elements can be 

more cost effective and efficient computationally. Another route for simulating lattices is the homogenisation 

method. Homogenisation method relies on applying a macro mechanical behaviour on the general units used 

to represent the part further reducing the simulation complexity [192]. In the case of lattices, and when 

facing a large design with lattices, the mechanical behaviour of one unit cell can first be extracted, the large 

design is then taken as a full volume and given the extracted mechanical properties of the one-unit cell as 

seen in Figure 45. This process can significantly speed up the finite element simulation process [193].  

 

Figure 45: Example of homogenization where properties of a unit cell are used on the whole part model [192] 

However, all methods mentioned above assumes that the additive manufactured lattice resembles the 

original CAD, which is not always the case. The next section will discuss methods developed to tackle this 

challenge.  

c) Lattice structure defects incorporation in design validation phase. 

The AM process of lattice structures using LPBF process can be prone to many challenges in 

variations of the manufactured compared to original CAD of the lattice due to different reasons [194]. For 

the LPBF technology, up to 130 variables can be responsible and have a an impact on the quality of the 

additive manufactured part [195]. Additive manufactured geometry of a product can be divided to the core 

part, up skin and downskin areas [196]. The areas with no further upper layers are named up skin and areas 

with no underlying layers are named downskin. Both upper and down skin surfaces suffer from the staircase 

effect which is caused by the layer per layer process, which leaves visible marks and surface topography as 

seen in Figure 46. Moreover, the down skin has a more significant surface roughness further caused by the 
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dross formation process. The dross formation process is an unwanted “coat” composed of an accumulation 

of irregularly solidified melt pools (Figure 47). This formation is also caused by local heat accumulation 

from the melt pool, and dross formed in the overhang area exposed to the unsupported loose powder, seen in 

Figure 46, causing the partial melting and attachment of the loose powder to the down skin surface of the 

lattice strut. 

 

Figure 46: Staircase effect affecting up and down skin surfaces as well as dross formation, mainly present in the down 

skin surface [197]. 

 

Figure 47: Forming mechanism of lattice struts in the YZ plane showing the irregular melt pools [198]. 
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Figure 48: Finite element analysis on ideal CAD (a) versus lattice design with dimensional deviations (b) [175]. 

When additive manufacturing lattice structures using the LPBF process lattice, it is not uncommon to 

end up with parts that are dimensionally different than the CAD or have significant rough surfaces undesired 

and not designed in the original CAD [195]. This is usually due to an oversizing that happens to horizontal 

struts and under sizing of the vertical ones [199]. 

The discrepancy between original CAD of the lattice and the additive manufactured one let to many 

attempts in literature to try and include these disparities in the design phase of the lattice as seen in Figure 

48. One side of solutions have focused on offering compensation methods to the CAD before the AM 

process. These methods can be split to three categories: in the design phase by parametrically changing the 

strut diameter in relation to the overhang angle to adjust for the planned discrepancy[200], in the 

manufacturing phase by adjusting optimising AM machine settings[201,202] or in the post-processing stage 

by chemically etching the produced lattice while carefully controlling the etching solution concentration and 

bathing time[79,203,204]. Compensation approaches allow AM engineers to have more reliable and 

predictable AM lattices that have less deviation from their CAD. However, obtaining a lattice with little 

dimensional deviation usually requires settings that lead to slower builds, while smoother surface require 

chemical etching, leading to piled up costs when manufacturing AM lattices. On some occasions, lattice 

structures are mainly used as a way to reduce the weight of the part with no need to have them perfectly 

accurate or with the smoothest surface. In other occasions, avoiding dimensional deviations and smoother 
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surfaces when producing AM lattices is simply challenging especially when working with constant 

innovations happening in the AM field. 

 

Figure 49: Different methods from literature to include as manufactured AM lattice deviations in the design phase 

With these factors in mind, the other approach that can be considered is to understand the impact of 

these deviations and rough surface on the lattice either after production or by including them on the design 

phase of the AM process. The next paragraphs will summarise the advances done in literature to include AM 

lattice production deviations from the CAD in the design phase. 

Multiple methods have been developed to try and include the expected deviation of the as 

manufactured AM lattice in the design phase. For example, and as seen in Figure 49 (a), a revolution on the 

strut axis can be done from multiple n points made by a spline [205]. Another method from literature (Figure 

49 (b) include the design of a strut from primitive beam elements with different sizes of their cross section 

[206]. Also from literature, and as can be seen in Figure 49 (c), a method has been developed to design strut 

shape by using a Boolean operation to combine N number of spheres of which the centroid is not always 

touching the strut axis [207]. Modelling using stochastic methods can also lead to having a range of strut 

diameters in the same CAD of a lattice leading to better finite element analysis results [175,206,208].  

However, the suggested methods from literature do not change the main shape of the cross section 

and only changes the strut dimension and sometimes the centroid of the strut as seen in Figure 49 (c). To 

tackle this challenge, another method has been suggested in literature that extracts surface of produced AM 

lattice from its XCT scan and apply it on the CAD resulting in both strut diameter and cross sectional 

variation [175]. This method however relies on always using an XCT as a source to get the intended surface 

on CAD instead of designing it from scratch and only use XCT as an initial guide. Another limitation of 

literature is how none of the studies from literature previously compared the produced CAD of AM lattices 

using surface metrology. Most of the analysis has only been done dimensionally or using finite element 

analysis, ignoring how the surface roughness compare between the manufactured AM lattice and the CAD 

with designed deviation. 
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Figure 50: Method suggested in literature to incorporate dimensional deviations on the AM lattice part back to the 

original CAD using XCT data [175]. 

3.2.4. Manufacturing of AM lattices 

After finalising an AM lattice CAD design, the model is usually taken to the AM machine 

manufacturer’s slicer like QuantAM [209] for Renishaw AM machines or a general-purpose slicer that 

works for many types of AM machines like Magics by Materialise [180]. Common parameters to set prior to 

manufacturing an AM part in the LPBF process include the laser energy and scan strategy. When it comes to 

lattice structures, scanning strategies can include a contour strategy [210], point strategy [211] or pulsing 

strategy [212]. On the other hand, laser energy (E) usually include laser power (P) and exposure time (t) as 

well as layer thickness (l), hatch spacing (h) and scanning speed (u) [213] and seen in equation below. These 

parameters can be used to define the laser energy projected to the melt pool as seen in the equation (3) below 

as mentioned by Ghouse et al. [213]. 

 𝐸 = 𝑃 × 𝑡  𝑜𝑟 𝐸 =  
𝑃

𝑢 × ℎ × 𝑙
 (3) 

 

When optimising the AM manufacturing parameters, the goal is to have a high geometrical accuracy 

which can for example mean a smaller mean strut thickness deviation to the CAD, a high material density 

that can be measured by porosity and reach the desired surface roughness and microstructure.  

A deeper understanding of the ideal scanning strategy means that the user can directly output the 

ideal laser path without going through the meshing step which is computationally expensive as mentioned in 

the examples above using formats like .CLI file format. In-line monitoring of AM process using thermal, 
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infrared, or structural light scanning can also be used for increased part quality for lattice [214] or AM parts 

in general [215]. A photodiode can for example be added to the AM system to monitor the laser input as well 

as high speed cameras to monitor the melt-pool quality and produced surfaces [216]. 

 

Figure 51: Different strut thicknesses achieved by controlling specific enthalpy. From right to left are different strut 

angles including 15°, 45°, 60° and 90°. Right image with small 15° angle shows undesirable weld necks [213]. 

While contour hatch scanning strategies are common for most AM parts, it is challenging to use them 

on lattices. The small strut diameter usually means that the laser path becomes highly sensible to .STL 

format strut resolution creating many laser vectors and high-speed jumps as well as being computationally 

expensive to run. On the other hand, point scanning strategy is often considered more suitable especially for 

small thickness and stochastic lattices [213]. Instead of creating a contour, the point strategy relies on 

exposing the laser at a specific location, time and energy, creating a strut thickness equal to the width and 

shape of resulting melt pool. This method leads to less laser vector jumps, reduced build time as well as 

computational cost. Pulsing strategy is similar to the point scanning strategy with the only difference of 

repeatedly firing the laser at different time intervals, creating a new duty cycle parameter and also number of 

exposures per location [213]. In a pulsing strategy, a heartbeat like motion is created due to the periodic heat 

input. The turning off of the laser beam leads to a shorted melt pool and eventually a periodical change in 

the melt pool length that is also rounder when compared to a continuous laser method [212]. This shorter 

and rounder melt pool resulting from pulsing strategy can lead to a smaller achievable strut thickness [213]. 
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Figure 52: Contour hatch scanning strategy in (left) and single exposure scanning strategy (right) [213]. 

Study published by Ghouse et al. [213] shows a linear relationship between a laser’s specific 

enthalpy delivered to the melt pool and the strut thickness. Enthalpy accounts for changes in thermal 

properties of a material or in a thermodynamic system and is usually used in AM as one of the methods to 

quantify the melt pool [217]. Specific enthalpy (ΔH) can be described as a function of absorptivity (A), 

density (ρ) and thermal diffusivity (D) of the powder as well as laser power (P) and other laser parameters 

like laser spot diameter (Ø) and scan speed (u) as seen in the equation (4) below.  

 ΔH =  
A ∙ P 

ρ √π ∙ D ∙ u ∙ ∅3
 (4) 

By controlling the specific enthalpy, the melt pool size can be controlled and therefore the strut 

thickness size. Results also showed that the relationship is more accurate when using the in-process 

monitoring laser parameters not the slicing software requested ones. It was also observed that at small lattice 

strut angles like in 15 degrees angle, the strut develops weld necks between the laser melt pools as seen in 

Figure 51, making the structure more fragile and prone to premature failure [213]. 

3.2.5. Common lattice structure defects. 

Lattice structures can suffer from multiple type of defects caused by different sources. The thickness 

of a lattice strut can be linked to the melt pool size as mentioned above, but also to the strut angle, powder 

quality, as well as material shrinking after cooling process [218]. Along these lines, the prediction of the as 

built geometry of AM lattices is very challenging which means that a deep understanding of the potential 

defects and their impact on the product structural integrity is very important. With better understanding of 

the impact of defects on lattices, better design constraints and tolerancing will be possible to implement 

during the AM process of lattices. 
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Figure 53: Comparison between elastic moduli obtained from experimental measurements and FE simulations [219]. 

Since it is unlikely that a produced lattice has only one type of defect, Dallago et al. [219] generated 

multiple lattice design defects in order to assess their individual impact and influence on the elastic modulus. 

Study results, as seen in Figure 53, initially showed that FE simulations on the original CAD are not 

representative of the additive manufactured lattice. The study also showed that higher strut thickness is 

linked to a higher elastic modulus, however, defects like strut waviness or junction/node centre displacement 

from its centre lowers the elastic modulus as they introduce bending actions on the lattice [219].  

Also, irregularities that are close to the surface like sharp notches had more detrimental impact on 

the fatigue that internal pores. This means that heat treatments like HIPing will not have a direct impact on 

the fatigue since the latter mainly assists in reducing internal porosity [220]. 

Beside geometrical deviations, lattice structures also suffer from surface defects. Using profile 

surface texture parameters, the Ra value of down skin surfaces of lattice strut was found to be double the Ra 

value of the up skin surface [203]. Also, lattice structures unit cell can have a crucial impact on the surface 

roughness value. For example, a lattice produced with a BCC unit cell had a down skin Ra that is three times 

larger than the Ra found in down skin of a face centred cubic (FCC) lattice due to a BCC lattice overhang 

angle being around 35° degrees while an FCC° has a 45 degrees overhang angle [221]. Furthermore, TPMS 

structures would usually have better surface roughness due to their lower influence from the stair stepping 

effect [130]. Stair stepping effect is the effect produced by the increasing change in the strut angle caused by 
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the overhang angle. Other defects like varying cross section, strut waviness, bonded powder particles and 

surface porosity can be seen in Figure 54 from study performed by El Elmi et al. [222]. 

 

Figure 54: SEM micrograph of an additive manufactured lattice strut showing from left to right a varying cross 

section strut, strut waviness, stair step effect, bonded particles and surface porosity [222]. 

Internal porosity in additive manufactured parts can negatively impact the fatigue strength of a lattice 

since it decreases the cross section area of the produced part, which increases the location’s stress 

concentration [223]. For example, stochastic Ti64 lattice samples built at 50 W showed a higher fatigue 

increased by 7% at 106 cycles when compared to samples built at 200W [224]. For lattices, scanning strategy 

can also have a significant impact on the internal porosity of the part [224]. 

As mentioned above for geometrical deviations and surface roughness, a deeper understanding of the 

impact of unwanted internal porosity can also assist in better quality control and cost efficient tolerancing. 

For example, Tammas-Williams et al. study shows how in AM parts, both the size and location matters when 

classifying internal pores with higher influence on the fatigue crack initiation [225]. Porosity has also been 

shown to be dependent on the lattice strut angle or orientation where higher porosity was observed at lower 

overhang angles [226].  To reduce the cost of experimental and destructive testing, simulation models can be 

developed that take into account the pore distribution types and their impact on the mechanical behaviour on 

the produced lattice [227].  
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4. Chapter: X-ray Computed Tomography (XCT) 

4.1. Introduction to X-ray computed tomography 

a) Introduction and main differences between medical and industrial XCT 

Introducing industrial X-ray computed tomography can hardly be done without mentioning the 

medical field of it since the latter played and still does play a big role in both its start and current innovation. 

The Nobel prized invention of which the first patent was granted in 1972 was done by Allan Cormack who 

was head of physics institution at Tufts University located in Medford, USA and Godfrey Hounsfield who was 

chief of medical division in Electric and Musical Industries located in Middlesex in England [228]. Allan 

Cormack started his invention with publications done in 1963 and 1964 [229] who soon realised that the 

challenge to use X-ray was a mathematical one and a question of finding an equation that defines the 

attenuation of each material in regard to X-ray intensity [228].  

 

Figure 55: Early X-ray imaging without radiation protection [230]. 

In 1969, the first scanner was made by Godfrey Hounsfield and the first medical brain scan was 

achieved in 1971 [231]. An example of early X-ray imaging that lacked proper radiation protection [230] can 

be seen in Figure 55 compared to an early CT scan used in 1980 seen in Figure 56. The first X-ray machine 

made solely for industry and specifically dimensional metrology was in 2005 [231,232]. It is possible to see 

from these two dates how the medical field XCT has been existing far longer than the industrial one which 

means as one might expect that industrial use is not as mature as in the medical XCT field which has more 

standards. Since 2005, XCT has been growing steadily and more manufacturers have started introducing larger 

and better XCT machines capable of not only scanning small section taken from large parts but host large 

workpieces without sectioning them [231], opening a new door for non-destructive measurement techniques. 
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One of the two main differences between the medical and industrial use is the architecture of the machine in 

which for example it is the machine that rotates around the patient in the medical field whereas it is the sample 

that rotates in the industrial one. The other difference is the usual far lower radiation doses that are lower to 

protect the health of the patient X-ray use on human body is carcinogenic and that a controlled exposure is 

necessary as mentioned by World Health Organisation (WHO) [233].  

 

Figure 56: Early CT scanner in use in 1980 [234]. 

Another difference with the medical field is how the industrial XCT is usually far demanding in 

resolution and accuracy [231]. This means that the industrial XCT would occasionally require when possible 

uncertainty measurements [235] and traceability to SI units [231] which is not generally achievable. The 

mentioned above differences meant that the transition from medical to industrial use has not been the 

smoothest and many bottlenecks and breakthrough had to and still must be achieved to reach a headache free 

stage or a “plug and play” XCT machine that does not require extensive experience. Along these lines, the 

following sections will discuss the basic principles of industrial XCT machines, their general use, and how 

they are specifically being used in metrology and more specifically metrology of AM lattice structures. 

b) XCT applications  

XCT can allow for holistic non-destructive measurement of non-accessible internal features [236] 

which is a typical thing in design for AM in the case of reducing part count in an assembly. As AM is the 

next generation leap in the manufacturing field that is slowly and steadily growing, XCT can certainly be 

considered as the metrology next gen tool since the CMM appearance in the seventies and optical scanners 

in eighties [236].  



88 

 

XCT is a non-destructive testing (NDT) method and is usually used in detection of defects like 

cracks, pores and voids and in different research fields as seen in Figure 57. When compared to other NDT 

processes, XCT can reach a large range of spatial resolutions with the capability of assessing features at the 

surface, near surface and inside the volume as seen in Figure 58. However, to reach the small range of 

resolutions, specific XCT systems must be used like micro or nano CT which also means that the object size 

will be limited, as seen in Figure 58. 

 

Figure 57: Growing applications of XCT in different research fields [237]. 

XCT comes as a great replacement to optical and tactile CMMs when features are inaccessible, 

however, being mainly developed for industrial uses in the recent decades, XCT still need further research 

when it comes to guidelines and standards of use [238]. This is also due to the inexistence of the standards 

that currently details uncertainty estimation making traceability a very challenging task when using XCT. 

While this challenge can be overcome in the CMM by modelling interaction between the surface to be 

measured and the CMM probe, the XCT x-rays interaction with the part to be measured is furthermore 

challenging to model and simulate.  

Along these lines, XCT research studies that are looking for increased accuracy in measurements 

usually use the substitution method where a calibrated item is measured before or alongside the part of 

interest, which is a similar method developed for CMMs in the ISO 15530-3:2011 [239]. The calibrated 

workpiece or masterpiece is usually of the same material as the part of interest to be measured and have 

closer shape and dimensions. Most importantly, measurement strategy and form or texture features to be 

measured on the part of interest should be possible to be done on the calibrated workpiece. This method has 
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been published and used for dimensional XCT measurements [240], XCT surface measurements [86] and 

XCT porosity measurements [241].  

 

Figure 58: Comparison of NDT techniques (a) and typical spatial resolution and object size of each type of CT (b) 

[238]. 

4.2. XCT working principles. 

a) Theory 

X-ray emission is composed of radiations that belong to the category of electromagnetic rays. This 

means that the rays can be considered as both waves or photons which eventually means that they can be 

expressed by two different equations and can be found in [242]. Along these lines, X-rays are characterised 

and can be compared in a larger spectrum with other rays like visible light or microwaves. The component 

allowing X-ray emission in an XCT machine is called the X-ray tube, the latter, is composed of a cathode 

that emits electrons which are accelerated due to the electric field between the cathode and anode [243]. The 

accelerated rays are then focused using a magnetic lens and hit the target (usually in Tungsten) where 99.3% 

of energy gets converted to heat (hence the need of a cooler component in the X-ray tube) and 0.7 % to X-

rays [244]. The main generated radiation is called Bremsstrahlung which means in German “braking 

radiation” or “deceleration radiation” [245] caused by the sudden slowing down of electrons hitting the 

target atoms. The second interaction is called characteristic radiation, which happens when the incoming 

electron collides with another electron from the outer shell leading to an electron vacancy. The filling 

process of this vacancy from an outer shell lead to the emission of a discrete X-ray spectrum named 

characteristic radiation, which highly depends on the anode target [246]. 
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 The special characteristic of X-rays is their interactivity with matter that allows them to penetrate it 

with a relationship that depends on the energy of X-rays and the scanned part material composition and 

density [231]. 

 

Figure 59: Spectrum of electromagnetic waves showing where for example visible light and microwaves are located in 

relation to this study's X-rays [247]. 

X-rays that managed to penetrate the part are captured on the other end of the machine using a 

detector, resulting in a 2D image with grey scale values. After capturing multiple 2D images from different 

rotation angles, a mathematical reconstruction can be performed to generate a 3D voxel-based model. Using 

the right thresholding technique can then lead to isolating the scanned part for further processing. Analyses 

of the reconstructed 3D volumes can include dimensional metrology, surface metrology and more as seen in 

Figure 60. 

 

Figure 60: Conventional workflow for XCT and metrology of additive manufactured lattice structures. 
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b) XCT hardware and interaction with matter 

As mentioned above, the X-rays are emitted from the X-ray source in a cone beam method followed 

by a 2D detector behind the part or fan beam emission followed by a 1D line detector behind the part of 

interest depending on the chosen setup as seen in Figure 61.  

 

Figure 61: On the left of the image the cone beam and on the right the 1D line detector [231] 

The interaction of X-ray with an object leads to the decrease of X-ray intensity due to the attenuation 

mechanism. The attenuation is caused by four main parameters that govern the X-ray and matter interaction 

which include the photoelectric effect, Compton scattering, Rayleigh/Thomson scattering and pair 

production [248]. The photoelectric effect, discovered by Albert Einstein in 1905 [249], is when the incident 

photon is absorbed with a relationship that is proportional to the atomic number Z of the irradiated material 

and the photon energy. During this phenomenon, the photon of an X-ray would collide and get absorbed by 

the inner shell electron. The incident photon energy would be equal or greater than the biding energy of the 

electron in the shell resulting to removing it from its shell. The electron that escaped from the orbit gets 

replaced by an electron from the outer shell which creates a new photon going in a different direction as seen 

in Figure 62 (a).  
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Figure 62:Photoelectric absorption (a) and Compton scattering (b) [231]. 

In addition to the photoelectric absorption, the other effect happening in power range of 20-450 kV 

(usual range of industrial XCT) is the Compton scattering seen in Figure 62 (b). In this case, the incoming 

photon would interact with an outer or free electron leading to its ejection. This results in the X-ray photon 

to be deflected to another direction with an energy loss gained by the electron [231]. If scatter miss the 

workpiece, photons are eventually deviated by the environment leading to a high background signal in the 

projections and in general loss of contrast [249]. An example of ideal situation versus real situation can be 

seen in Figure 63. 

 

Figure 63: Ideal situation where photons are either absorbed or passing the sample (left), real situation with large 

amount of scattering affecting the attenuation results (right) [250]. 
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However, scattering is not always onward. A higher probability of backscattering or ghosting on the 

detector happens in the case of low energy photons. The Compton effect is named after Professor Arthur 

Holly Compton (1892-1962) who won the Nobel prize award for is Compton effect discovery in 1927 [251]. 

                  

Figure 64: Three main types of attenuation and their total value for (a) carbon, (b) aluminium and (c) tungsten in 

relation to photon energy based [245] 

Rayleigh scattering or Thompson scattering happens in cases of lower incident photon energy. The 

incident photon energy is not enough to liberate the electron from its bound. The low energy needed for this 

type of scattering means there are less chances of it happening in a typical XCT operation. The last form of 

attenuation is pair production (PP). This phenomenon is like the photoelectric in the sense that the incident 

photon is fully absorbed and attenuated [252]. However, the incident photon colludes with the strong 

nucleus energy field, called the Coulomb field, leading to a change of state. This change of state leads a 

transformation into two particles, one electron and one positron hence the pair production name. The 

emerged positron and electron would annihilate each other and two gamma photons get created and either 

scattered or absorbed by nucleus [249,253]. 

 By adding up the four types of attenuations described above, the total attenuation 𝜇 parameter of the 

X-rays passing through the part of interest as seen in the equation (5) below where 𝜇𝑝𝑒 refers to the 

photoelectric effect attenuation, 𝜇𝑐𝑜𝑚𝑝𝑡 to the Compton effect attenuation, 𝜇𝑟𝑎𝑦 to the Rayleigh effect 

attenuation and 𝜇𝑝𝑝 pair production attenuation.  

 𝜇 =  𝜇𝑝𝑒 +  𝜇𝑐𝑜𝑚𝑝𝑡 + 𝜇𝑟𝑎𝑦 + 𝜇𝑝𝑝 (5) 

The challenging aspect in the XCT attenuation is how the latter is composed of multiple nonlinear 

attenuation effects. This is because the determination of the type of attenuation with the highest impact 

depends on the X-rays energy and the irradiated material’s properties. As mentioned by Hermanek et al. in 

the principles of “X-ray Computed Tomography” chapter [245], and when comparing for example carbon, 
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aluminium and tungsten, as seen in Figure 64, carbon has an atomic number of Z = 6 and its Compton 

scattering becomes dominant after 25 keV while aluminium which has a an atomic number of Z = 13 had its 

Compton scattering dominant from 50 keV. However, for tungsten, which has an atomic number Z = 74 has 

its photoelectric attenuation dominant for a wider range of energies compared to the other two materials. The 

pair production type of attenuation mentioned above is not usually included since most industrial application 

are below 1 meV so its contribution is usually considered negligible [245].  

After calculating the total approximative attenuation of a material and knowing the material 

thickness to be penetrated by X-rays, Beer-lambert law equations (6) and (7) seen below before and after 

differentiation, can be used. Beer-lambert law governs exponential relationship between the X-ray intensity 

𝐼, and the total attenuation coefficient 𝜇 obtained by the sum of different attenuations shown above and the 

distance travelled or thickness of the material 𝑥. Another challenge from using this equation is the usual 

assumption of the homogeneity of the material to be XCT scanned. Another assumption is considering the 

X-ray beam to be monochromatic, which is not the case in industrial XCT machines. Adequate additions can 

be done on the equation to take in consideration the material variability and polychromatic nature of X-rays 

shown in [245]. 

 
𝑑𝐼

𝐼(𝑥)
=  −𝜇𝑑𝑥 (6) 

 𝐼(𝑥) =  𝐼0𝑒−𝜇𝑥   (7) 

c) 2D projections and reconstruction. 

As seen in Figure 61, X-ray photons would pass from the material, get attenuated following the 

description mentioned above and gets captured by the detector. The flat panel detectors manage to convert x-

rays to measurable photons of light proportional to the sent X-ray energy using scintillation, which are then 

converted to electrical signals using a photon detector like a photomultiplier tube [231]. Multiple parameters 

can affect the detector data quality like its energy resolution, which is the capability of the detector to 

resolve the incoming radiation energy or afterglow, which is how persistent the image would stay after 

turning off the X-ray radiation potentially causing motion blur [254]. An example can be seen in Figure 30 

where increased scan time resulted in improved scan quality [255]. The collected data from the detector get 

processed and result in a 2D image representation in a spatial location domain compared to MRI which 

would process data into spatial frequency domain [256]. The spatial location domain in this case is a 

representation where columns and rows represent different pixels with different bit value depending on the 

X-ray energy reached.  
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Figure 65: Example of increasing scan quality by increasing scan time where (a) is 3min, (b) 20min, (c) 45min, (d) 

2h, (e) 3 hr and (f) 4hs [255]. 

Usually, the smaller the pixel size, the smaller and better spatial resolution. Also, the bit depth of the 

pixel plays a role in data accuracy. Bit depth is the range or number of grey levels that can be assigned to 

each pixel as an exponent of 2. For example, the values of the detector pixels used in this PhD experiments 

were ranging from 0, which is tending to low intensity X-rays meaning higher attenuation to a value of 

65536 which refers to higher X-ray intensity meaning low attenuation before reaching the detector. The 

range was from 0 to 65536 since the pixel bit depth was 216. Higher bit depth means that the pixel values 

have a higher range making it possible to have higher contrast images. 

After obtaining a set of 2D projections after performing an XCT operation, different filtering or 

image correction techniques can be used like denoising or edge enhancement [257]. These operations 

however have to be done carefully as it risks masking important data or creating new artefacts non-existent 

in the original part. Once the 2D projections are ready, a reconstruction algorithm is applied in order to 

obtain the 3D volume which consists of voxels [258], which are a volumetric 3D equivalent of 2D pixels. 

Many image reconstruction algorithms exist however the usual and most commonly used reconstruction 

algorithm is the filtered back projection (FBP) [259]. 
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d) Volume thresholding and analysis  

After obtaining a 3D volume following a reconstruction algorithm on the 2D obtained XCT images, 

a thresholding or segmentation of the 3D volume is needed. Segmentation has a crucial influence and can be 

affected by the quality of the input data where an example of this operation can be seen in Figure 66. 

  

Figure 66: Comparison between ISO50 and two other reconstruction algorithms (left)[260] and example of near 

surface ROI that can be used for increased measurement accuracy (right) [255]. 

Different segmentation techniques are available and are usually facing the main challenge of either 

over or under segmentation leading to less or extra material at the edges of the XCT scanned part. The two 

main segmentation methods can be split to either a global one or a local one. In a global segmentation 

technique, an algorithm like Otsu method or ISO50 can be used to determine the single threshold value that 

will segment the part using the two peaks of the histogram. While both methods are based on selecting a 

single threshold value from the histogram, the Otsu method tries to maximise the separability of grey value 

classes [261] while the ISO 50 method algorithm calculates the exact middle between the two histogram 

peaks [108]. 

The second type of segmentation is the local method where instead of choosing one threshold value 

for the whole image or volume from the histogram, the threshold value is optimised for each voxel 

depending on the surrounding voxel values and starting from an ISO 50 [86] or user defined contour. This 

method is extremely important in cases where the material of the scanned part is not dense or homogeneous 

especially when it comes to surface roughness analysis [262]. Example of comparison between standard ISO 

50 surface determination and local iterative surface determination can be seen in Figure 67. Local iterative 

surface determination starts from an initial baseline contour that can be defined from an ISO 50 surface. The 

algorithm places hair lines that have a default spacing of 4 voxels and are perpendicular to the baseline 

isovalue surface. Along those hairlines, the algorithm searches for the location of the largest gradient 

between the individual gray values. This results in a subvoxel precise surface line as the position of the 
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largest gradient is interpolated between the individual positions along the surface. This also means that the 

same grey value can be interpreted differently depending on the surrounding voxels [263].  

 

Figure 67: Comparison of standard surface determination (a) and local iterative surface determination (b) [264]. 

e) XCT scanning process artefacts 

Different scanning parameters, scanning strategies or part orientation/geometry can affect the results 

and sometimes result in artefacts which are discrepancies in the obtained data that do not exist in the original 

part. A common example of XCT artefacts are beam hardening artefacts [265]. As mentioned above, most 

industrial XCT machines have a broad energy spectrum and are unfortunately polychromatic [266]. This 

means that when choosing an unfiltered X-ray energy, the low energy levels (soft) are easily attenuated by 

matter compared to high energy (hard) ones. As the soft rays do not contribute to the detected signal, the X-

ray beam mean energy that passes through the matter is increased (hardened). This can lead to what is 

referred to as cupping artefact, causing brighter edges than the centre [249]. This artefact can affect the 

results of for example dimensional analysis done on the volume since a significant proportion of it can affect 

the grey values of the part edges and therefore the surface determination operation.  

Another type of artefact is the scatter artefact [267]. Scatter can be caused by the part, for example 

from the Compton scattering phenomenon mentioned above or even from the environment inside the 

machine. The latter can be due to cone beam generated photons not directly touching part and getting 

deviated by other parts in the machine environment. Scatter usually leads to increased signal captured by the 

detector leading to unwanted artefacts that can significantly affect the contrast of the obtained results [268]. 

Ring artefacts can also appear and can be due to detector defects or miscalibration. Ring artefacts [269] 
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usually get more significant toward the centre of the part. Other sources of error include noise [270] or in 

most cases XCT user experience as discussed more below. 

 

Figure 68: XCT cross section slices showing the impact of varying beam hardening correction factors on the resulting 

image where (a) is 0, (b) 5, (c) 8, (d) 9.0 and (e) 9.5 [255]. 

f) Challenge of choosing XCT settings 

XCT settings are usually chosen by the user, leading to possible discrepancies [271]. Also, current 

users cannot usually provide an uncertainty statement [272] due to the lack of holistic models correlating the 

effects of different parameters on measurement uncertainty [231]. Different XCT scan settings can lead to 

different scan results like the blurring on the scanned lattice struts seen in Figure 69 due to different voxel 

sizes [273]. 

For example, expert users of XCT can usually limit the range of settings to be used on a part with 

unknown internal features. This is usually done from experience and the usual guidelines provided by the 

machine manufacturer manual. However, it is usually not possible to decide on the exact setting from the 

drawn range made by the user since it is difficult to decipher the small subtle changes between them 

manually.  

The main initial solution is to train users for XCT as expert users have been shown to provide better 

results compared to non-trained ones [271]. The usual solution to tackle this challenge is to use quantitative 

tools like image analysis ideally before the scanning process. A semiempirical method suggested in literature 

is the knowledge-based system (KBS). The method relies on using previous knowledge on previously 



99 

 

scanned parts to optimise the settings for new parts that have similar features. The study showed better result 

in comparison to relying only on user experience [271]. 

 

Figure 69: Blurring or smoothening effect of lattice structures when measured using XCT at different voxel sizes, 38 

𝜇𝑚 (a) 58 𝜇𝑚 (b) and 101 𝜇𝑚 (c)[273]. 

Another technique is to use XCT simulation software like aRTist. The software is based on primary 

attenuation law and Monte Carlo model for scatted radiation[274] and simulates different XCT settings and 

part orientations to optimise and choose setting that delivers the minimum artefacts like ring artefacts or 

beam hardening, all leading to a better scan quality[275–277].  

Image analysis can also be used in multiple ways to compare different XCT scans and optimise 

towards ideal settings. Contrast to noise ratio (CNR) is one of the most common equations in this discipline 

[255,274,275]. The CNR equation (8) shown below is composed of two parameters, the mean grey value 

𝜇1−2 and the standard deviation value 𝜎1−2, for number one meaning the foreground and two meaning the 

background. This equation is also employed when using a scanning electron microscope (SEM) [278] or in 

the medical field [279]. This equation can be used on a pre-scan image or post scan reconstructed image.  

This can be considered a semi-automatic operation since it can be applied on multiple images all at 

once with detailed exported automated reports, the user however is still needed to choose the initial region of 

interest from which the parameters will be extracted unless extracted automatically from histogram peaks as 

suggested Reiter.M et al. in literature[277]. Equations like CNR and signal to noise ratio (SNR) have been 

used in literature to quantitively compare different XCT settings before scanning to rank different XCT 

settings. Another method is used by focus measurement in focus variation (FV) microscopy using standard 

deviation affected in this case also affected by image contrast [280]. 

 𝐶𝑁𝑅 =  
𝐶𝑜𝑛𝑡𝑟𝑎𝑠𝑡

𝑁𝑜𝑖𝑠𝑒
=  

|𝜇1 − 𝜇2|

√𝜎1
2 + 𝜎2

2
 (8) 
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4.3. Design for XCT metrology 

As mentioned above, X-rays emitted from the X-ray source are attenuated by the scanned part 

allowing the detector to capture different absorption values. Along these lines it can be clear how one of the 

initial limitations of using XCT is the combination of the material and thickness of the part to be measured 

[231]. XCT can easily penetrate polymers and relatively good aluminium material, however, denser 

materials like ceramic, steel, titanium, tungsten, or zinc become very challenging as can be seen in Table 3. 

Using higher voltage is not always an option since the latter can create broader X-ray spectrum leading to 

beam hardening artefacts or in another scenario the pixel detector can be saturated and create unwanted 

measurement artifacts [281].  

This challenge should be considered when designing for AM and can be introduced in the DfAM 

workflow where design engineers decide beforehand on the method of the measurement and optimise the 

part shape for it. The AM design freedom can allow for such adaptation where specific features can for 

example be added to the AM part with the main objective as being used as a guide during XCT 

measurements as previously researched and published in literature [282]. 

Table 3: Typical values of thicknesses that can be penetrated for a certain voltage and material [221,267]. 

 

On some occasions, the part to be XCT scanned can have a steep variable thickness gradient which 

create an additional challenge even if all thicknesses in the part are penetrable. One of the reasons of this 

challenge is the polychromatic nature of XCT that makes the absorption non-linear [281]. This means that 

while “hard” X-rays are attenuated by all features in the part to be scanned, thinner features of the part will 

absorb additional “soft” X-rays making the results looks as if the thin features are less dense creating severe 

beam hardening issues. Since usually only one XCT setting is chosen prior to the scanning process, scanning 

a thin layer of a material will mean that in some specific angles of the part rotation in the XCT machine 

thick features will be non-penetrable. Design engineers developing parts to be XCT scanned will have to try 

and have a smooth thickness transition alongside the whole part, avoiding scenarios and shapes like shown 

in Figure 70. 
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Figure 70:a)  X-rays pass through the whole part  while in b) only few X-rays have managed to pass due to the thick 

part [281]. 

4.4. XCT dimensional metrology   

In dimensional metrology, XCT has been the go-to tool when facing internal features that could not 

be accessed any other way. The CMM can only measure outer features and sometimes distort them due to 

the stresses exerted by its probe [283,284]. The XCT on the other hand, is non-contact and can measure 

multiple external and internal dimensions in a time that is independent on the number of features to be 

measured [285,286]. 

Applications include in the automotive where the internal features of a car oil manifold can be 

dimensionally evaluated, measurement can include not only feature measurement but also constraints like 

position and straightness [231]. In other occasions, XCT generated model from the manufactured part can be 

aligned and evaluated against the original CAD using a deviation analysis[287] showing exactly where 

excess or less material is in the part. 
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Figure 71: Image processing from XCT data showing local thickness distribution (a) and (b) as well as maximum and 

mean value of local thickness at each point of the pore analysis [94] 

For lattices and in the medical field, XCT has been used to examine dimensionally a hip prosthesis 

cup as seen in Figure 71. The pore and strut thickness distribution has been evaluated against author set 

tolerance limits [94]. The analysis in this case has been done using image analysis implemented by software 

like ImageJ [288]. The analysis relied on local thickness algorithm [289] which uses binarised images and 

fits the largest sphere that can fit inside the object as seen in Figure 72. Other methods using the same 

principal have also been developed, fitting multiple circles on a lattice strut geometry [200]. Alternatively, 

the area and volume of a produced AM lattice structure can be compared with the original CAD[290,291] 

allowing for drawing correlations between the different measured instances and produced defects. 

 

Figure 72: Local thickness determined by maximum sphere diameter fitting[289] 

The mentioned techniques can be extremely beneficial and provide more details compared to using 

traditional contact measurement. Vernier callipers or optical microscopes can be used to dimensionally 

evaluate a produced lattice[198], the results however are local and from external struts and henceforth 

cannot be compared to the more holistic results produced using an XCT. For example, the relation between 
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thickness distribution to orientation can be analysed using XCT data as seen in Figure 73, assisting in future 

lattice designs or production settings [200].  

 

Figure 73: Distribution of strut thickness to orientation of an XCT measured lattice structure [200]. 

The methods mentioned above do quantify the produced lattice either using image analysis or XCT 

to know the distribution of many parameters like strut diameter. However, with these methods, it is not 

always clear where exactly the produced part does not match the original design. To tackle this challenge, it 

is common practice to do a deviation analysis [292–294]. 

In order to complete, an XCT of the produced AM lattice, align it with the design of the original AM 

lattice and then perform a deviation analysis. An example can be seen from literature in Figure 74. The 

results from this study performed by Yan et al. showed an average deviation of +0.1702/-0.1491 mm for the 

lattice shown in Figure 74 (a) and an average deviation of +0.1588/-0.1655 m in the lattice shown in Figure 

74 (b). Both lattices had the same Gyroid TPMS and volume fraction of 7.5% with however a different unit 

cell size of 4mm and 7mm. The results showed good AM process printing fidelity and the deviation 

differences were attributed to corrugations and roughness of the surface of the lattice struts [292].  
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Figure 74:Deviation analysis of a Gyroid TPMS with a fixed volume fraction of 7.5% and unit size of 4mm in (a) and 

7mm in (b) [292]. 

The deviations of lattices, as seen in Figure 75 are usually angle dependent (angle between the strut 

and AM machine build plate). For example, it is documented how horizontal struts usually have higher 

deviation where struts are more elliptical than circular, due to their higher overhang that makes them more 

exposed to surrounding powder and local heat accumulating from the melt pool, causing the loose powder in 

contact to partially melt and get attached to the lattice strut (Figure 46), causing a dross formation and 

oversizing [131,290,295–298].  

When a significant increase of this sorts happens during the AM process to a strut diameter, it usually 

increases the chances of a possible decrease in porosity [295]. This correlation has led other researchers like 

Zhang et al. observing how the deviation of the produced AM lattice to the original CAD is dependent to 

which type of strut is dominant, if there are more vertical struts, the produced AM lattice is usually 

undersized with a lower volume fraction percentage and vice versa if the horizontal struts are dominant 

[299]. While most of the above studies are related to strut based lattice structures, angle dependant 

deviations have also been observed in TPMS type lattices [131].  
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Figure 75: Comparison between the real failure sites (a,d,c) and FEA predicted failure sites (d,e,f) at different solid 

fractions (7%, 10% and 15%) [300]. 

The angle of shell structures that were vertical were undersized compared to shell structures that 

were horizontal to the AM process build plate, shell structures that were at a 45° degrees angle had closer 

average thickness values to the original CAD design [131]. Also, and along the lines of the literature above, 

TPMS lattices with larger shells and higher surface of overhangs ultimately have more oversizing [131] due 

to overhangs being exposed to the heat transfer and build plate powder. Another reason is how most lattices 

do not need supports, which has good advantages like saving printing times and post processing cost of 

removing them but these supports could have been the one exposed to heat transfer and print bed powder 

instead of the overhangs[131].  

These differences usually mean that applying finite element simulations on the original perfect CAD 

will not deliver accurate results since the printed AM lattices has local or global deviations. A solution from 

literature can be to apply FEA or CFD on the volume design obtained from the XCT of the produced AM 

lattice. As performed by Sercombe et al., it was possible to predict using FEA on the XCT of the produced 

AM lattice the location of the failure location [300]. While the mentioned changes were mostly about the 

strut deviations dimensional deviation in lattices also happen in the node location or the connection point of 

the lattice where struts meet  
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Figure 76: SEM of the additive manufactured lattice using LPBF process called Direct laser forming (DLF). The 

original CAD had designed pore of 1000 μm but the SEM show manufactured pore of around 700 μm [301]. 

Along these lines and from literature, TPMS lattices usually have smoother nodes with less 

deviations compared to strut based lattices [130] creating less stress concentration points. Finally, another 

parameter where dimensional deviation is present is in the designed porosity, which means the gaps or pores 

that are present in the original CAD of the lattices compared to unwanted porosity which is usually present 

inside the lattice and will not be covered thoroughly in this thesis, more information about it can be found in 

Echeta et al. review of usual AM defects [199]. The designed pores of AM lattices produced using LPBF 

process usually suffer from dimensional deviation making them smaller than designed. For example, in 

Hollander et al. study [301], a lattice was designed with pore of 1000 μm but when produced, had pores of 

approximately 700 μm as seen in Figure 76. While SEM was used in the previous study, it is only possible to 

use when the feature to be measured, designed pores in this case, are in direct line of sight or otherwise a 

sectioning will be required. To have a holistic measurement of all designed pores an XCT can be used as 

done by Lin et al. who also observed smaller designed pores when additive manufactured compared to the 

original CAD pore [302] due to excessive sintering of the used Ti-6Al-4V powder during the LPBF process 

of the lattices. This difference between designed and printed pore can be detrimental to the function of the 

part especially for example implants of which pores are important to reduce the stress shielding effect and 

also increase chances of osseointegration [167].  
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4.5. XCT surface metrology  

The surface roughness of additive manufactured components is often considered challenging to 

measure when compared to conventional manufacturing surfaces like machined ones. This challenge is due 

to the usual increased AM surface irregularity and complex surface features like re-entrant ones [303] as seen 

in Figure 77. Surface characteristics unique to AM process can include Unmelted powder, spatter, balling 

formation and more [85]. The challenging surfaces meant an increase usage in literature of areal surface 

measurement compared to profile ones for evaluating AM surfaces in literature [85]. The increased use of 

areal surface roughness measurement is necessary for a holistic understanding of an AM surface since a 

profile measurement could be missing valuable information on the homogeneity of the surface and 

repeatability across the part.  

 

Figure 77: Isolated lattice strut used for surface analysis (left), Unwrapped lattice which shows the curtains caused by 

projecting the features on the grid plane [303]. 

While areal surface roughness of AM parts is usually measured using focus variation or confocal 

microscopy, the increasingly challenging designs produced in AM means that these instruments are not 

always possible to use. In the recent years, XCT use in measuring surface roughness has been heavily 

explored in literature. The use of XCT in the process of analysing surface roughness is highly applicable for 

AM lattices since conventional line of sigh instruments are simply impossible to use, especially in cases of 

inaccessible internal features. In fact, the first research related to using XCT to extract surface data was 

applied on AM lattice structures as shown in the following paragraphs. 

The timeline of analysing surface roughness of lattices starts by the use of conventional methods to 

analyse lattice structures surface roughness by Pyka et al. study published in 2012 [79]. The method started 

by embedding the porous structure in epoxy resin to be later grinded and polished, resulting in a cross 

section that is along the longitudinal axis of the lattice strut as seen in Figure 78. The grinded and polished 



108 

 

lattice strut was then imaged using a digital camera coupled to an optical microscope. Image analysis tools 

developed by the author were later used to extract the profile surface roughness measurements. 

 

Figure 78: Porous AM lattice structure (left), grinded and polished lattice strut (right) [79]. 

To analyse the surface roughness of lattice structures non-destructively, the author Pyka et al. in 2010 

[304] and Kerckhofs et al. published a study in 2013 where micro x-ray computed tomography (micro-CT) 

was used to analyse both outer and internal struts [106]. The obtained and thresholded volume data of the 

scanned lattice was used to extract a 2D cross sectional image passing through the lattice strut. The lattice 

strut 2D image would be binarized and ideal profile thickness drawn, followed by an image analysis tool that 

extracts the strut profile, as seen in Figure 79. The extracted profile lines were then used to calculate the 

arithmetic mean deviation from the mean profile resulting in a profile surface roughness measurement. 

While the method was limited to profile measurement, it delivered a better non-destructive method than its 

predecessor and was the first to use XCT for a profile surface measurement, highlighting the challenges 

associated with the process like voxel size and more.  Findings of the paper also included that un-melted 

surface powder and homogeneity affecting the surface and needing post processing methods like chemical 

etching (CH). For example, the lattice can be immersed for 10 min in hydrofluoric solution to remove stuck 

un-melted powder [106]. The post process can be followed by electro-chemical polishing (EP) to obtain a 
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homogenous surface roughness from top to bottom as seen in Figure 79.          

 

Figure 79: The use of micro-CT to extract and analyse profile surface measurement of a lattice strut [106]. 

Moving from surface profile measurement using XCT, the first study to extract areal surface 

measurement using XCT data was published by Townsend et al. in 2017 [264]. The extracted areal 

parameters were per ISO 25178-2:2012 and applied on an additive manufactured cube sample. The method 

started by performing an XCT scan on both the AM cube and a machined dimensional artefact of the same 

material. A CNC machined dimensional artefact was used for surface determination [305] compensation as 

well as scaling error correction. The resulting data from the novel areal surface roughness extraction method 

using XCT volume data was remarkably similar to results obtained using conventional focus variation 

microscope instrument [305]. For example, the Sa value obtained from XCT volume data was 29.6 μm 

(sample standard deviation less than 0.013 μm) while the focus variation measurement done using Alicona 

G4 of the same surface was 30.8 μm (sample standard deviation of 0.006), a small difference of less than 

2.5% between the two methods. For additional result validation, a round robin experiment was also 

performed using four different XCT systems which showed similar results of less than 0.5% from all XCT 

systems, further validating the developed method [86]. Also, and from the round robin experiment, 

differences between Sa obtained from XCT system (specifically one labelled MCTC) compared to focus 

variation measurement were again less than 0.5% [86] and can be seen side to side in Figure 80. 
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Figure 80: Measurement setup of AM surface and dimensional artefact (left) and comparison of XCT extracted 

surface data versus Alicona extracted surface data (right) [86] . 

It is not always possible to use XCT for surface roughness measurements due to sample size 

limitation and other factors. Another limiting factor is the voxel size where for example, and from the round 

robin experiment mentioned above, the sample was progressively positioned further from the X-ray source 

with measurements taken at different voxel sizes to assess the influence of the latter. Initial results from the 

study showed for example that the voxel size to be used when extracting surface roughness using XCT 

should be less than one half of the Sa value to be measured [86]. Another factor affecting surface data 

extracted using XCT was the type of surface determination applied on the obtained volume. Comparison 

between multiple types of surface determination showed that the local iterative surface determination 

method was the most accurate when used to generate surface texture parameters [262]. 

Advances in the field of extracting surface texture data using XCT has prompted extensive literature 

in this field especially for AM surfaces. This is because AM surfaces are significant and easier to scan 

compared to smoother surfaces from CNC machining. A prominent one has been the comparison of XCT 

extracted areal surface texture and analysed parameters to other methods like confocal microscopy (CM), 

coherence scanning interferometry (CSI) and focus variation (FV) where confidence intervals were drawn 

providing further insight when choosing the ideal instrument [306]. Unfortunately, advances in areal surface 

data extraction and analysis using XCT has been limited to developing areal parameter for re-entrant 

features [303] as seen in Figure 77, however, all literature on surface roughness analysis for lattices has been 

done using profile measurements [37,106,199,203,221,307–311].  

4.6. XCT Porosity  

When it comes to lattice structures, pores can fall in two different categories, designed pores which 

are spacings between unit cells, or non-designed/unwanted pores (as seen in Figure 81) which are existing 

inside the solidified struts of the lattice and can negatively impact their fatigue life and other mechanical 

properties [312]. The designed porosity characteristic is unique to lattice structures and gives users the 
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freedom to control the function of the lattice while non designed porosity is an undesirable result present in 

most AM parts where they become stress concentrations [313].  

 

Figure 81: Variation of internal porosity within lattice struts as a function of laser power [210]. 

Conventional methods to assess porosity in produced AM parts include density based methods like 

Archimedes method, ultrasonic method [314], or microscopic analysis on part cross sections obtained after 

manual cutting of the part [315,316]. Archimedes method uses the principle of a part’s buoyancy, which is 

the difference of a sample’s weight in the air versus when submerged in water. The density of the sample 

𝜌𝑠𝑎𝑚𝑝𝑙𝑒 can be first calculated using equation (9) where the mass of the sample in the air is 𝑀𝑎, the mass of 

the sample in the air is 𝑀𝑤 and the density of water is 𝜌𝑤𝑎𝑡𝑒𝑟 [89]. Upon calculation of the sample density 

𝜌𝑠𝑎𝑚𝑝𝑙𝑒, the latter can be used to calculate the sample porosity using the bulk material density using 

equation (10) [317]. 

                                                     𝜌𝑠𝑎𝑚𝑝𝑙𝑒 = (
𝑀𝑎

𝑀𝑎−𝑀𝑤
)𝜌𝑤𝑎𝑡𝑒𝑟                                                              (9) 

                                                    𝑃 = (1 −  
𝜌𝑠𝑎𝑚𝑝𝑙𝑒

𝜌𝑏𝑢𝑙𝑘
) ∙ 100%                                                            (10) 

These methods have different drawbacks, for example when using the density based methods, only 

the overall pore percentage can be obtained without a detailed knowledge about the position and distribution 

of defects which has been proven to have a greater impact on an AM part fatigue life compared to only 

knowing the percentage or size of biggest pore [225]. Ultrasonic method can be relatively slow and also 

challenging to use when the goal is a 3D data extraction of the porosity especially in the case of 

inhomogeneous pore distribution making the obtained porosity inaccurate [318,319]. Furthermore, when 

using the microscopic analysis method, the cross-sectioning step increases chances and risk of affecting 
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pores before measurement while also making the process time consuming and only providing information on 

one slice at a time. 

Eventually, XCT has been a popular option used in literature for non-destructive measurement of 

porosity of AM parts [226,227,293,320]. Using XCT result in a holistic evaluation of the pore size, shape 

and distribution across the part as seen in Figure 82. These results can be used for a better understanding of 

the effect of different build parameters, as well as to develop a model that is simulating and predicting the 

fracture location of different kind of AM process pore defects as seen in [227]. 

 

Figure 82: XCT used for porosity analysis and development of prediction fracture location model [227]. 

As mentioned above for surface data analysis using XCT, porosity analysis performed using XCT 

can also be prone to limitations and has its own set of challenges. A major influence in this case can be 

surface determination which can have a direct influence on the size of the pore. A method suggested in the 

literature is to take the XCT scan of the AM part alongside a calibrated reference part to evaluate 

measurement uncertainty following the ISO 15530-3:2011 standard [239]. The reference part is usually of 

the same material to have a closer attenuation value of the AM part to be scanned. The reference part is also 

usually measured prior to the XCT scan in a conventional measurement method like CMM [241]. 
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5. Chapter:  XCT dimensional metrology optimisation for AM lattice structures 

5.1. Introduction 

This chapter summarises three linked work elements. The first explores and draws comparisons 

between different instruments and processes to dimensionally assess AM lattice structures. This included 

using of focus variation microscope and image analysis tools on 2D reconstructed XCT images, done by 

author. The sample used in section 5.2 and 5.3 was supplied by 3M Buckley Innovation Centre (3MBIC) and 

Ahmed Tawfik respectively. The second element focuses on testing an author developed equation to rank 

ideal XCT settings from 2D projections before reconstruction to assist the user in choosing the right XCT 

setting combination from a set range. The experiment in section 5.3.2 was initially completed on a titanium 

machined part designed and measured using a CMM by Andrew Townsend before experimenting with more 

complicated lattice geometries. The third work element focuses on applying the developed method for AM 

lattice structures and assisting in reducing dimensional error when using XCT. In this third element (section 

5.4), a more conventional and standardised equation was used for image analysis alongside a dimensional 

artefact designed by the author, manufactured in the University of Huddersfield under author guidance and 

measured in CMM by Dr. Radu Racasan. A holder for XCT fixturing was designed and manufactured by the 

author. The lattice structure used was designed by the author and additive manufactured by Alexander Liu. 

The developed method proved to be highly efficient compared to using conventional XCT methods when 

choosing optimal XCT settings whilst being semi-automatic, user friendly and cost effective. All XCT data 

acquisitions, image analysis, CMM data analysis and volume analysis was performed by the author. The 

second element work in section 5.3.2 was presented in DXCT 2019 conference and third element work in 

section 5.4 was published in ASTM (STP1631) [321] and can be seen in Appendix 12.2.  

5.2. Comparison between dimensional evaluation of AM lattices using conventional methods, 2D 

image analysis and volume methods using XCT 

a) Experiment highlighting challenges of using non XCT methods for dimensional measurement of AM 

lattice structures. 

An initial experiment was carried out to test first-hand, conventional measurement methods that can 

work for AM lattice structures and record their strengths as well as their limitations. To do so, two lattice 

structures supplied from 3MBIC and made of Titanium and LPBF processes were assessed as shown in 

Figure 20. For the purposes of this section exact manufacturing condition are not relevant. 
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Figure 83: Additive manufactured lattice structures in titanium done using LPBF process, produced on a Renishaw 

AM 400 supplied by 3MBIC. 

The conventional measurement instrument used in this study was the Alicona G4, a focus variation 

optical microscope that is mainly used for relatively fast but highly accurate surface roughness and surface 

form measurement. Alicona claim the instrument has a slope detection capability of more than 90o [322]. 

While Alicona is mainly used for surface analysis, which was also valid in this case, it can also be used for 

dimensional and full form measurements. After being fixed on the stage, a region of interest was defined, 

and measurement was performed. Initial captured data can be seen in Figure 84. The Alicona G4 was 

calibrated according to manufacturer recommendations. 

 

Figure 84: Initial data acquired using Alicona G4. 

As mentioned above, the captured data can be analysed by different methods. When it comes to 

lattices, an important parameter to measure is the lattice strut length and thickness. This can give an insight 

into the AM machine repeatability and stability when making multiple struts forming a lattice. To do so, the 

profile form measurement module was used as shown in Figure 85. The distance between two points is 

manually chosen to represent the strut limits, the same method can be used to calculate the strut thickness as 
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well as cell size. Although the multi-step measurement protocol can be scripted, optimal measurement 

however can only be obtained manually, below are the main challenges:  

• Alignment: The top face of the lattice to be measured must be perfectly parallel to the base 

and fixed, fine lattices could be damaged by fixturing pressures. 

• Incomplete diameter: while it is possible to get the diameter of the strut, only few were 

totally complete from both sides and deemed suitable for data extraction. (Measurement slope 

limitations). 

• Manual procedure: While it was possible to measure the length, the centre of each junction 

has to be manually chosen as well as at the end of the length. 

• Slow procedure: While the data acquisition stage was relatively quick, the analysis of the 

data had to be completed manually making the process inefficient and time consuming. 

• Incomplete data: The AM surface has very high contrast data points with the surface 

occasionally having bright and reflective surfaces and high slope or re-entrant features 

leading to missing points.  

 

Figure 85: Strut length measurement done on the data captured using Alicona 

Nevertheless, focus variation instruments remain a good reference for outer surfaces and can be used 

as a reliable reference to be compared with XCT measurements as used in previous studies [86,264]. Some 

considerations will however be taken when using focus variation microscopy on AM surfaces such as the 

smoothness of the surface, surface repeatability or Z height variation, and data analysis automation. 

Smoothness of surface can be a problem for Focus Variation technologies due to lack of pixel-to-pixel 
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contrast however this is not a significant problem for AM surfaces. A repeatable surface in this case means 

that the average surface height after alignment needs to be approximately similar across the region of 

interest to be measured, otherwise, the minimum and maximum Z axis height used for stitched 

measurements for example will be very high. A high Z height value can significantly increase the 

measurement time making it less cost effective and reducing resolution. Finally, data analysis automation 

tools can be considered when using Alicona focus variation instrument as scripts can be developed to both 

clean and filter the regions of interest to be measured and analysed.  

b) Dimensional analysis of lattices using 2D image analysis 

Before using volume analysis of XCT data of AM lattice structures, a study was done to assess the 

usually cheaper, less computer intensive and sometimes faster methods of evaluation using 2D image 

analysis was carried out. In this study, the same sample shown in Figure 83 was used and XCT scanned 

using a Nikon XT H 225. The XCT scanning parameters were an acceleration voltage of 85 kV, filament 

current of 74 µA, exposure of 2000 ms, projection number of 1583 and 0.049 mm voxel size. The detector 

of the XCT was 1008x1008 pixel size and no filter was used. The XCT scan was then reconstructed and 

thresholded using local iterative surface determination. 

An initial and much quicker method to get information on the lattice struts, such as strut thickness is 

to use a manual point overlay method on a reconstructed 2D image slice as seen in Figure 86 (b). While this 

measurement was completed using expensive VGSTUDIO MAX 3.1 software, it can also be accomplished 

using free and open-source software like ImageJ, which will be used later. To avoid analysing a 2D slice that 

might be incomplete due to it not being parallel, the 3D truss can be measured by fitting point methods as 

seen in Figure 86 (c). Lattices with rough surfaces would be more challenging to measure using these two 

methods since the strut limits are set manually, making the process far from repeatable and stable. 

             

Figure 86: Manual measurement from the 2D reconstructed image using VGSTUDIO MAX 3.1 

Instead of analysing CT data in VGSTUDIOMAX 3.1, a cheaper alternative was tested. In this case, 

it was free, using the image analysis software FIJI. FIJI software is an open source project based on ImageJ 
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software [323]. FIJI software is composed of a multitude of plugins. The plugin used to analyse the trusses 

thicknesses is the local thickness plugin [323]. The algorithm works by trying to fit the biggest enclosed 

sphere inside of the reconstructed and thresholded image stack as seen in Figure 87. 

 

Figure 87: Local thickness algorithm used in FIJI to get the truss diameter distribution [323]. 

The lattice used in this case was a Diamond unit cell TPMS also XCT scanned using Nikon XT H 225. The 

scanning parameters were an acceleration voltage of 193 kV, filament current of 75 µA, exposure of 4000 

ms, projection number of 1583 and 0.032 mm voxel size. The detector of the XCT was 1008x1008 pixel size 

and a 0.2 mm copper filter. Before using FIJI software, 2D Projections acquired from the CT had to be 

reconstructed, aligned, and then exported as tagged image file format (TIFF) Images. The exported TIFF 

images are then imported in FIJI software and an image stack was made. TIFF file format was used for its 

support of lossless compression and compatibility with FIJI software [5]. The XCT scans were performed 

with a detector with maximum resolution of 16 bit, which led to the use of 16 bit for the TIFF images as 

well. 

 

 

Figure 88: Volume rendering of the XCT scanned Diamond unit cell TPMS. 
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The exported stack of images is then thresholded using binarization method. Multiple algorithms like 

Otsu, MaxEntropy, Percentile and others can be used in this case each delivering a different result as can be 

seen in Figure 89 (b) when inputting a reconstructed cross section 2D image seen in Figure 89 (a). This 

visualisation gives a quick and good comparison method before choosing the optimal thresholding method 

to be applied on the whole image stack.  

 

Figure 89: Thresholded image slice (a) and resulting threshold solutions using different algorithms like Otsu method. 

Mean method, MaxEntropy method and more seen in (b) and Otsu thresholding (c). 

The thresholding method chosen in this case was the class separation based Otsu method [324], for 

visually delivering relatively better results than other methods as seen in Figure 89 (c) and also for being 

widely implemented in literature [94,325,326]. After applying the thresholding on a stack of images, the 

latter is then analysed using the local thickness module seen in Figure 90 (b) and strut length analysis seen in 

Figure 90 (c). The obtained analysis result is displayed as a colour map that can be scale calibrated as shown 

in Figure 91 and applied on the previously shown strut-based lattice. Also from the same figure, a histogram 

can be constructed on all of the slices showing a better representation of the diameter distribution of the 

lattice. 

This method was relatively fast and required less computing power compared to analysing volume 

model. The scale calibration is however usually done manually, limiting the results accuracy. Also, while 

strut length analysis showed good results for the diamond TPMS lattice, it would be more challenging to use 

in the case of other lattices of which the struts are connected, making one chain of lengths instead of 

separated ones. Clearly two elements contribute to poor measurement i) methods like this one requires a 

good quality of XCT scan data and ii)the manual elements involved increase uncertainty and reduce 

repeatability.  
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Unfortunately, protocols and clear guidelines to achieve repeatable XCT scans are still not fully 

standardised making user experience and user manual involvement necessary in most stages, increasing 

uncertainty and reducing repeatability. The next section will highlight a study performed to assist in 

evaluation and optimisation of XCT setting combinations. 

 

Figure 90: Otsu thresholded 2D image (a), local thickness analysis (b) and strut length analysis (c). 

        

Figure 91: Local thickness analysis (left) and histogram showing the diameter distribution of the lattice (right). 
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5.3. Optimizing XCT settings for dimensional metrology using 2D image analysis for machined 

parts 

5.3.1. Initial study and proof of concept  

As previously outlined in the literature review, choosing XCT settings is usually a manual process 

prone to user error and requiring user experience. The goal of this study was to assess different methods to 

semi-automate the process of choosing XCT settings, mainly in this case, the voltage and current. When 

choosing XCT settings for a new part, the user would usually gauge its choice by analysing the displayed 2D 

image on the XCT machine monitor viewer. As used in some photography methods and in measurement 

instruments like focus variation, the aim was to compare the image quality of different 2D projections prior 

to CT scanning. This idea stemmed from the way Alicona focus variation works. The latter, has a minimum 

and maximum Z axis height set by the user prior to measurement. As seen in Figure 92 below, the 

microscope goes through all of the Z axis heights and picks the image at the height with the best focus [327]. 

The image with the best focus is defined in this case with the image with the highest standard 

deviation/intensity contrast between its pixels.  

 

Figure 92: Focus value of an image using standard deviation [327]. 

One of the first experiments that was completed was on a small cylindrical specimen (approximate 

diameter of 10 mm and height of 18 mm) made in Aluminium, supplied by Ahmed Tawfik. Eight different 

X-Ray CT settings combinations were chosen and a 2D projection was taken using each one of them. Based 

on FV method explained above and shown in Figure 92, the standard deviation was also used in this case 

and calculated using the whole 2D image pixels grey values taken prior to reconstruction. The results were 
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ranked from the highest value to the lowest, which by following FV method shown above should lead to the 

setting with highest contrast. To verify the results, two experienced users of X-CT within the research team 

were asked to choose the ideal setting based on histogram and image quality as shown in Figure 93. Using 

user experience was subjective and will be discussed below.  

             

Figure 93: Example of two different 2D X-ray scans and their histogram (left), synthetic noise added to 2D X-ray 

image scan (right) [329]. 

From Table 4, it can be seen that the setting combination ‘'one’ from the eight performed ones had 

the highest standard deviation which makes it the ideal setting with the highest contrast. Furthermore, the 

setting combination ‘one’ was also the one chosen by the two experienced users from the author’s research 

group.  

However, due to the occasional presence of noise in radiographs, the approach can be compromised 

in terms of standard deviation and mislead the optimisation process. To visualise this challenge, synthetic 

noise was added to the ideal 2D scan setting as seen in Figure 93, this led to a standard deviation of 85.2, 

close to the chosen ideal CT setting value which was 86.3.  

To tackle this challenge, further studies were performed to not only rank settings using a standard 

deviation on the whole image but using contrast equations that consider background noise as well as a 

dimensional artefact that can be used as a validation process when ranking ideal XCT settings as further 

explained in following section. Another challenge in this initial study was to verify 2D image analysis 

results using subjective user experience. To solve this challenge, following studies have relied on using a 

clear dimensional workpiece previously measured on CMM of which the outer diameter was used as a 

benchmark. 
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Table 4: Different 2D projections standard deviation. 

Setting combination 1 2 3 4 5 6 7 8 

Full image standard deviation 

(Grey Value) 
86.33 52.99 58.59 36.05 56.49 54.22 35.74 50.42 
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5.3.2. Optimisation of XCT settings using 2D image analysis and 3D volume validation for machined parts 

This section summarises study presented in 4th Dimensional X-ray Computed Tomography 

Conference which was hosted by the University of Huddersfield [329]. The aim of the study was to improve 

the 2D image analysis method to account for background noise and include a 3D volume validation method 

using a dimensional artefact. The method was initially tested on machined parts as they could be easily 

measured using conventional traceable methods such as CMM. The developed method was further improved 

as seen in section 5.4 to work for AM lattice structures. 

a)  Methodology  

The part used in this study, as seen in Figure 94, is composed of three features: a 3 mm outer 

diameter, a 3 mm inner diameter and a 4.5 mm step-length defined as the perpendicular distance between 

two planes referred to as the ‘length’. The dimensional workpiece, previously developed and measured in 

CMM by Townsend et al., 2018 in a prior study [86], was machined from Ti6Al4V ELI bar stock to produce 

a consistent grey value and have less chances of porosity. This design allows the separation of the two errors 

encountered when CT scanning, the voxel scaling error and the surface determination error [86]. This is 

done by measuring the ‘length’ shown in Figure 94 between two parallel surfaces which has a negligible 

effect from surface determination, since both planes would move in the same direction depending on the 

determined surface. This means that the offset between CMM and XCT measurement of the ‘length’ can be 

attributed to voxel scaling error and used to correct the latter [86].  

The same dimensional workpiece was held using an additive manufactured polymer during the XCT 

scans, minimising the movement of the part, while not being in direct contact with the measured features. 

The CMM used was a Zeiss Prismo Access, which has a maximum permissible error (MPE) of ± (1.9 + L / 

300) μm (L in mm). More details on the used measurement protocol can be found in [264] and more 

information on the dimensional workpiece can be found in [86].  

 

        

Figure 94: Rendering of dimensional artefact previously measured in CMM and used in XCT setting optimisation 

study (left), example of radiograph of the dimensional artefact (b) [329]. 
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Six X-CT scans using different settings combinations (Table 5), each done five times, were 

completed on the dimensional workpiece. The CMM measured outer diameter (OD) dimension was 

measured in Volume Graphics VGSTUDIO MAX3.1 [330] and the scanning parameters were ranked from 

the one with the least mean difference to the one with the greatest mean difference to CMM values.  

The six XCT Nikon XT H 225 [331] combinations used for XCT scanning of the dimensional 

artefact can be seen in Table 5. The voxel size, exposure time and number of projections were fixed to 0.018 

mm, 2829 ms and 1583 projections, respectively. The magnification was fixed in order to avoid the need to 

scale the measurement ROIs further explained below. While more settings combinations were first 

considered, due to the associated time, a compromise was made, limiting the number of setting combinations 

used in favour of repeating the same scan 5 times, to assess repeatability. The result was the use of six 

different settings combinations, each scanned five times. This decision was also considered valid, since the 

goal of the study was not to correlate the effect of different parameters on the CT scan accuracy, which was 

previously addressed in literature [332], but to rank a range of CT settings combinations, from the one 

providing the least dimensional error using image analysis on non-reconstructed radiographs. 

Table 5: Six XCT scanning combinations used for the study. 

Setting Voltage (𝐾𝑣) Power (𝑊) Copper Filter (𝑚𝑚) 

A (5 meas.) 80 5 0.25 

B (5 meas.) 100 5 0.25 

C (5 meas.) 120 9.8 0.5 

D (5 meas.) 120 20 1 

E (5 meas.) 160 9.8 0.5 

F (5 meas.) 180 20 1 

 

The 2D projections measurements were analysed using FIJI software [323] accompanied with the 

ROI Manager Tools plugin developed by Ferreira.T [333]. The projection images used were 16-bit TIFF 

images with a size of 1008x1008 pixels. The grey value of each pixel ranged from 0 to 65,536. Three 

different ROIs as seen in Figure 95 were defined in order to analyse the 2D image quality using the author 

proposed SFN equation (11) where 𝜎𝑝𝑎𝑟𝑡+𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 is standard deviation of the both part and background, 

𝜎𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 is standard deviation of a local area in the background and 𝜎𝑝𝑎𝑟𝑡 is the standard deviation of a 

local area in the part, all named ROI_1, ROI_2 and ROI_3 respectively as shown in Figure 95 and further 

explained below. 
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 𝑆𝐹𝑁 =  𝑆ℎ𝑎𝑟𝑝𝑛𝑒𝑠𝑠 +  
𝐹𝑜𝑐𝑢𝑠

𝑁𝑜𝑖𝑠𝑒
= 𝜎𝑝𝑎𝑟𝑡 +

𝜎𝑝𝑎𝑟𝑡+𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

𝜎𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑
  (11) 

• ROI_1: Describes the Focus of the image and include the part of interest and its background, in this 

case the bottom cylinder and its background (𝟏𝟎𝟎𝟖 × 𝟑𝟖𝟒𝐩𝐱). 

• ROI_2: A 𝟐𝟓 × 𝟐𝟓𝐩𝐱 square comprised of only the background quantifying the noise of the latter. 

• ROI_3: A 𝟐𝟓 × 𝟐𝟓𝐩𝐱  square compromised of the part only, quantifying the sharpness of the latter. 

 

 

Figure 95: Three Regions of interest used in SFN formula [329]. 

Before ranking 2D projections of each CT scan setting, FIJI was again used to first run a 

convergence test to find the minimum number of projections needed to be analysed as seen in the following 

results section. A ranking was then performed by analysing SFN of each of the six setting combinations 

while averaging their value since each scan was performed five times. 

To assess the image analysis ranking method, each of the 30 performed XCT scans was reconstructed 

and used to rank the six different XCT settings combinations by evaluating the 3D volume scan error. This 

error was quantified by calculating the variance between the part CMM measured Outer Diameter (OD) and 

the Voxel Scaled Outer Diameter measured in VGSTUDIO MAX 3.1. When using a CT for dimensional 

metrology, the voxel size can be calibrated [231]. The calibration or scaling value in this experiment was 

determined by the variance between the CMM measured ‘length’ and CT scanned one, as previously done in 

literature [86]. The ‘length’ design of this part, allows it to not be affected by surface determination error and 

provides a good choice for voxel scaling calibration. The reason for not being affected by surface 

determination is that if the latter is adding air voxels to the part or reducing part voxels, the two planes used 

for the ‘length’ measurement would both move in the same direction, keeping the distance intact. The local 

iterative surface determination can play an important role in this case to minimise errors that could be due to 

grey values being different at different parts of the volume, since the method works by locally analysing the 

surrounding voxels. 
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Figure 96: Measurement method for the "length" where two points were created by intersecting the centreline of the 

OD feature with each of the two fitted planes [329]. 

Reconstruction was performed using Nikon CT Pro 3D [334] and no beam hardening or noise 

reduction algorithm was applied during the reconstruction. The reconstructed XCT scans were thresholded 

using a local iterative surface determination method using VGSTUDIO MAX3.1. This type of surface 

determination delivers the most accurate results during reconstruction [262]. Both the ‘length’ and the OD 

were extracted to be compared with the CMM measurements. The ‘length’ is described as the perpendicular 

distance between two planes. Since the two generated planes might not be perfectly parallel and to avoid 

measuring the minimum distance between the two, two points were created by intersecting the centreline of 

the OD cylinder axis feature with each of the two fitted planes. The ‘length’ was then extracted as the 

distance between the two generated intersection points. The software used for the feature extraction and 

measurement was CATIAV5 as seen in Figure 96. 

a) Results and discussion 

Using all 1583 projections can be time consuming during both the scanning and analysis steps, which 

is why a convergence analysis was completed to establish the minimum number of projections needed to 

compare CT settings’ 2D images quality and rank the settings. It can be seen from Figure 97 that the 

projections’ average SFN starts stabilizing at 75 projections. This number of projections was therefore 

averaged for each setting instead of 1583 allowing less time and computing power consumption. While the 

convergence study was done on all settings to check for robustness of the method, it only needs to be 

completed for one setting when faced with a new part.  
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Figure 97: SFN Average value per number of projections [329]. 

 

Table 6: Ranking of X-CT settings combinations using image analysis and SFN equation [329]. 

 

Using SFN equation (11) shown above, 75 projections were averaged per CT setting. The 75 

projections were chosen from the performed 1583 projections and were equally spaced not continuous. This 

was done using image sequence tool in FIJI where an increment can be set to choose equally spaced images 

from a stack of images. Since five scans were performed per setting, the averaged SFN values were 

computed alongside their sample standard deviation value as seen in Table 6 where setting F had highest 

SFN value. 



128 

 

After the 2D image analysis using SFN equation, volume analysis was done using local and global 

surface determination as seen in Figure 98, where the dimensions of the OD extracted from both the CMM 

and CT scans using different parameters can be seen. Each of the six CT scan settings analysed and 

compared was run five times, making 30, the total number of CT scans performed. Sample standard 

deviation from five measurements each was calculated. It can also be seen in this case how the setting F had 

closer results to CMM mean OD value making it the ideal setting as previously calculated using image 

analysis (Table 6). 

 

Figure 98: Ranking of X-CT settings from the one with the least difference from the X-CT measurement [329]. 

From the results above, the ranking of the CT settings combinations from 3D Volume analysis using 

both surface determinations (Figure 98) matches the ranking of the ideal CT scanning setting from 2D 

projections analysis (Table 6). This proves a high correlation, allowing the production of an accurate ranking 

of the 3D volume quality (for dimensional metrology) using 2D projections’ image quality (before 

reconstruction). 

Again, from Figure 98, it can be seen that the local iterative surface determination had a smaller 

variance from the CMM than the global method. In fact, the first ranked setting combination F, had +21.6 

μm (+0.72%) difference from the CMM using global surface determination in comparison to only +7.6 μm 

(+0.26%) when using local surface determination. Townsend et al. [86] also compared the same OD 

variance to the CMM of the part using local surface determination. The result was +8.0 μm (+0.27%), which 

is only 0.4 μm different from this study’s result. Also, before voxel scaling and as seen in both Table 7 and 
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Table 8, the values of the variance of the mean OD from the CMM have a different ranking favouring the 

setting combination D instead of F. The concluded 3D volume and 2D image quality ranking correlation can 

be due but not limited to the noise level, calculated using ROI_2. Noise can be caused by the quantization of 

X-ray photons [231], or a low X-ray flux [331]. As seen in Table 9, the setting combination A and B have the 

highest background noise and also rank the lowest in 3D volume quality ranking (Figure 98). The setting 

combination F however have the lowest background noise (Table 9) making it the highest in 3D volume 

quality ranking (Figure 98). 

To minimize noise. One of the user guidelines from ISO 15708-2:2017, is to have a minimal X-ray 

transmission of 10%. Minimal X-ray transmission is calculated by comparing the screen grey value when X-

ray is off and the scanned part lowest grey value.  

Due to the CT repeatability error when scanning after long intervals [231] (impacted by filament life 

and other factors), it is expected, when using this method, that the CT scan is performed shortly after 

performing the suggested protocol. This study suggests and validates a new protocol and equation that 

allows the ranking of CT settings combinations (prior to reconstruction). The method can greatly assist in 

choosing the optimum setting combination before fully CT scanning a part, leading to a massive gain of time 

and increase of accuracy.  

While a high-fidelity standard deviation was produced when analysing five samples of each scan (in 

both 3D volume and 2D analysis), the validation method relied solely on the variance between the CMM 

measured OD and the CT volume measured OD. This means that the SFN method produces accurate results 

when the goal is to have CT scans with the least dimensional measurement. The suggested method needs to 

be assessed for when the goal is different, for example when the objective is to have minimal error when 

calculating porosity or extracting areal surface roughness. Having different protocols for different objectives 

will allow a closer step to an automated or semi-automated CT scanning process limited in terms of user 

input and error with a high fidelity and accuracy. This method was also developed using a machined part, the 

next study will assess its use for AM lattice structures. 

In retrospect, and using the workpiece above as an example, the CT scanning and 3D volume 

comparison of six scans took around 9.50 hours. Alternatively, the convergence analysis and 2D projection 

analysis of six CT scans took 2.56 hours. If the minimum number of images needed is known and the 

convergence analysis is not needed (for example if a similar part was previously analysed and a convergence 

test was already run), taking 75 projections per setting and comparing them using FIJI and the SFN equation 

would take only 1.06 hours, making the time needed when comparing 6 CT settings combinations to be a 

ninth of the time needed using the classical 3D volumes comparison. 
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This study compared settings combinations in which only significant few parameters were changed 

(voltage, current, filter thickness). More parameters need to be studied in the future alongside their impact 

on the SFN equation. It is expected, for example, that if the magnification is a changed, the ROI need to be 

scaled accordingly as well. 

Table 7: CMM and CT scan mean values and sample standard deviation using local iterative surface determination 

[329]. 

Measurement 

method 

Mean length 

(mm) 

[% dif. Wrt 

CMM] 

Sample 

Std. Dev 

Mean 

OD 

(mm) 

Mean 

OD 

variance 

from 

CMM 

 

Voxel 

scaled 

Mean 

OD 

(mm) 

Voxel scaled 

mean 

OD variance 

from CMM 

(mm) 

Sample 

Std. 

Dev 

CMM (10 meas.) 4.6240 <0.00005 2.9735 _ 2.9735 _ _ 

CT scan setting A 

(5 meas.) 
4.6223 [-0.04%] 0.0002 2.9880 0.0145 2.9890 0.0155 0.0006 

CT scan setting B 

(5 meas.) 
4.6227 [-0.03%] 0.0002 2.9848 0.0113 2.9857 0.0122 0.0007 

CT scan setting C 

(5 meas.) 
4.6208 [-0.07%] 0.0002 2.9817 0.0082 2.9838 0.0103 0.0002 

CT scan setting D 

(5 meas.) 
4.6187 [-0.11%] 0.0004 2.9790 0.0055 2.9823 0.0088 0.0003 

CT scan setting E 

(5 meas.) 
4.6240 [+0.00%] 0.0004 2.9828 0.0093 2.9828 0.0093 0.0002 

CT scan setting F 

(5 meas.) 
4.6234 [-0.01%] 0.0004 2.9807 0.0072 2.9811 0.0076 0.0002 
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Table 8: CMM and CT scan mean values and sample standard deviation using global surface determination [329]. 

Measurement 

method 

Mean length 

(mm) 

[% dif. Wrt 

CMM] 

Sample 

Std. Dev 

Mean 

OD 

(mm) 

Mean 

OD 

variance 

from 

CMM 

 

Voxel 

scaled 

Mean 

OD 

(mm) 

Voxel scaled 

mean 

OD variance 

from CMM 

Sample 

Std. Dev 

CMM (10 meas.) 4.6240 <0.00005 2.9735 _ 2.9735 _ _ 

CT scan setting A 

(5 meas.) 
4.6121 [-0.26%] 0.0006 3.0071 0.0336 3.0148 0.0413 0.0014 

CT scan setting B 

(5 meas.) 
4.6138 [-0.22%] 0.0020 3.0067 0.0332 3.0133 0.0398 0.0016 

CT scan setting C 

(5 meas.) 
4.6131 [-0.24%] 0.0020 3.0009 0.0274 3.0079 0.0344 0.0013 

CT scan setting D 

(5 meas.) 
4.6097 [-0.31%] 0.0020 2.9914 0.0179 3.0006 0.0271 0.0015 

CT scan setting E 

(5 meas.) 
4.6175 [-0.14%] 0.0007 3.0006 0.0271 3.0049 0.0314 0.0007 

CT scan setting F 

(5 meas.) 
4.6191 [-0.11%] 0.0015 2.9919 0.0184 2.9951 0.0216 0.0009 
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Table 9: CT scan mean values and sample standard deviation using FIJI image analysis software for different ROIs 

[329]. 

Setting 

ROI 1 

average 

(grey 

value) 

Sample  

Std. 

Dev 

ROI2 

average 

(grey 

value) 

Sample  

Std. Dev 

ROI3 

average 

(grey 

value) 

Sample  

Std. 

Dev 

Average 

SFN of 75 

projections 

(grey 

value) 

Sample  

Std. Dev 

CT scan setting 

A (5 meas.) 
18319.48 16.27 963.62 3.73 532.96 4.00 997.99 3.80 

CT scan setting 

B (5 meas.) 
16823.95 22.86 1064.53 1.54 421.61 3.01 1104.43 1.23 

CT scan setting 

C (5 meas.) 
14823.08 9.98 1154.89 0.61 335.67 1.15 1199.05 0.64 

CT scan setting 

D (5 meas.) 
13534.70 13.02 1190.84 2.01 340.72 2.29 1230.57 2.19 

CT scan setting 

E (5 meas.) 
13733.97 18.14 1153.91 3.96 272.05 1.11 1204.39 4.10 

CT scan setting 

F (5 meas.) 
12245.34 10.16 1190.18 3.83 243.41 0.71 1240.49 3.95 
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5.4. Study to optimise XCT settings for AM lattice structures for dimensional metrology 

5.4.1. Introduction 

This section summarises work published by author in ASTM (STP1631) [321] “Structural Integrity of 

Additive Manufactured Materials and Parts”, which can be seen in Appendix 12.2. The study presents a 

semi-automatic method developed to assist in choosing XCT settings for lattice structures. Four XCT 

settings were compared, and a correlation has been found between the CNR value and the quality of the 

XCT 3D volume scan quality. A summary of the developed workflow compared to the conventional one can 

be seen below in Figure 99. While the previous study was applied on a machined part, this study is a follow 

up that is adapted to work for lattice structures and uses standardised contrast equation from ISO 15708-

3:2019.  

 

Figure 99: Proposed and conventional protocols with time needed to complete each one if four XCT settings were 

to be compared.  

5.4.2. Methodology 

a) Design and manufacturing of additive manufactured lattice structures 

Ntopology software Element Pro was chosen to design a range of lattices where most started with a 

box like shape of dimensions of 15x15x25mm and strut diameter of 1.5 mm. The box was designed in 

Blender software [335] and then exported to an STL file. After opening the STL box shape in Ntopology 

Element Pro, the chosen type of unit cell design was BCC, Cubic Diamond and Hex prism edge. To validate 

the design mesh quality, a mesh analysis can be completed in AM specialised software. For this experiment, 

Autodesk Meshmixer was used (Figure 101). No errors were detected, and the designs were taken to the 

next step. A rendering of the designs can be seen in Figure 100 
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Figure 100: Updated and optimised designs. 

 

Figure 101: Example of mesh analysis and repair where blue, red and magenta highlights holes in the mesh, non-

manifold regions and small component areas, respectively [336]. 

In the manufacturing optimisation step, supports can be generated for the lattices, orientation can be 

changed, and other manufacturing settings parameters can be chosen and simulated to optimise the quality of 

the print. As seen in Figure 102, a small overhang area has been highlighted in red, which was clearly the 

size of few vertices and does not fall in the bridge distance that needs a support. The 2D hex prism design 

was oriented to be flat on the print bed and not needing any supports. This has meant that the designs were 

printed supports free. 
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Figure 102: QuantAM software showing overhang area needing supports. 

After validation of the designs in QuantAM, the manufacturing process was done by Alexander Liu 

who was a co-author in the related publication [321]. The lattices were made using an EOS M290 machine. 

The DSLM process, developed by EOS is one of the oldest and most reliable process in the metal AM field. 

The chosen material was AlSi10Mg. This material is both inexpensive (compared to Titanium or Inconel), 

widely used and easier to penetrate with an X-ray CT. An example of machine used, and manufactured 

lattices can be seen below: 

 

Figure 103: On the left, an example of the EOS machine [337]. On the right, the manufactured lattice structures. 

The post processing stage plays a big role in metal AM, especially for lattice structures. Mesoscale 

features (0.1mm to 10mm) are the building block for lattices and are sensible to dimension, surface and 

porosity values alterations caused by post processing [338]. As seen in Figure 103, eight lattices in total 

were produced. Half of them were not post processed and the other half had a sand blasting process which 

made the surface roughness smoother. In this study, the BCC lattice that is post processed was the one used 
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in the following study of which a rendering and manufactured view can be seen in Figure 104. The lattice 

structure used in this study was as printed, with no applied heat treatment. 

                                   

Figure 104: The lattice design rendering (a) and the AM manufactured lattice (b) [321]. 

b) Design and manufacturing of dimensional artefact and part holder 

As discussed, XCT lattice measurements can hardly be validated by re-measuring the lattice using a 

CMM since the latter cannot reach all features of the lattice like internal ones. This leads to the use of 

alternative methods like substitution measurements as shown in literature [86]. In this study, a dimensional 

workpiece has been CNC machined from Aluminium bar stock to preserve a consistent grey value. The 

diameter of the dimensional workpiece is 1.5mm, which is similar to the lattice strut diameter. This was 

done to allow an edge detection that is similar and has nearly similar X-ray attenuation properties between 

the dimensional workpiece and the lattice. A Zeiss Prismo Access CMM was used to measure the 

dimensional workpiece; outer diameter using four circles, each was measured five times, allowing the 

extraction of the cylinder they form. 

 

Figure 105: CMM strategy of the dimensional workpiece showing the four circles used to extract the cylinder[321]. 

(a) (b) 
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Figure 106: Dimensions of the dimensional workpiece (a) and the CNC manufactured one next to a pencil tip 

(b)[321]. 

To hold both the lattice and the dimensional workpiece during the XCT process, a holder was 

designed, and 3D printed using fused deposition modelling (FDM) process in the PLA material. The main 

role of the holder was to minimise the movement of the lattice and dimensional workpiece during the 

multiple XCT scans. The holder was not in direct contact with the main features and had a low attenuation 

due to its material allowing clear edge detection and separation from the parts of interest. 

                           

Figure 107: Section view rendering (a). The lattice, dimensional workpiece and holder (b) [321]. 

c) XCT scanning and image analysis setup 

The XCT measurement was carried out on the Nikon XT H 225 machine. Four XCT measurements 

were completed, each one performed three times resulting in a total of 12 scans, all performed in random 

order. The XCT scanning settings were 0.023mm voxel size, 2829ms projection time, 1583 projections and 

no filter. The magnification was also fixed to avoid scaling the ROIs used in the measurements. Future 

research will need to vary more settings like number of projections and exposure time which is usually 

(a) (b) 

(a) (b) 
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crucial in both quality of XCT scan and duration. The varied voltage and power value can be seen below in 

Table 10. 

Table 10: Different settings used in the XCT process [321]. 

Settings Combinations Voltage (kV) Power (W) 

100_6 (3 meas.) 100 6 

120_7 (3 meas.) 120 7 

140_8 (3 meas.) 140 8 

160_9 (3 meas.) 160 9 

 

To quantify the quality of each XCT scan before starting the full volume scans, three radiographs 

were saved after shading correction. Image analysis was done with FIJI software using the CNR equation 

from ISO 15708-3:2019 [339]. The XCT sensor panel is made of 1008 by 1008 pixels. Since the projections 

format is a 16-bit TIFF image, each grey value ranged from 0 to 65,536. When analysing the projections, a 

high CNR value means a better-quality scan since the goal is to increase the grey value difference between 

the foreground and background with minimum noise as seen below in equation (12):  

 𝐶𝑁𝑅 =  
|𝜇𝑓 − 𝜇𝑏|

𝜎𝑏
  (12) 

In order to extract the equation values mentioned above, three regions of interest were created. As 

seen in , ROI_1 and ROI_3 are used to extract the local mean grey value of the foregrounds (𝜇𝑓) of both the 

dimensional workpiece and lattice respectively. While ROI_2 and ROI_4 are used to extract the local mean 

grey value of the background (𝜇𝑏) and background noise as standard deviation (𝜎𝑏) of both the dimensional 

workpiece and lattice respectively. The projection angle used for the dimensional workpiece is the one 

where the part is not overlapping with the PLA holder as seen in Figure 108 (a) as opposite to Figure 108 (b) 

below. Also, the projection used for lattice is the one where the struts are not overlapping as seen in Figure 

108 (b), which was done to avoid creating a darker grey value not representative of the individual strut as 

seen in Figure 108 (a). Choosing the right projection for each part meant that they had closer grey values, 

which was the goal at the beginning of the study. The complicated lattice geometry meant that only one 2D 
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image was used for CNR measurement compared to more images as done in the previous study. Also, the 

small scale of the dimensional workpiece compared to the one from the previous study meant that it was not 

possible to extract the two planar faces used for voxel scaling. 

 

Figure 108: Regions of interest used in the CNR equation [321]. 

The setup of the part in the XCT machine can be seen in Figure 109. The XCT 3D volume 

reconstruction process was carried out using Nikon XCT Pro 3D without using any noise reduction or beam 

hardening algorithm. Surface determination was completed using the local iterative surface determination 

algorithm which is usually better than the global methods [262]. Global surface determination was also 

performed and later compared to the local method. The PLA holder allowed the limitation of potential errors 

due to moving the part between scans, which is why all 12 scans were done as a batch and at a random order. 

 

Figure 109: XCT setup showing the target and fixture with the lattice and dimensional workpiece. 
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5.4.3. Results  

The analysis on the radiographs with image analysis using the CNR equation showed that the setting 

with 160 kV and 9W had the highest CNR for both the lattice and dimensional workpiece. Since three XCT 

scans were performed per setting combination, three 2D projections were used and the calculated CNR is 

shown as an average of the three projections alongside a standard deviation as seen in Table 11.  

Table 11: CNR of the dimensional workpiece and lattice in different XCT settings [321]. 

XCT settings 

Dimensional workpiece CNR 

[std. dev.] 

(grey value) 

Lattice CNR 

[std. dev.] 

(grey value) 

100_6 (3 meas.) 16.3 [0.3] 19.3 [0.5] 

120_7 (3 meas.) 16.3 [0.6] 18.4 [0.6] 

140_8 (3 meas.) 20.2 [0.9] 19.5 [1.2] 

160_9 (3 meas.) 21.6 [0.2] 20.1 [0.2] 

 

To verify the results, the conventional method shown in Figure 99 was completed by reconstructing 

and analysing 3D volumes of each setting and extraction of the outer diameter to be compared with the 

CMM output. The XCT setting that had the closest outer diameter to the CMM was considered to be more 

accurate. As pointed out above, surface determination was done using both local iterative and global method. 

As seen in Figure 110, both surface determination methods showed the same ideal XCT setting, the one with 

160 KV and 9W, validating the analysis on radiographs above. Also, as seen in previous study, the global 

surface determination had further values from the true measured CMM value compared to the local iterative 

one. All settings had a standard deviation of less than 0.1 μm beside the setting 100_6 and 120_7 which had 

a standard deviation of 0.3 μm and 0.5 μm respectively. 
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Figure 110: Mean difference of OD between the CMM data represented as the 0 line and the XCT data [321]. 

Finally, both the proposed method and the conventional one showed similar results. The study can 

significantly reduce time needed to choose the right XCT settings before taking a full 3D volume scan. If 

four XCT settings were to be compared as seen in Figure 99, the conventional method would have taken 

more than seven hours while the proposed one would take only 35 minutes.  

5.5. Chapter summary 

In this chapter, initial study was performed to assess the limitations of conventional measurement 

methods like FV as well as cheaper and faster image analysis methods when it comes to the metrology of 

AM lattice structures. The second segment focused on method to optimise XCT settings for machined parts 

[329]. As for the third segment, a follow up study was performed and adapted for optimisation of XCT 

settings for dimensional metrology of lattice structures [321]. In this study, a convenient dimensional 

artefact and fixture were designed and manufactured, and a faster semi-automatic cost-effective protocol 

was developed and verified using dimensional workpiece previously measured using CMM. 

Previous studies in literature like Kraemer et al. 2015 pointed to the possibility of using image 

analysis equations prior to XCT scanning in order to assist in choosing the right XCT setting, but the results 

were not conclusive and the used image analysis method was deemed not sufficient to assist in determining 

XCT scan parameters [340]. However, in this study, the results of the 2D image analysis correlated not only 

with the 3D volume analysis one but also showed that the setting with the highest CNR in both 2D and 3D 

was the one that showed closer results to the CMM measurement, used in this study as the benchmark result. 
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This result shows how there is a strong possibility that with further research, choosing XCT settings can 

potentially be chosen after analysing radiographs before the XCT volume scan which usually takes a long 

time making the process less cost effective.  

Nevertheless, the presented methodology introduces a novel method of isolating regions of interest 

and semi automating the process using image analysis software like FIJI and its advanced batch 

measurement scripts and plugins like “ROI manager”. The presented method also presents a novel way to 

validate the results with a dimensional artefact previously CMM measured and accompanying the XCT scan 

process. This means that this study sets a backbone for future research that can introduce even more image 

analysis equations like signal to noise ratio (SNR) and more XCT scanning parameter variables such as 

magnification or filters while having a strong framework of batch processing and results validation.  

The XCT setting combination that had the least difference to the CMM measurement was the with 

the highest Power (W) setting. Higher power values during an XCT scan usually leads to broader values 

between the material peak and background peak in the general histogram. This peak broadening is usually 

captured using a contrast equation (mean background value subtracted from mean material grey value). 

However, noisy pixels can create artefacts in the 2D projections, misleading the measurements by resulting 

in a greater difference between the peaks. For this particular reason, the noise variable has to be accounted 

for, hence the use of the contrast to noise ratio (CNR) equations which gets not only has a higher value when 

the material to background peak is further but also gets lower when the noise value is higher minimising the 

chances of noise affecting the image analysis process. One of the main tools of XCT engineers when 

choosing XCT settings is to rely on the histogram peaks, however, subtle changes in noise value between 

XCT settings might be challenging to visualise manually in a computer monitor increasing chances of user 

error.  

As previously mentioned, noise can be reduced by following ISO 15708-2:2017 recommendation 

which aims for a minimum X-ray transmission value of 10% [339]. This is because transmission values 

lower than 10% will mean less photons traversing and reaching the panel, giving space, and allowing for a 

rise of noisy pixels. It is vice versa, if the transmission value is very high, histogram peaks will be too close 

leading to low contrast and difficulty in thresholding the part from the background. 

The reason the suggested method is semi-automatic instead of being fully automated is the fact that 

XCT users will still have to rely on experience to choose the XCT settings to be compared and ranked from 

ideal to least ideal. This means that when getting a new part of which the internal features are not known, the 

user will select the XCT setting combination candidates to be compared and also select the regions of 

interest, following the proposed method guidelines mentioned above. It is expected that the number of XCT 
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settings to be compared is dependent on the function of the part and how critical the measurement tolerances 

are, the experience of the user to set a small range of XCT settings to be compared and also the maximum 

time allowed for the experiment which directly affects the known high costs of using an XCT. 

 Similar to the process followed in this study, and of the previous study, it is recommended that all 

XCT settings to be compared are scanned at very close intervals if not ideally, and when possible, as a 

continuously uninterrupted batch scan. This is due to the potential repeatability obstacle that might occur 

when XCT scanning after extended intervals, either due to filament life or other factors [231].  

Initial further work regarding the Chapter 5 study can include an interlaboratory study using multiple 

XCT systems and different users with different experience levels, first to clearly assess the repeatability of 

the study and second to test the developed measurement protocols for users with different experience levels. 

The aim would again be to reduce chances of user error when choosing XCT settings and potentially 

assisting users with less experience to confidently take reliable XCT scans with repeatable quality and thus 

increased user confidence, especially for AM lattice structures. Also, only two main factors were used as 

variables in the study. Further research can look at more input parameters that can be altered in a structured 

DOE while monitoring their impact on the CNR equation values. For example, it is anticipated that when 

choosing the magnification parameter as a variable and changing the voxel size, the region of interest 

dimensions cannot stay the same as performed in the study above. In the mentioned scenario, the ROIs will 

have to scale according to the voxel size or with a specific factor to be found after a thorough DOE study. 

In the case of a generic part, user experience will be highly needed in choosing a representative 

region of interest in case the geometry is not uniform across different scan angles. Another scenario can be a 

variable thickness which can be present in parts like turbine blades. The challenge in this case would be to 

find an XCT setting that works for most of the part instead of a section of it. The developed method was 

tested on a conventional part with no sharp change in thickness which means that further studies need to 

investigate the application of the method on gradient thickness parts with possibility of using multiple 

regions of interests, or dimensional workpiece with variable thickness. Due to this current limitation, the 

method developed in this chapter was not applied in Chapter 7 study, which has a gradient lattice strut. 

Also, the verification used in this study was the CMM measurement on a dimensional artefact. This 

means that this method works when the goal of the XCT scan is to minimise the dimensional error. Along 

these lines, different verification methods might need to be used if the goal of the XCT scan was for another 

objective like minimising areal surface roughness error or characterising porosity, which explains why the 

developed method was not used in Chapter 6 and 7. In these last two scenarios, a surface workpiece or 

designed porous part can accompany the test part to be measured and be tested again with the CNR 
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equation. An alternative would be to design a dimensional artefact which also has a variable surface 

roughness and machined pores of which both can be measured prior to XCT process and accompany the 

lattice measurement. This can significantly increase measurement reliability by verification against the 

measurement of the dimensional artefact prior measurement by CMM or focus variation microscope. 

Further work can also include further automation of the suggested process. While the suggested 

protocol saves significant amounts of time when comparing XCT scanning settings, the method still relies 

on the user input. This input at the moment includes completing the setup and taking radiographs of multiple 

scan settings, setting the ROI regions of the material and background, and carrying out the 2D image 

analysis using the CNR method. The outlined further automation can be achieved by using application 

programming interface (API) between XCT machine interface and image analysis software. In this case, the 

interface that can be used is called by Nikon the Inter Process Communication (IPC) and allows users to 

control their XCT from a custom built interface that suits the user application [341]. This IPC feature comes 

in all Inspect-X that are 3.0 or newer, which would be helpful compared to that used  on the XCT machine 

that has an older Inspect-X version which uses Visual Basic a language not supported anymore by Microsoft 

[342]. 

Finally, the main steps of the suggested protocol are completed on 2D projections that are performed 

before reconstruction. This opens the door for potential scenarios when a 2D projection is deemed as ideal 

when analysed before reconstruction but the chosen XCT scanning angle, material or filter will cause 

artefacts that are only clear after reconstruction like beam hardening or ring artefacts. This is one of the 

reasons experienced XCT users will still be extremely valuable until further research can greatly assist in 

predicting 3D volume artefacts before XCT scanning. Carrying out further work aimed at predicting 3D 

volume artefacts and combining its findings with the developed study can greatly decrease set up times and 

significantly increase XCT scanning accuracy. To tackle this challenge, parameters like orientation and 

geometry as well as image analysis equations like SNR, Just Noticeable Blur (JNB) or Sum of Modified 

Laplacians (SML), previously used in literature [340], can possibly be tested. Machine learning models 

adapted from the  medical field to correct for reconstruction artefacts [343]. Further discussion can be seen 

in Chapter 8 section 8.2b), and related future work in Chapter 10 section 10.1. 
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6. Chapter:   XCT surface metrology optimisation for AM lattice structures 

6.1. Introduction 

This chapter summarises two main sections of work of the overall project. The first element of 

research was an initial exploration of ways to include AM lattice defects, mainly dimensional and surface 

ones, in the designs stage. The second element is focused on novel method developed to extract up and 

down skin areal surface data of AM lattices using XCT as well as development of a script to design surface 

topography on CAD, for improved design validation phase. The lattice structures used in this chapter are 

designed by the author and additive manufactured by Alexander Liu. Form removal and areal surface 

parameter extraction was done by Luca Pagani. The design of parametric surface models, Alicona data 

acquisition and analysis, XCT data acquisition, volume analysis, isolating surface ROIs, and extracted 

surface data analysis was done by the author. The second element of this work been published by author in 

the AM Journal in paper titled “Parametrically Designed Surface Topography on CAD Models of Additively 

Manufactured Lattice Structures for Improved Design Validation” [344], which can be seen in Appendix 

12.3. 

6.2. Initial study to compare; experimental compression test with FEA simulations 

a) Methodology  

As discussed in literature review, additive manufactured lattice structures are often far from being 

perfectly similar to their initial CAD design and have both dimensional deviations and significant rough 

surface topography especially on the down skin of the strut overhangs. The intended aim of this study was to 

investigate the differences between the experimental compression tests on additive manufactured lattices 

with (i) (FEA) compression on ideal CAD and (ii) XCT volume scan of the as manufactured AM lattice and 

(iii) FEA on CAD with designed surface (CADwDS), which will be explained below. Understanding these 

differences will allow for better understanding of dimensional and surface defects in order to greatly 

optimise the design phase of AM lattices instead of using simulations on ideal perfect CAD.  

The test lattice was designed using Ntopology software called Ntop. Starting from a box size of 

15x15x25mm. A BCC unit cell with a size of 5mm and a 1.5mm strut diameter was chosen to fill the region 

of interest. For the AM process, the design made in Ntopology software was exported to STL format and 

additively manufactured without any added compensation algorithms. The additive manufacturing was done 

by Alexander Liu on an EOS M290 and the material used was AlSi10Mg. The lattice structure was as 

printed, with no applied heat treatment. Aluminium was chosen for its lower attenuation and ease of XCT 

scanning compared to its counterparts like Stainless Steel, Titanium or Inconel.  
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Initially, a compression test was carried out on the as manufactured lattice  according to ISO 

13314:2011 design rules and using an Instron Tensile/Compressive test machine, with a displacement rate of 

1.2mm/min. The specimen was an aluminium additive manufactured BCC lattice structure it was non-post 

processed and consequently retained its as manufactured rough surface roughness, Figure 111. 

 

Figure 111: Compression test applied on as built BCC AM lattice. 

The XCT scanning of the AM lattice was carried out using a Nikon XT H 225 with acceleration 

voltage of 100 kV, filament current of 90 µA, exposure of 1415 ms, projection number of 1583 and 0.030 

mm voxel size. The detector of the XCT machine used was 1008x1008 pixel size and no filter was used. 

After reconstruction, surface determination was accomplished using a local iterative fit algorithm. The XCT 

model can be seen in Figure 114 (c), the original CAD in Figure 114 (a) and the CAD with designed surface 

(CADwDS) in Figure 114 (b). The CADwDS was obtained using Ntop software, which allows the use of a 

simplex noise algorithm to “add” a surface topography to any CAD surface. The parameters used in the 

simplex algorithm are amplitude and frequency. At this stage of the research, the amplitude and frequency 

were manually chosen to have a visually closer surface topography to the XCT roughness. The visual 

comparison was done by aligning the CADwDS with the XCT and looking at the 2D cross section outline of 

the surface. 

Keeping a balance between accurate modelling of LPBF lattice structures while minimising the 

computing power needed to run a finite element simulation is still an open field of research [345]. This 

complexity is even further in this case due to the intricate surface topography of the XCT volume seen in 

Figure 114 (c), which can be extremely challenging and computationally expensive to run using a 

conventional boundary conform mesh. It is reported for example in literature that the discretization of a 

complex geometry can take 80% of the analysis time with only 20% of time spent on the finite element 

analysis [346]. The alternative used in this preliminary experiment falls in the category of meshless 

simulations named immersed-boundary methods, also known as finite cell method [346]. While this method 
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deals better with complex geometries, it is still limited in the used VGSTUDIO MAX 3.1 software module 

to linear elastic simulations, which does not provide the full picture on the failure mode, which can be more 

relevant in many practical cases [347]. The meshless immersed-boundary method used in this study has been 

used in literature and showed correlation between predicted and experimental measured tensile strengths 

[347]. The core idea relies on evaluating in a linear-response material model using the Young’s modulus and 

Poisson’s ratio. The simulation itself is a mesh-free finite-element analysis for which the voxel grid is used 

as the basis for the simulation. The model is discretized into an approximated simplified structured grid, as 

seen in Figure 112, which can assist in reducing computational cost and avoid errors related to generating 

conforming boundary meshes [346]. A review on the used finite cell method has been performed by 

Schilliger et al. [346] and a comparison with the used VGSTUDIO structural mechanics module with 

experimental data has been performed by Fieres et al. [347].  

 

Figure 112: Example of conventional finite element method (FEM) discretized following a boundary conform mesh 

(left) and immersed-boundary FEM discretized following a simplified structured grid (right)[330] . 

While the used method significantly reduced the needed computing power and extensive time related 

to the conventional boundary meshing, it was still challenging to use a small simulation size that captures 

the detailed geometry of the XCT volume data. In this preliminary study, the finite element analysis had to 

be set with a simulation size of 4 voxels (limited by available computing power) in order to be run on the 

XCT volume model, as well as on the CAD and CADwDS for comparable results. The effect of using a 

larger simulation size in this case leads to smoothening of the original surface, leading to a subsampled 

version of the model, certainly affecting the simulation results and can be considered a limitation of this 

preliminary study. An example of the original and simulated surface with larger voxel size can be seen in 

Figure 113. Due to this limitation, a future study can be performed using more computing power in order to 

run a convergence analysis, assessing the effect of surface smoothening due to using a larger voxel size and 
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also to run the finite element simulation on a voxel size that is more representative of the complex lattice 

surface geometry.  

 

Figure 113: Example showing the original surface and simulated surface with a simulation cell size of four times the 

original voxel size [330]. 

The static FEA process of all designs was completed in VGStudio software where the Young’s 

modulus was chosen to be 4.6 x108Pa and Poisson’s ratio to be 0.3, similar to additive manufactured 

Aluminium properties published by EOS [348]. A user chosen load of 8500 N with direction uniaxial in the 

Z axis as seen in green arrow in Figure 114 (d). The load ROI as well as fixture ROI had a height of 1 mm as 

seen in green and red respectively in Figure 114 (d). 

 

Figure 114: Rendering of CAD (a), CADwDS (b), and XCT volume (c) as well as boundary conditions (d) 

b) Results and discussion 

The compression test results can be seen in Figure 115 where the test started with the force gradually 

increasing to compress the part (elastic region). After 3 mm displacement, the top layer of struts broke, 

leading to a drop in the required compression force. Nevertheless, and as usually seen in lattice compression 

tests, the force further increased when the machine top plate reached the next lattice node. However, from 
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around the 3.6 mm displacement mark, the lattice started tilting/twisting and sliding meaning the plate load 

was no longer perpendicular to the lattice Z axis, this led to breakage of some of the bottom lattice struts. 

This tilting also led to a decrease in force needed to compress the lattice since until it failure occurred as 

seen in the timeline images in Figure 115. 

 

Figure 115: Compression test with displacement rate of 1.2mm/min 

Unfortunately the tilting and consequent incomplete test results as well as limited numbers of 

samples instead of the recommended five as outlined in ISO 13314:2011 [190] meant that the intended 

comparison could not include results from the compression test. It is considered that in future tests, 

including skin plates at both sides of the lattice to avoid this sliding effect. The results of the three FEA 

models however can be seen in Figure 116. While the XCT model showed a maximum Von Mises stress of 

4.0x109 Pa, the CAD showed a maximum Von Mises stress value of 5.4x109 Pa and CADwDS showed a 

maximum Von Mises stress value of 4.6x109Pa. This was due to the XCT part being slightly oversized 

compared to CAD which was approximately the case for the CADwDS. The original CAD mesh also had 

sharp angled edges leading to increased stress concentration. This result clearly highlighted how the 

CADwDS had a closer simulation property to the actual AM part than the CAD with its ideal geometry.  
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Figure 116: Von mises stress distribution for CAD (a), CADwDS (b) and XCT volume analysis (c). 

Nevertheless, and while the CADwDS had closer results to XCT FEA than the original CAD, the 

amplitude and frequency values used to design the CADwDS in Ntop software were tweaked manually to 

have a closer geometry to the XCT model. While this manual method proved a proof of concept and was 

considered reasonable for this initial test, the study shown below focused on investigating correlation 

between the amplitude and frequency parameters of Ntop software and the commonly used areal surface 

roughness parameters. Correlating the Ntop parameters to realistic areal surface roughness parameters 

should allow a repeatable and automatic process to add roughness to models that is reliable and cost 

effective during the design phase of AM lattice structures. 

6.3. Parametrically Designed Surface Topography on CAD Models of Additively Manufactured 

Lattice Structures for Improved Design Validation 

a) DOE to evaluate correlation between Ntop variables and areal surface variables 

As seen discussed above in section c) and clearly shown in Figure 49, the different methods in 

literature to virtually “include” additive manufactured lattice deviations in the original CAD focused mainly 

on dimensional deviations with no mention of surface topography or ways to design or measure for it. After 

the initial proof of concept shown above, the goal of this experiment was to evaluate the correlation between 

Ntop surface roughness module variables (amplitude, frequency, shape and seed) against areal surface 

parameters such as Sa and more (ISO 25178-2:2012). While Ntop software company released this surface 

roughness module with the intention of designing and additively manufacturing custom surface 

topographies, LPBF AM machines are not capable of reaching the resolution of most designed surfaces 

carried out using the module. Consequently, the goal of this study was to use the module to “design in” the 

anticipated surface topography on CAD of lattice structures using areal surface parameter as input values 

prior to manufacturing, allowing for improved design validation.   
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In this study, the Ntop module feature called “Surface Roughness” which is based on the Simplex 

Noise [349] uses three main inputs; the amplitude, frequency and seed parameters. These parameters are 

usually manually attributed and has not been linked before to the common areal surface roughness 

parameters. In this regard, a Design of Experiment (DOE) [38] was performed to try and establish 

correlation between Ntop parameters and areal surface parameters.  

Ntop parameter defined as the frequency, is a unitless scalar that affects how coarse the surface is in 

the sense that higher values will have greater spacing between topography elements and may appear 

smoother. Amplitude (mm) is defined by Ntop as a scalar field. of which higher values leads to taller peaks 

and deeper valleys. Seed is defined by Ntop as a unitless integer used to generate randomness using 

algorithm based on Simplex Noise [349]. Figure 117 and Figure 118 show how changing the Ntop surface 

roughness affects the surface height values in relation to their nominal form for both a planar and cylindrical 

shape respectively. 

 

Figure 117: Changing the frequency and amplitude on a 10x10 mm planar surface [344]. 
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Figure 118: Changing the frequency and amplitude on a cylindrical surface with diameter of 8 mm and height of 10 

mm [344]. 

As outlined previously, a DOE was performed to evaluate correlations between Ntop parameters and 

areal surface parameters. To achieve this, a full factorial DOE was performed using a total of four factors. 

Frequency factor had the following values: 1250, 1500 and 1750. Amplitude factor had 0.1 mm, 0.2 mm and 

0.3 mm and seed factor was one, two and three. A shape factor was also added and was either a plane or 

cylinder as seen in Figure 117 and Figure 118. Using these factors and their values, 54 DOE samples were 

generated and the areal surface parameters Sa, Sq, Spd and 𝑎̂ was extracted for each one of them. The planar 

surface seen from Figure 117 had dimensions of 10 x 10 mm while the cylindrical shape seen in Figure 118 

had a diameter of 8 mm and height of 10 mm. The dimensions of the chosen plane and cylinder were chosen 

to be approximately closer to the dimensions of the lattice used in this study, which has a box size of around 

15x15x25 mm. The size of the mesh feature was 0.03mm. Having more than one shape (planar and 

cylindrical) was used to investigate if the shape factor affected the extracted areal surface parameters. The 

frequency and amplitude DOE range values were chosen from the author experience and previously shown 

initial study. Future research can include more values as will be later explained. 

 𝑎̂ = 𝑚𝑎𝑥{𝑆𝑝, 𝑆𝑣} (13) 

 𝑆𝑝𝑑 =
#𝑝𝑒𝑎𝑘𝑠

𝐴
 (14) 
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After generating 54 samples using a developed Ntop script to automate the operation, areal surface 

roughness parameters were extracted by Luca Pagani, and main effect plots were produced to investigate if 

any correlation existed as seen below in Figure 120. The main two parameters used are, as will be explained 

more in the following section, 𝑎̂ and Spd of which the equations can be seen in equation (13) and equation 

(14) seen above. The parameter 𝑎̂ is defined as the highest value of either Sv, which is the maximum pit 

value or Sp, which is the maximum peak value. Spd on the other hand, is the density of the peaks in a certain 

area. The A area in the formula of Spd is from the surface area of the surface plane or cylindrical form of the 

cylinder, while the number of peaks (#𝑝𝑒𝑎𝑘𝑠) is obtained after applying the watershed segmentation using 

Wolf pruning [350,351]. Watershed segmentation is used as a method to apply feature-based surface analysis 

by partitioning the surface into different features. The method can be compared to water being poured on the 

surface, filling the different pits, and creating ridge lines using contact points between different filled pits 

[352]. However, using this method alone can negatively lead to multiple peaks and pits since a mere 

difference in height can create a separate partition. Wolf pruning comes at this stage to remove regions at a 

certain height/depth threshold and suppress the over-segmentation challenge [351,352]. Form removal and 

areal surface data extraction in this Chapter was done by Luca Pagani. 

 

 

Figure 119: Watershed and Wolf pruning applied on a surface [352]. 
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Figure 120: Main effects plot between Ntop parameters and areal surface parameters Spd and Max(Sp,Sv) [344]. 

From the main effects plot shown above in Figure 120, it can be seen that the Max(Sp,Sv) or 𝑎̂ 

parameter has a clear correlation with the Ntop amplitude parameter. The obtained Max(Sp,Sv) is slightly 

lower than each chosen amplitude, but the correlation is clear and a trendline can be used for prediction. As 

for Spd, and as expected, a clear connection can be seen in regard Ntop frequency parameter.  

 

Figure 121: Unwanted particles coloured in green when using high amplitude (0.3 mm) [344]. 

It can also be seen in Figure 120 that at high amplitude (0.3mm) the Spd value was lower. After 

investigating the source of this issue and as seen in Figure 121, it was clear that at high amplitudes, the 

peaks sometimes do not “stick” to the surface, creating physically meaningless particles that are eventually 

removed by isolating the manifolds, this leads to lower Spd. Since this issue mainly appears at high 

amplitudes with no great significance on the study, future research will try to investigate it further. As for 

Ntop shape parameter, whether the shape was planar or cylindrical, no significant impact can be seen on the 

extracted Spd and 𝑎̂ as clearly seen in Figure 120. Lastly, the seed number, responsible for generating 

different stochastic surface did not have any significant impact on the surface extracted parameters as also 
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seen in Figure 120. Henceforth, to design a custom surface with a specific Spd and 𝑎̂, the frequency and 

amplitude parameters can be used respectively without worry on the impact of the seed number and shape. 

The DOE had a limited range of amplitude and frequency values meaning that future studies have to be 

performed with broader limits. 

          While Spd and 𝑎̂ parameters were linked to frequency and amplitude, other areal surface parameters 

were also extracted and found to be correlated with amplitude like Sa and Sq as seen main effects plot below 

in Figure 122. The surface height-based Sa and Sq parameters are highly correlated to each other, so similar 

effects plots are expected. 

 

Figure 122: Main effects plot showing Sa and Sq correlation to amplitude [344]. 

As outlined correlations above, trendlines can now be used to design a specific Spd or 𝑎̂ from 

frequency and amplitude, respectively. To do so, the equations shown below were modelled from the link of 

Spd to frequency as seen in equation (15) and 𝑎̂ to amplitude as seen in equation (16). The R-square of 

equation (15) was 96.1 % while the R-square value of equation (16) is 99.6 %. These equations were used to 

develop a script to design custom surface roughness to have a specific Spd and 𝑎̂ on a CAD, which will be 

the mainly used parameters as seen in following sections.  

 𝑆𝑝𝑑 =  0.0032 𝑓 −  2.013  (15) 

 𝑎̂ = 𝑚𝑎𝑥{𝑆𝑝, 𝑆𝑣} = 861.6 𝑎 + 0.9 (16) 

 𝑆𝑎 = 221.4 𝑎 + 0.2  (17) 

 𝑆𝑞 = 271.2 𝑎 + 0.3 (18) 

b) Extracting surface roughness data from AM lattice using XCT 

As seen from the section above, it was possible to find strong correlation between Ntop software 

surface module parameters and areal surface parameters. This allows for the design of surface topography on 
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to CAD using areal surface parameters as inputs. Before designing surface topography on a lattice CAD, it 

was important to know variation of the surface roughness data of the additive manufactured lattice, in both 

its up skin and down skin of the struts [199].  

The lattice used in this study is the same one used in the initial experiment above in section 6.2 and 

can be seen side to side with its XCT volume rendering equivalent in Figure 123 (b). Since no surface post-

processing operation was performed and as discussed in the literature above, an overhang angle usually 

leaves unwanted surface on the downward surface, which was also the case for this part [203]. 

 

Figure 123: Additive manufactured BCC lattice (a) and X-ray CT volume rendering (b) [344]. 

Extraction of surface from AM parts can usually be achieved using multiple methods and instruments 

ranging from confocal microscopy, focus variation and more. However, XCT was used for the present study 

as this method is optimal to cases where the lattice is internal, inaccessible with line-of-sight tools and can 

also not be sliced or cut destructively, thus this suggests non-destructive method like XCT as the ideal 

candidate, if not the only one, that can provide holistic analysis of all inaccessible struts of the lattice. 

Nevertheless, before XCT scanning, it is important to make sure that the voxel size is small enough to 

capture the details of the surface to be measured. While not a conclusive method, the study published by 

Townsend et al. [86] mentions that the voxel size needs to be at least half or lower than the expected Sa of 

the surface to be measured. To assess the Sa of the lattice, an external strut that has direct line of sight has 

been measured using a focus variation instrument, Alicona G4, such systems are commonly used in industry 

to asses AM surfaces.  
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Figure 124: Up and down skin surface of the lattice strut measured using focus variation machine Alicona G4 [344]. 

Both the up skin and down skin have been captured using lateral spacing of 1.75 μm and no cut off 

filter, a local region of interest (ROI) of the size 1.5mm x 1mm has been analysed as seen in Figure 124. 

After removing the form of the extracted surface using an approximated nominal cylinder, the Sa of the 

down skin was found to be 81 μm while the Sa of the up skin was found to be 13 μm. While the Sa of the 

down skin is more than double the voxel size used, which is more than ideal, the Sa of the up skin was lower 

than the voxel size. Nevertheless, the down skin of the lattice has an Sa that is multiple times higher than the 

Sa of the up skin, which contributes to more discrepancy between the original CAD and printed part making 

it more significant than the up skin. In this regard, the voxel size was considered sufficient if not ideal. The 

up skin of the lattice will nevertheless be studied while acknowledging the XCT resolution limitations in its 

regard. Different studies have compared extracted and analysed surface roughness XCT results with focus 

variation one seen in [86,264]. 

To extract the surface from the volume XCT scan of the lattice, a Boolean intersect operation was 

done between the lattice and a cube that has the size of one lattice cell. This operation allowed the 

thresholding and creation of a region of interest. As seen in Figure 125, four struts from the region of interest 

were used to extract four up skin surfaces (T1,T2,T3,T4) and four down skin surfaces (B1,B2,B3,B4). The 

size of each isolated up or down skin was 1.5 mm x 1 mm which was carried out at the centre and restricted 

by the strut diameter. To make sure that the study focused on the extraction and design of surface roughness, 

it was assumed that the distribution of the surface roughness was similar all along the lattice and that the 

measured isolated regions of interest shown in Figure 125 represented the surface roughness of the whole 

lattice. This was reflected on the approximate similarity between the extracted surfaces, although, future 

research can solely focus on repeatability of surface roughness across the lattice and factors affecting it. 

To remove form from the isolated surface skins, a cylinder was used as the nominal form. The 

coefficients of the reference cylinder were computed, minimizing the orthogonal distance between the 
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measured points and its orthogonal projection of the reference surface. The method has been developed by 

Luca Pagani and detailed explanation can be seen in [353].  

Using generalised parameters of ISO 25178-2:2012, the manifold parameters were directly computed 

on the mesh [354]. The result can be seen in Figure 126 where the distance between the mesh and the 

estimated nominal form can be seen for both the down skin (B1) and up skin (T1) of the lattice strut.  

The removal of the form allowed for the analysis of the surfaces and areal surface parameters were 

calculated. Common parameters like Sa, which is the average areal surface roughness or Sq, the root mean 

square surface height were extracted. The segmented regions using 10% Wolf pruning can be seen in Figure 

127 of both the down skin (B1) and up skin (T1). Formal definitions can be seen in study of Pagani et al. 

[354]. The extracted surface parameters Sa, Sq, Spd and 𝑎̂ of the region of interest lattice struts show in 

Figure 125 can be seen in Table 12 where results obtained after isolating regions of interest from the XCT 

scan of the AM lattice and extracting the common areal surface parameters are summarised. It can be seen 

how different struts had similar values for up skin or down skin.   

 

Figure 125: Isolated lattice cell used to extract four up skin surfaces (T1,T2,T3,T4) and four down skin surfaces 

(B1,B2,B3,B4) to estimate the surface roughness of the lattice [344]. 
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Figure 126: Height map showing distance between the points of the mesh and the estimated nominal form for a down 

skin (B1) and up skin (T1) of the lattice strut [344]. 

 

Figure 127: Watershed segmentation using Wolf pruning of both the down skin (B1) and up skin (T1) strut of the 

lattice [344]. 
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Table 12: Extracted surface parameters of the region of interest struts of the XCT lattice [344].  

 XCT lattice surface parameters 

 

Up skin (T) Down skin (B) 

Sa 

(μm) 

Sq 

(μm) 

Spd 

(1/ mm²) 

𝑎̂ 

(μm) 

Sa 

(μm) 

Sq 

(μm) 

Spd 

(1/ mm²) 

𝑎̂ 

(μm) 

Strut 1 9.7 13.4 7.8 107.5 65.4 87.2 5.0 295.3 

Strut 2 8.6 10.7 6.7 49.7 69.5 85.2 2.9 299.6 

Strut 3 8.7 11.0 8.9 42.4 54.1 69.7 3.6 212.1 

Strut 4 9.0 11.2 7.9 50.2 48.9 63.5 4.6 284.8 

Standard deviation 0.5 1.2 0.9 30.2 9.6 11.6 1.0 41.0 

Average 9.0 11.6 7.8 62.5 59.5 76.4 4.0 272.9 
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c) Design of CADwDS using DOE results and comparison with AM lattice structure  

In section 6.3, a DOE was performed on planar and cylindrical surfaces resulting in possibility to 

design custom surface topography on a chosen CAD. However, applying the same technique for the CAD of 

a lattice will result in a lattice with the same surface topography for both the up and down skin, which is not 

realistic when compared to the produced AM lattice. To solve this challenge, The angle where most down 

skin surface existed in the XCT scan of the AM lattice was found to be around 60° degrees ( a). This was 

done by manually placing two planes intersecting the centre of the strut and adjusting their angle until the 

down skin was covered, unveiling the approximated 60° degrees. Therefore, the smaller lattice seen in 

Figure 128 (b) was dimensioned and its centroid was placed in a way to also cover for 60° degrees of the 

down skin. This led to a smaller lattice with a diameter of 0.75mm and a centroid touching the surface of the 

main lattice. This method was developed and tested for this type of lattice at this specific size, the discussed 

angle might change for lattices of different strut diameter and print settings meaning that further studies will 

have to be completed for a more conclusive protocol. 

To apply the findings and as seen in Figure 129 (a), a general surface was first created representing 

the up skin, which was then linked using a Boolean union to a smaller lattice that will represent the down 

skin surface, seen in Figure 129 (b). This will result in a lattice with different up and down skin surface as 

seen in Figure 129 (c). This method however still lacks the possibility of modelling cavities, which can in 

future studies be investigated, in order to have a digital twin with closer defect representation to the additive 

manufactured part. 

 

Figure 128: Down skin surface angle from the XCT in (a) and the cross section showing where the small strut in 

Figure 129 fits when added to the lattice [344]. 

(a) (b) 

60° 



162 

 

 

 

Figure 129: General surface applied on the lattice (a), down skin surface applied on a smaller lattice (b), Boolean 

union of (a) and (b) resulting in a lattice with up and down skin roughness differences (c) [344]. 

The modelled equations shown above from the DOE study were used to interpolate and design the same 

surface roughness measured on the XCT extracted surfaces of the AM lattice. From Table 12, and using the 

average extracted Spd and 𝑎̂ of the AM lattice as well as the modelling equations (15) and (16), the 

interpolated amplitude and frequency to be used in Ntop can be seen in Table 13. Using the interpolated 

values shown in Table 13 and method explained in Figure 129, CAD with designed surface (CADwDS) was 

generated as seen in Figure 130. Ultimately, lattice strut skins from the CADwDS were extracted and their 

surface roughness analysed to be compared with the AM lattice ones as seen in the following section. 

Table 13:Interpolated frequency and amplitude used to replicate AM lattice surface. 

CAD with designed surface (CADwDS) interpolated 

frequency and amplitude 

Up skin Down skin 

Interpolated 

Frequency 

Interpolated 

Amplitude 

(μm) 

Interpolated 

Frequency 

Interpolated 

Amplitude 

(μm) 

2964 72.0 1850 315.2 
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Figure 130: CAD with designed surface (CADwDS) of the lattice showing height map of down skin (a) and up skin (c) 

and watershed segmentation of down skin (b) and up skin (d) of a strut [344]. 

After generating the CADwDS, a comparison was performed between the latter surface data and the 

extracted AM lattice XCT surface data. The comparison which can be seen from Table 14 shows that the 

biggest difference is in the up skin average Spd of the XCT different to the CADwDS one with a value of 

56.7%. This high difference was expected and is due to interpolated up skin value, which is 2964 (Table 13), 

being outside the studied DOE boundaries which had a maximum value of 1750. This suggested that the 

relationship between Spd and frequency might not be linear. The up skin however as mentioned in 

methodology is not of significant importance due to its low amplitude compared to the down skin which 

usually has far more significant surface and hence potentially more detrimental effects on lattice properties 

such as compressive strength or fatigue. As for the rest of the comparison in Table 14, the maximum 

difference was found to be less than 15%. The difference between the 𝑎̂ of the XCT AM lattice and 

CADwDS was found to be 15.1% and 9.5% for up skin and down skin, respectively. While the difference 

between the Spd of the XCT AM lattice and CADwDS was found to be 2.0% showing a good similarity 

between the two. It can also be seen that in general, the down skin values of the CADwDS were more 

similar to the XCT AM one compared to the up-skin values. 
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Table 14: Comparison of extracted areal surface roughness parameters between CADwDS and the XCT ones 

previously shown in Table 12 [344]. 

 
CAD with designed Surface 

(CADwDS) 

 Up skin Down skin 

Spd average of four struts (1/ mm²) [standard dev.] 

Average Spd Difference to XCT in (%) 

12.3 [2.0] 

(56.7%) 

4.0 [1.1] 

(2.0%) 

𝑎̂ average of four struts (μm) [standard dev.] 

Difference to XCT average 𝑎̂ in (%) 

53.0 [2.8] 

(15.1%) 

247.1 [26.0] 

(9.5%) 

 

The dimensional comparison between the generated CADwDS and the XCT AM lattice was also 

performed. To do so, an alignment was first performed using a Gaussian best fit registration. The search 

distance had a maximum of ± 0.5mm which was based on the diameter of the strut. The resulting deviation 

analysis can be seen from Figure 131. The design in the figure is of the XCT AM lattice and on the left the 

comparison with the original designed CAD while on the right the comparison with the CADwDS.  

The colour map show in red additional material making a positive deviation and in blue subtracted 

material making a negative deviation. Qualitatively and from Figure 131 (a), it can be seen how the 

comparison with the original CAD show a domination of red colours highlighting how the AM lattice had 

unwanted additional material mainly focused on the down skin of the lattice. Figure 131 (b), it can be seen 

how there are fewer red colours which are mostly replaced by green and in some occasion blue. The 

occasional blue colour was expected since the generated CADwDS will not have generated surface on the 

down skin that is exactly overlayed and touching the AM lattice down skin. The obtained results can also be 

affected by the complexity of the compared geometry and alignment used. While the same alignment was 

applied on both XCT versus CAD and XCT versus CADwDS, future research can investigate the possibility 

to quantify the effect of the alignment on the obtained result. 

Quantitively, it can be seen from Table 15 how the mean deviation between XCT and original CAD 

is 44.6μm while the mean deviation between XCT and CADwDS was found to be 14.4μm, which is three 

times less. This result shows how in this study, the generated CADwDS using this method not only produces 

a lattice that has a surface closer to the manufactured AM lattice but one that is also dimensionally closer. 
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Figure 131: colour map showing the deviation analysis of XCT versus CAD (a) and XCT versus CADwDS (b) [344]. 

Table 15: Dimensional comparison using deviation analysis of XCT versus CAD and XCT versus CADwDS [344]. 

 XCT versus CAD XCT versus CADwDS 

Mean Deviation (μm) 

[standard dev.] 

44.6  

[67] 

14.4  

[88.2] 

  

6.4. Chapter summary 

In this chapter, a method has been developed to reproduce the lattice surface of LPBF process to 

avoid using the original perfect CAD and instead use a closer to reality CADwDS. The steps followed to 

reach this result start by assessing the surface roughness of the produced AM lattice by using XCT to extract 

the skins and the right regions of interest. Since the design of the surfaces on the CAD is built from scratch 

and does not rely on directly using XCT data, the initial measurement for a specific lattice and AM machine 

settings is only expected to be done once. This method, allowed for the first time the correlation between 

Ntop surface roughness design parameters like frequency and amplitude to areal surface roughness 

parameters. This allowed for the development of a script that directly inputs areal surface parameters to 

design a CADwDS. While the study focused on using Spd and 𝑎̂ as inputs in the developed script, other 

areal surface parameters like Sa and Sq of which the correlation has been studied in the DOE can also be 

used instead of the 𝑎̂ parameter using equation (17) and (18) and respectively. To simplify the use, two 
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lookup tables has also been developed and can be seen in Table 16 and Table 17. The lookup table can be 

used to directly choose the right input value of frequency and amplitude for a desired Sa, Sq, 𝑎̂ or Spd value 

as long as the values are within the DOE intervals. Instead of having a fixed surface on the whole lattice 

which does not necessarily reflects the reality of the produced AM lattices, the study includes a novel 

method to design a local surface roughness that is dependent on the location of the surface, whether it is 

located in the up or down skin of the lattice struts. 

Table 16: Lookup table based on DOE results showing Max (Sp,Sv), Sa or Sq when selecting an amplitude 

between 0.05 mm and 0.3 mm in the surface roughness tool in Ntopology Software [344]. 

Lookup table for Amplitude 

Amplitude 

(mm) 

max (Sp, Sv) 

(μm) 

Sa 

(μm) 

Sq 

(μm) 

0.05 44.0 11.3 13.8 

0.1 87.1 22.4 27.4 

0.15 130.1 33.4 40.9 

0.2 173.2 44.5 54.5 

0.25 216.3 55.6 68.1 

0.3 259.4 66.6 81.6 

 

In the scenario where a new lattice is to be additively manufactured. It is expected that user can 

either find if a similar lattice angle and strut that has been previously printed and might have the same 

surface or additively manufacture at least one lattice of the new design and analyse its up skin and down 

skin surface values. These values are expected to be used for any future lattice that shares the same strut size 

and angle that is to be printed in the same material and AM machine settings as the previously measured 

strut. This method has allowed for the design of a CADwDS of which areal surface roughness has been 

compared to the AM produced one, a comparison that has not previously been reported in the  literature.  
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Table 17: Lookup table based on DOE results to give an idea on the obtained Spd when selecting a 

frequency between 1250 and 1700 in the surface roughness tool in Ntopology Software [344]. 

Lookup table for Frequency 

Frequency 
Spd 

(1/ mm²) 

1250 2.0 

1300 2.1 

1350 2.3 

1400 2.5 

1450 2.6 

1500 2.8 

1550 2.9 

1600 3.1 

1650 3.3 

1700 3.4 

 

The comparison has also been carried for dimensional data between all components including the 

original CAD, XCT of the additive manufactured lattice and the study’s generated CADwDS. The 

comparison was completed using an alignment and deviation analysis that showed how the XCT of AM 

lattice versus CADwDS was a third of the deviation between the XCT of AM lattice versus original CAD. 

The resulting CADwDS had a variable strut diameter, centroid and cross section while not being designed 

using XCT data as a direct input, which has also not been previously reported in the literature. This study is 

a strong foundation for future research that can focus on improving the design phase of lattice structures and 

making it more cost effective with realistic surface topography that can with further work be even tied to the 

chosen AM machine, setting and material used. This is a critical step for the innovation field of lattices of 

which surface plays a paramount role especially when surface treatments of lattices are usually complex, 

costly and sometimes not even possible if there are enclosed inside the part.  

Consequently, more research in this field will allow further experiment with faster AM printing times 

that will indeed lead to rougher surfaces but can be tested using FEA, CFD or fracture simulations all during 

the design phase instead of a perfect CAD making the process more reliable and cost effective. This 

capability will allow a more realistic digital twin that is resembling the actual part in different AM process 
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stages. Future research can also look at analysing the areal surface data of more struts allowing for 

evaluation of surface roughness repeatability across the lattice and also further comparison of CADwDS 

surface data to XCT one. Finally, having accurate designs that better represent the final part dimensions and 

surface will be more critical in a future where AM is expected to be used for mass customisation [355]. This 

means that each part to be produced will be different making the cost of testing after manufacturing or XCT 

will be very high making analysis and testing in the design phase more attractive for this kind of scenario.  

Furthermore, LPBF process can often be challenging for reaching extremely precise tolerances 

compared to other processes like CNC machining. This means that in future research, when designing the 

CADwDS, instead of having a single input for all or up skins and one for all down skins, both of them can 

be chosen as a range instead of single value. This addition can possibly better capture the small scale 

stochastic areal surface differences formed at the surface of AM lattice structures, and also possibly better 

finite element simulations as proved in [175]. Further research in this field can lead to multiple CADwDS 

that are designed to be ranging from a least to worst case scenario, capturing the cost effectiveness of the 

process and design and also leading to a heterogeneous model that is representative of LPBF lattice parts 

[356].  

Finally, the developed script and model in Ntop that assist in designing surface topography on CAD 

of lattices is based on the results of the DOE experiment. While the results were ideal for this experiment, 

future research can investigate a broader limit of the factors used in the DOE going to smaller amplitudes 

and higher frequencies. It is expected for example that research along this path can show better correlation 

between Spd to frequency, one that might not be linear when a broader range of factors is investigated. 

Future research can also look at using the generated CADwDS mesh and converting it to a tetrahedral mesh 

for finite element simulations. An alternative can also be to directly use the generated CADwDS mesh for 

simulations as supported in software like Altair Simsolid [357]. Finally, future research can have multiple 

lattices of which the FEA simulations can be compared to physical compression tests respecting ISO 

standards that are specific to lattices like ISO 13314:2011 [190]. Further discussion can be seen in Chapter 8 

section 8.21.1b) and further future work in Chapter 10 section 10.2. 
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7. Chapter: Development of benchmark artifact for AM lattice structures 

7.1. Introduction 

The last two chapters presented research programs with novel dimensional (Chapter 5) and surface 

(Chapter 6) related work, developed to aid in the metrology process of AM lattice structures using XCT. 

While a logical step was to focus on porosity, extensive work reported in the literature has been completed 

on the topic, such as research by Amani et al. [227], which managed to include virtual pores in to CAD to 

improve prediction of fracture location during the design validation stage of lattices.  

As a way to improve on the developed methods and have a direct impact on new users of AM lattice 

structures, this final study hinged on developing a benchmark artefact focused on lattice structures, 

especially strut-based designs, which has not been previously done in literature. As mentioned in literature 

review, and from 65 benchmark AM artefacts reported, only two included lattice designs, and was only as a 

complementary addition with no additional engagement on the measurement procedure, leaving a research 

gap when it comes to lattice focused AM benchmark artefacts. This study also complements work of the 

author’s research group of which has published on a benchmark artefact to compare and evaluate different 

AM methods [108] and a benchmark artefact to assess the LPBF limitations when building micro internal 

features. [358]. The lattice benchmark artefact design, manufacturing in FDM, XCT data acquisition and 

volume analysis was done by the author. The additive manufacturing in Titanium was done by 3MBIC. The 

form removal and areal surface parameter extraction was done by Luca Pagani. The work below summarises 

the novel AM lattice benchmark artefact design, AM in both LPBF and FDM process as well as 

development and application of a lattice adapted measurement strategy, based on ISO/ASTM 52902:2019. 

This work has been accepted by Advancing Precision in Additive Manufacturing 2021 Euspen Conference 

with work titled “Design and measurement strategy of additive manufacturing lattice benchmark artefact” 

and can be seen in Appendix 12.4. 

7.2. Methodology 

a) Design of lattice benchmark artefact 

The design of the lattice used in this study was facilitated using Ntopology software and had a BCC 

type unit cell with a box size of 18.7x18.7x27 mm. As can be seen in Figure 132 the developed lattice 

benchmark design had a linear gradient strut diameter change, from 4 mm and thinning upwards to 0.3 mm. 

Ntop software works using a field-driven design approach facilitated in this case by using the ramp tool. The 

ramp tool is defined by Ntop as a method to assign new values to a field input in relationship to a reference 

geometry and with defined boundaries [359]. The reference geometry in this case was a plane positioned at 

the lowest point of the lattice. From this reference geometry, an input field was assigned and given set 
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boundary values ranging from 4 mm to 0.3 mm which represented the gradient field of the lattice strut 

diameter distribution.  

 

Figure 132: Front (a), 45 degrees side view (b) and perspective view with colour map showing 1 mm spacing 

gradient lines (c) of the designed AM lattice benchmark artefact rendered in Ntopology. 

The generated gradient field can be seen in Figure 132 (c) where the colour map represents the lattice 

strut diameter thinning (red colour) and where the spacing of contour lines is 0.1 mm. Upon finalising the 

model, which is called at this stage in Ntop software an implicit design, the model was exported using a 

mesh size feature of 0.1 mm, preserving the detailed geometry of the part. The file format used was .3mf as 

it uses far less storage memory without compromising the geometry. For example, in this case, the file size 

for .STL format was 226 MB compared to only 71 MB in .3MF format. This size difference proves to be 

crucial in industry where hundreds of parts could be nested to be printed in the same build, necessitating 

larger computing power if the file size of the parts is significant.  

As mentioned in literature in section 3.2.4 related to manufacturing of AM lattices, a lattice model 

can be exported as a CLI file that can take a contour hatch scanning strategy Figure 133 (b) or single 

exposure scanning strategy Figure 133 (c). The contour hatch scanning strategy follows the CLI path and 

usually has fixed laser characteristics while on the single exposure scanning strategy, the enthalpy of the 

laser is constantly changing to change the melt pool size and henceforth the strut diameter. In cases of very 

large stochastic lattices, single exposure scanning strategies are usually more suitable.  
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Figure 133: Different lattice export strategies ranging from triangular meshing (a), contour hatch spacing (b) and 

single point exposure method (c). 

b) Measurement strategy using ISO/ASTM 52902:2019 as guideline 

While there are many general AM benchmark artefacts in literature, there is still no unique geometric 

artefact with high consensus that can be used in all scenarios. This is not only due to the different purposes a 

benchmark artefact can be used for but also due to the measurement strategy that might not always be 

possible to achieve by the user. When it comes to lattices, it is common practice to carry out a visual 

inspection and sometimes a calliper or else quick measurement of external features. However, most of these 

methods are incomplete, and usually have no information on internal lattice features. In other occasions, it is 

simply impossible to use conventional measurement methods especially for example when the lattice is used 

as an infill and cannot be reached by line-of-sight instrument.  

Using XCT has been a common method in literature to evaluate lattice structures. However, there is 

still no standardized method to evaluate lattices, a challenge that is highlighted by AMSC and named Gap 

D26 [105]. To solve this challenge, ISO/ASTM 52902:2019 has been used as a guideline to develop 

measurement strategies that work for lattice structures, especially strut-based ones. ISO/ASTM 52902:2019 

“Test artifacts - Geometric capability assessment of AM systems” has been developed essentially to 

encompass different test piece geometries that can be used by AM users to evaluate AM system capability as 

well as calibration. The standard also offers quantitative and qualitative measurement methods that can be 
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applied to the test piece geometries with clear ranking of measurement quality that can be offered by 

different methods [360].  

To interpolate the guidelines in ISO/ASTM 52902:2019 to work for lattices, the pin diameter 

resolution test piece geometry as seen in Figure 134 can be considered as an equivalent of strut diameter 

resolution in the case of a lattice structure. This equivalence is seen as ideal since both pin and lattice strut 

geometry is a cylinder and in both the standard and the suggested design, the cylinder diameter would 

gradually get smaller. While the standard suggests using optical microscopy or hand measurement tools like 

micrometres and callipers, the main tool that will be used through this whole study will be XCT. For this 

specific measurement, the wall thickness analysis module was used which is a protocol that fits the biggest 

enclosed sphere inside the volume model of which the surface has been determined. Due to the gradient strut 

diameter, a histogram was chosen as the ideal method to visualise the measured diameter distribution and 

have it overlayed on the CAD diameter histogram diameter distribution. 

                

Figure 134:Pin diameter resolution test geometry suggested by ISO/ASTM 52902:2019 [360] (left) and lattice 

strut diameter resolution measured using wall thickness analysis on CAD (right).  

Still in dimensional metrology, the positioning accuracy or error alongside each axis can be assessed. 

To do so, ISO/ASTM 52902:2019 suggests the use of prismatic protrusions a top a rectangular solid base. 

While the measurement suggestion is to assess the cube position relative to the chosen datum as seen in 

Figure 136. Also, the spacing between each protrusion can also be measured. It is intended to have multiples 

of this test geometry, at least three of them each in a specific machine axis direction. To apply this method, 

an initial idea was to design additional spheres at different corners of the part as done in previously 

published AM benchmark artefacts [282]. However, instead of designing additional spheres, the new method 

introduced in VGSTUDIO MAX 3.4.3 named “Create ROI from Wall Thickness Range” [361]was used, 

which can be seen in Figure 135. The method starts by applying a wall thickness analysis like the one 
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performed in Figure 134, which results in a histogram showing the wall thickness value in the x-axis and the 

number of voxels in the y-axis. Using the resulting histogram, intervals can be created to isolate the voxels 

existing between two specific wall thickness values, in order to create an ROI that can be highlighted for 

better visualisation (Figure 135) or separated for further analysis, as done in this study. Applying this tool 

can be straightforward on a regular strut based lattice since all of the nodes have an approximately fixed 

diameter that is different from the lattice struts. However, using this same method on a gradient lattice strut 

was more challenging and required in some cases isolating a specific lattice strut diameter before extracting 

the relevant nodes. After isolating a certain height with approximately close strut thickness, the nodes end up 

being isolated from the interval created in the wall thickness analysis histogram since they have bigger 

diameter than the struts. The nodes also have a spherical shape since the wall thickness (sphere method) 

groups different voxels in the largest inscribed sphere located around the model, which ultimately leads to a 

spherical shape inside the lattice node geometry. 

 

Figure 135: VGSTUDIO MAX 3.4.3 introduced method to isolate and create ROIs from wall thickness analysis [361]. 

To assess the positioning error alongside each axis, two main measurements were carried out. 

Initially, the thresholded XCT scan is first aligned with the AM benchmark lattice CAD. The centre to 

centre distance between the isolated node spheres of the XCT AM lattice and CAD are evaluated. Centre 

distance between multiple spheres of the produced AM lattice part can also be evaluated in the different X, 

Y and Z axis. Finally, this type of measurement can assist in identifying the machine capability and its 
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alignment while diagnosing specific motion errors in the AM system and suggesting a basis for its 

compensation.   

 

                      

Figure 136: ISO/ASTM 52902:2019 linear positioning accuracy test geometry [360] (left) and isolated 

node spheres from the lattice CAD (right). 

Finally, when it comes to dimensional metrology on lattice structures, a usually holistic method is to 

use deviation analysis tools. Deviation analysis is usually applied after aligning the thresholded XCT 

volume to the original CAD. To save alignment operation time and reduce chances of error, a “simple 

registration” was first applied where the user manually orients the part and moves its position until it 

approximately coincides with the reference CAD position and orientation. Following this, a gaussian best fit 

registration based on the least square method was applied using VGStudio MAX 3.4.3. 

Upon alignment, a deviation analysis was applied with a search distance of 1 mm. To analyse the 

results, qualitative assessment was performed using a colour map and quantitative assessment was 

performed by generating a deviation analysis histogram. Also extracted from the deviation analysis is the 

mean average deviation value and colour map that gives a qualitative comparison on the areas where struts 

were oversize or undersized. A deviation analysis histogram can also be used for an easier comparison of the 

print quality and possible oversizing or under sizing.  

Porosity is also measured in this study and split into two defined types, external porosity and internal 

porosity. This was done to avoid any confusion since the word porosity has been often used in literature 

interchangeably to indicate both internal and external one. External porosity consists of external pores that 

are desired and are existing in the initial CAD design and found between the lattice unit cells. The 

equivalent in the ISO/ASTM 52902:2019 of this measurement can be considered to be the hole resolution 

measurement which can be seen in Figure 137. Since external pores are highly desirable and one of the main 

reasons of using lattice in application cases like the use of filters, knowing an AM system resolution 
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capability in producing them can be critical, especially in smaller scales. This measurement was also 

performed using VGSTUDIO MAX 3.4.3 and this time by using the foam analysis module of which the 

results can be seen in section 1.1c). The results were also split between qualitative visualization using a 

colour map showing the cell volume distribution, going gradually higher in the upward direction of the Z 

axis as seen in Figure 137. Quantitative assessment was done by overlaying the CAD external porosity 

results as a histogram, making the comparison process less challenging. 

     

Figure 137: ISO/ASTM 52902:2019 Hole diameter resolution feature [360] (left) translated in this study 

for lattices with an equivalent named external porosity analysis. 

As mentioned above, porosity is measured as external porosity and internal porosity. Internal pores 

can be detrimental for the structural integrity of a lattice structure part, especially with thin strut diameters. 

During the AM process, internal pores can be in the shape of cracks, pores, voids or delamination between 

layers, usually caused by the temperature gradient [362]. While an AM part can pass visual inspection or 

external dimensional ones, internal pores can result in significant anisotropic part characteristics that are 

highly undesirable [363]. The size of the pores that can be measured with an XCT is usually limited by the 

scan quality, the magnification voxel size, surface determination and more. Due to the lack of standards and 

challenging ways to validate measurement without destructive processes, the process accuracy is still mostly 

subjective [364]. To reduce pore volume errors, only pores that had a pore diameter 6 times higher than the 

voxel size can be considered as recommended in literature [365]. In this study, this recommendation was 

applied and taken further with only pore diameters that are 10 times bigger than the voxel size being the 

ones analysed, which in this case means only pores that have a pore diameter equal or higher than 0.3 mm. 

The pore diameter should not be confused by the pore volume which will be  

smaller than 0.3 mm3. Pore diameter in VGStudio MAX 3.4 is described as the “diameter of the 

circumscribed circle around the pore” where a circumscribed circle is a circle that crosses all surrounding 
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vertices of a polygon. The module used for porosity analysis in VGSTUDIO MAX 3.4.3 is “VGDefX/Only 

threshold” where the local determined surface was used, the chosen algorithm was “VGDefX”, and analysis 

mode was “Void”. The analysis parameter includes a noise reduction level set to low and the minimum pore 

diameter size was chosen to be 0.3 mm as mentioned above. Compactness and sphericity range of the pores 

were kept per default and ranging from 0 to 1. Compactness in this case indicates the ratio between the 

volume density of the pore and the volume of its circumscribed sphere. Sphericity however refers to the ratio 

between the surface of a sphere with same volume of the measured pore volume and the surface of the actual 

measured pore where a value equal to 1 means a perfect sphere. Both values were kept ranging from 0 to 1 

to avoid the filtering of pores. Pores existing in AM parts are far from perfect spheres and using 

compactness and sphericity filters can assist in categorising them. For example, sphericity between 0 and 0.3 

has been previously used in literature to isolate elongated voids and further understand their distribution 

under different build settings [366]. These filters can be investigated in the future studies for not only 

creating ROIs of different pore types but also assist in designing digital twin CAD with predicted pore 

defects. 

 

Figure 138: Example of 0 to 0.3 sphericity filter applied on internal pores [366]. 

The surface roughness has also been included in this study as it is a recommended measurement in 

ISO/ASTM 52902:2019 where test geometries with different overhangs have been suggested to be added to 

AM benchmark artefacts. Since including different overhang angles to the lattice would change the type of 

the unit cell, the overhang angle was kept fixed so that it stays a standardised BCC lattice. This way the 

surface roughness can be analysed at different strut diameters. 

Since the part in this study has a gradient strut diameter, it is expected to have different surface 

roughness values across the Z height of the part. This means that measuring only one unit cell as performed 

in the previous study and seen in Figure 125 would lead to incomplete surface analysis of the produced AM 

lattice benchmark artefact. To tackle this challenge, multiple ROIs can be created at different heights of the 
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AM benchmark lattice artefact where each represents a strut diameter range. In this study, 24 down skin 

surfaces were isolated, 12 for each of the two AM lattice print settings. Each of the 12 surfaces were part of 

the three main regions of interest ROI_1-4, ROI_5-8 and ROI_9-12 as seen further below in Figure 152 

depending on their height location. Eventually, the isolated down skin surfaces had their form removed as in 

the previous experiment, by estimating their cylinder coefficients by applying a total least square fitting 

[354]. After form removal of each of the 24 isolated down skins, areal surface roughness parameters were 

extracted e.g., Sa and Spd. Since each four down skin surfaces represented a cluster ROI, surface values 

were expressed as a mean value and also as a standard deviation giving an idea on the repeatability of the 

surface roughness across similar strut thickness values. As also mentioned above, the Sa values are the areal 

surface roughness equivalent value of commonly used Ra, which is a surface profile measurement often 

used even in case of lattices but not fully descriptive of the surface topography especially in the case of AM 

surfaces. As outlined in ISO 25178-2:2012, the Sa refers to the “arithmetic mean of the absolute of the 

ordinate values within a definition area (A)” [350]. The Spd parameter identifies the number or density of 

peaks per the analysed area after an applied Wolf pruning watershed segmentation as utilized in section 

6.3.b) [85,350]. 

7.3. Additive manufacturing in LPBF process and XCT measurement  

The developed AM lattice benchmark artefact was additive manufactured in LPBF process with a 

Renishaw RenAM500 machine using the manufacturer’s recommended settings in Ti6Al4V and followed by 

a stress relief treatment, both performed by 3MBIC. During the LPBF process, the produced material is 

introduced to high temperature gradients after the molten material starts to cool down. This effect results in 

the extraction and contraction of the solidified material, causing thermal stresses that are closer and 

sometimes higher than the yield strength of the material, leading to possible distortions and fracture of the 

produced part [367]. The stress relief process was performed by 3MBIC was done using Nabtherm Electric 

furnace with an argon atmosphere.  

The manufacturing settings shared by the manufacturer were a layer thickness of 0.03 mm and 

powder particle size ranging from 14 μm to 45 μm. To have the as-built surface topography, no other post 

processing was performed beside removal of supports seen in Figure 139 and the mentioned heat treatment. 

Subsequent to the AM process, the part was XCT scanned using this time a Nikon MCT 225 which has an 

MPE of  ± (9 + L/50) μm, where the “L” represents the measured feature in mm. The MPE is  an 

approximation of the estimated maximum error depending on the measured feature length. Nikon mentions 

that to obtain the mentioned MPE, the VDI/VDE 2630 standard [368] was followed, on a single material, 

and on samples with a maximum diameter of 250 mm and maximum height of 250 mm [369].  
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Figure 139: Additive manufactured Titanium lattice benchmark artefact (left) and XCT setup on the MCT225 (right). 

The scanning parameters were an acceleration voltage of 161 kV, filament current of 58 µA, 

exposure of 4000 ms, projection number of 721 and 0.015mm voxel size. The detector of the XCT was 

2000x2000 pixel size and a copper filter of 0.25 mm thickness was used. The XCT scan was then 

reconstructed and thresholded using local iterative surface determination. While the voxel size was 

approximately two times smaller than the one used in previous two Chapter’s XCT scans, the file size was 

more than three times larger and was challenging to analyse. This has led to needing higher computing 

power and to longer surface determination as well as analysis time.  
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Figure 140: Front and sectioned view of deviation analysis (a), external pore analysis (b) and wall thickness analysis 

(c). Also Noise due to lack of penetration causing inaccurate analysis results. 

Initial results shown in qualitative analysis from Figure 140 (a) can clearly highlight how the fine 

features were additive manufactured with a high fidelity. This is not only due to the usual higher accuracy of 

LPBF process but also attributed to the small layer thickness (0.03mm) used in the print setting. Further 

quantitative analysis could not be performed due to the existence of significant noise in the XCT scan which 

can be especially seen affecting the analysis in the lower part of Figure 140 (a), (b) and in the whole Figure 

140 (c). The reason for the existence of this noise was the lack of penetration caused by a combination of 

factors. The main issue was due to the material being Titanium, which was only chosen due to joining a 

build previously ordered from the author’s research group, to eventually have lower manufacturing cost. The 

lack of penetration was more significant in the very bottom of the design, with the longest path being around 

more than 22mm of solid material. Another XCT scan was attempted at a higher acceleration voltage of 195 

kV, but the penetration issue persisted, which led to multiple suggestions that can be used for future 

research.  

The first future work suggestion would be to test this design in Aluminium. As seen in previous 

studies with lattices of approximately the same size, Aluminium would have been easier to XCT penetrate 

and measure. Future work suggestions when using this design in metals that are harder to penetrate would be 
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to use XCT system with higher voltage and penetration capabilities. In this case, the two contrasting 

thicknesses might be challenging to capture using one scan setting, which might require the use of the dual-

energy method [370] that is usually used for multi material parts.  

 

           Figure 141: AM lattice benchmark design with fewer unit cells 

Another alternative that does not require the use of higher voltage XCT system is to adapt the 

developed AM lattice benchmark artefact. This can be done by modifying the design in order to only have 

two-unit cells in each direction, as seen in Figure 141, instead of three as done in this study. While this 

might reduce the number of struts used to analyse process stability, it will allow for a shorter penetration 

path, making it easier to XCT scan. The next section will investigate the printing and XCT measurement of 

the developed design in FDM process.  

7.4. Additive manufacturing in FDM process and XCT measurement 

The FDM process was chosen due to having lower cost than metal AM process, which allowed for 

printing in more than one process setting. Using FDM process also allowed for testing the developed design 

in another AM process which was important since the design is not intended to be process specific but used 

in different AM systems. The following section will investigate the manufacturing in FDM process and 

application of the XCT based and lattice adapted measurement strategy. 

a) Additive manufacturing of FDM parts and XCT scanning 

The machine used to additively manufacture is the AM lattice benchmark artefact is the Ultimaker 

S3 and the filament material used was polyactide (PLA). Since the machine’s slicer Cura does not support 

CLI file formats, a triangle mesh format was used, in this case the .3mf file format for its low size. The mesh 

model was analysed using Autodesk Meshmixer software for any meshing errors such as non-manifold 
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errors, holes or tears not existing in original design and flipped normal. The model did not have any mesh 

errors and was then taken to Cura software for the slicing operation.  

The crucial variable that was changed in this study is the layer height or as sometimes referred as 

layer thickness. In an AM process, after each layer, the user can specify and increase the height of the next 

layer usually leading to significant surface roughness but decreased print time. However, using a smaller 

layer height usually leads to less printing deviation to CAD especially in detailed features leading however 

to higher print times. Geometric benchmark artefacts, like the one developed in this study, are not only used 

to assess the machine capability in its highest accurate print conditions but also in additional print settings 

that are not necessarily the most accurate but are cost efficient in scenarios where a tight tolerance is not a 

priority. To achieve this comparison, the developed design shown above was additively manufactured in two 

different layer heights which were the 0.06 mm and 0.4 mm ones using a 0.4 mm and 0.8 mm diameter 

nozzle respectively. It is recommended as a rule of thumb to not exceed a maximum layer height between 

75% and 80% of the used nozzle diameter [371–373]. This means for example that a recommended 

maximum layer height of 0.3 mm is recommended for a nozzle diameter of 0.4 mm. Increasing the layer 

height to closer or equal values of the nozzle diameter makes the extrusion rounder and with less bonding 

surface between the layers, increasing the chances of air gaps and void formation, as seen in Figure 142. 

 

Figure 142: Layer height equal to nozzle diameter (a) showing larger air gaps compared to layer height lower than 

nozzle diameter (b) [371]. 

  hence the need in this study to use two different nozzle diameters. A preview option can be used in 

Cura slicer to not only visualise the layer per layer process and nozzle path but also to see any rendering 

approximation of the finalised part, depending on the chosen print parameters. In this case, and as seen in 

Figure 143 (A1) and (B1), it was possible to compare the two-layer height settings and visualize an 

approximate estimation of the features that would or would not be printed in each case. Using the preview 

option, it was also possible to get an estimation of the print time which was 3.4 hours for the 0.06 mm layer 

setting compared to 15 minutes using the 0.4 mm layer height setting. This significant time difference of 

more than 13 fold already gives an idea on how crucial is to understand the machine limitation under 
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different print settings for better matching and optimisation of print conditions depending on part constraints 

and function. 

 

Figure 143: Cura slicer previews (A1, B1), FDM additive manufactured lattices (A2,B2), XCT scans of the 

FDM produced lattices (A3,B3). A1,A2 and A3 has a layer height of 0.06 mm and B1, B2 and B3 has a layer height of 

0.4 mm. 

Upon completion of the manufacturing process, the parts were kept as printed, and no post 

processing was applied after removal from the print bed. The obtained additively manufactured parts using 

each print setting can be visualized in Figure 143 (A2) and (B2). It can already be seen visually how the 0.4 

mm print setting resulted in significantly rougher surface and as expected was not capable to print few fine 

struts positioned at the top of the lattice. A Nikon XT H 225 was again used to XCT scan the additive 

manufactured lattices using an acceleration voltage of 60 kV, filament current of 151 μA, an exposure of 

2000 ms and a projection number of 1583. The chosen magnification led to a 0.030 mm voxel size and a 

1008 by 1008 pixels detector size. As seen in previous experiments, a fixture is usually designed, and 

additive manufactured to hold the part in position during XCT scan and making sure that the other part is in 

the same position. This was however not possible to achieve in this study since the parts were already made 

from PLA, the usual fixture material, which would have meant that the fixture would have the same grey 

value of the lattice making the surface determination challenging. In this case, a thick double sided adhesive 

foam tape was used between the turntable and the part, minimising the movement of the latter during the 

XCT scan. The obtained XCT scan was reconstructed and later analysed using VGStudio Max 3.4.3. Surface 

determination was performed using local iterative surface threshold method. Renderings of the thresholded 
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XCT scan volume for both 0.06 mm layer height setting, and 0.4 mm layer height one can be seen 

respectively in Figure 143 (A3) and (B3). 

b) Strut diameter resolution   

As illustrated above, the ISO/ASTM 52902:2019 recommended pin diameter resolution test 

geometry has been translated to strut diameter resolution in the designed AM lattice benchmark artefact. 

However, in this case, the features to be measured are extensive and need a holistic measurement method. 

Using XCT and volume analysis tools, initial qualitative results can be seen in Figure 144 as a colour map 

3D views representing the CAD, 0.06 mm and 0.4 mm layer height print settings. This qualitative visual 

evaluation shows clearly how the 0.4 m layer height print setting has more missing struts at the top of the 

produced lattice as seen in Figure 144 A3. The missing struts can be highly related to their thin and small 

diameter that was too small to be captured by both the used big nozzle diameter and set layer height. The 

missing struts were roughly expected as it was shown in the approximate slicing preview shown in Figure 

143 B1. As for the 0.06 mm layer height print setting, initial qualitative visualization shows how most struts 

were additively manufactured with occasional oversizing especially on the down skin of the struts as seen in 

Figure 144 A2. While the top struts were additive manufactured, they do not look visually accurate with 

visible strut waviness that will be more visible in the next applied deviation analysis.  

 

Figure 144: Wall thickness analysis results of the CAD (A1), 0.06 print setting (A2), 0.4 print setting (A3) and 

their equivalent cross sections as (B1), (B2) and (B3). 

As for quantitative analysis in Figure 145, three different histograms were created showing wall thickness 

analysis of the CAD, 0.4 mm and 0.06 mm layer height print settings. The reason for including the CAD 

values is that even if the lattice strut diameter value is known and set by user, the node sizes which are a 

result of the set lattice design parameters can be challenging to compare. This is increasingly challenging 
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with gradient diameter struts since some nodes can have the same diameter as some lattice struts, which 

makes it easier to compare using back to back histograms and cross sections, as seen in Figure 145. Initial 

look at the CAD wall thickness histogram in Figure 145 (A1), clearly reflects the CAD design geometry, 

where less voxels have smaller thickness, with a gradual increase towards thicker diameters, directly 

represented in Figure 145 (B1) by the cross section showing the lattice nodes. When it comes to the 0.06 

mm layer height setting, and from the small voxel percentage on the left of the wall thickness histogram in 

Figure 145 (A2), the voxel percentage values follow a gradual increase roughly similar to the CAD one. 

However, the bigger diameters are significantly larger than the CAD ones. As for the 0.4 mm layer height 

setting histogram in Figure 145 (A3), the small voxel percentage wall thickness values do not seem to follow 

a similar distribution to the CAD one. Furthermore, the bigger diameters are also larger than the CAD ones, 

similar to the 0.06 mm layer height setting comparison to CAD. The significantly higher wall thickness 

value can be attributed to the non-printing of the small external pores existing in the lower half of the part, 

leading to the merger of the features, resulting in a bigger wall thickness diameter. This result captured in 

the histogram can be clearly shown in the cross sections of the CAD, 0.06 setting and 0.4 setting seen in 

Figure 145 B1, B2 and B3 respectively. The cross sections show the wall thickness analysis and clearly 

highlight the merger of the material at the lower half of the lattice. This analysis gives a clear indication of 

the expected diameter resolution of the AM system, while also allowing for a back to back comparison of 

between different print settings. By point fitting and creating a cylinder from the finest struts in each 

additive manufactured lattice, it was seen that the 0.06 mm layer height setting had allowed a fine diameter 

of 0.5 mm to be achieved while the equivalent finest diameter that could be additive manufactured with the 

0.4 mm layer height setting was 1.2 mm. This analysis gives a clear indication of the expected diameter 

resolution of the AM system at each layer height setting. To reach the CAD finest strut diameter, which was 

0.3 mm, a solution would be in the future to experiment with an even smaller nozzle diameter used with the 

Ultimaker machine for example a size of 0.25 mm and could potentially manufacture finer features. This is 

however met with longer print times which might not always be ideal in industrial setups. 

Nevertheless, using wall thickness analysis alone when inspecting additive manufactured lattices 

might not always provide the full picture and assistance to correct the AM system. To tackle this challenge, 

a deviation analysis can be applied to gain a further understanding of the dimensional quality of the 

produced part compared to the original CAD. 
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Figure 145: Wall thickness analysis histogram and equivalent 2D cross section of CAD, 0.06 setting and 0.4 

setting shown in (A1) (B1), (A2) (B2) and (A3) (B3) respectively. 

c) External porosity resolution 

The building blocks of a lattice is mainly the cell size and the strut diameter strut size, these two 

parameters define the dimension of the external pores that are part of the lattice. To assess the quality of the 

additively manufactured pores and the finest resolution reached by the AM system, the VGSTUDIO MAX 

3.4.3 foam analysis module was used. This module allows for the determined surface of the XCT volume 

data to be segmented into topologically disconnected components. The isolated components can be 
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holistically analysed statistically and also individually visualised. The main analyses parameter in this case 

is the merge threshold percentage which was kept in this case at the default 5%. The merge threshold value 

affects the tolerance for local fluctuations and defines the number of segmentations to generated for the 

analysed cells. For example, if the merge threshold values was set to 100%, all of the external pores will be 

merged and considered as one.  

It can be seen from the analysis results, seen in Figure 146 B1, that the chosen default merge 

threshold percentage led to a gradient external pore distribution, which complied with the expected 

segmentation. From qualitative visual analysis of the colour maps shown in Figure 146, it was clear how the 

0.4 mm layer height print setting (Figure 146 B3) had missing struts, leading to most external pores to be of 

a smaller size, which was clearly reflected in the histogram results seen in Figure 146 (A3). Quantitatively, 

close to 80% of external pores of the of 0.4 mm layer height print setting had a volume less than 1.5 mm³. 

This means that while the 0.06 mm layer height print setting histogram seen in Figure 146 (A2) was not 

perfectly matching the CAD histogram seen in Figure 146 (A1), it still clearly had visually closer histogram 

values to CAD compared to 0.4 setting to CAD. This shows the expected higher fidelity of the finer layer 

height at keeping external pore distribution closer to the original CAD one. This is further reflected in the 

2D cross sections of the external porosity analysis in Figure 147, where the 0.06 mm layer height setting had 

a smallest achievable external pore size of 0.05 mm, compared to the 0.4 mm layer height smallest 

achievable external pore size value of 0.98mm, seen in Figure 147 (b). Also, as seen in the 2D cross sections 

of the external porosity analysis in Figure 147, the 0.06 mm layer height setting had a smallest achievable 

external pore size of 0.05 mm. In contrast, and using the 0.4 mm layer height setting, the smallest achievable 

external pore size was 0.98mm. Both of these two external pores were located at the lower half of the lattice, 

which was expected from the gradient design, their annotations can be seen in Figure 147. While the visual 

comparison between the different histograms in Figure 145 and Figure 146 was visually clear, statistical 

methods like QQ plot [374] can allow us to know if a distribution is normal. If the distribution is not normal, 

non-parametric methods like Kolmogorov-Smirnov [374] can still allow for a distribution comparison. 

While VGSTUDIO MAX limits the use of these tests as it only allows for the export of already binned data 

and not the complete data of each individual voxel, future work can investigate the use of other methods oe 

software that allow for the export of complete data as well as the analysis using parametric or non-

parametric methods like Kolmogorov-Smirnov, depending on the type of the distribution. 
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Figure 146: External porosity histogram and equivalent analysis 3D model of CAD, 0.06 setting and 0.4 

setting shown in (A1) (B1), (A2) (B2) and (A3) (B3) respectively. 



188 

 

 

Figure 147: Smallest external pore measured for the 0.06mm layer height print (a) and 0.4 mm layer height 

print (b). The green outline in both (a) and (b) represent the CAD outline. 

d) Lattice node positioning error 

As previously discussed, the lattice node positioning error was calculated using node spheres that are 

already existing in the lattice design, removing the need of designing additional ones. To extract these node 

spheres, intervals were applied in the applied wall thickness analysis histogram shown above. The applied 

intervals allowed the isolation of a specific volume geometry. This means that when isolating a specific layer 

height and choosing the highest wall thickness interval, the node sphere connecting the struts were isolated 

since they have higher diameter than the struts.  

By applying this protocol, it was possible to isolate all of the CAD node spheres which can be seen 

in Figure 148 a, 11 node spheres of the 0.06 mm layer height setting seen in Figure 148 b and only four node 

spheres of the 0.4 mm layer height setting. The result quality of this method is highly dependent on the print 

quality. This means that in the case of the 0.4 mm layer height print setting, and due to fine external pores 

not printing correctly, the node spheres that were supposed to be at the lower part of the lattice were merged 

with other features as clearly seen in the wall thickness analysis 2D results in  B2 and B3. Eventually, four 

node spheres were enough to be used in each model and complete the analysis in this section, although more 

of them would have allowed a further repeatability comparison between different heights of the same printed 

lattice.  
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Also due to not being able to extract most node spheres of the printed lattices, especially at the 0.4 

mm layer height, it was not possible to use the same node spheres and have an exact back-to-back 

comparison. This was however only a challenge for the sphere named S4, which was still obtained from the 

same layer height as can be clearly seen in Figure 148 with the S4_0.06 and S4_0.4 node spheres. The rest 

of the node spheres which are from S1 to S3 for either the 0.06 mm or 0.4 mm layer height settings were all 

from the same position and layer height.  

From Table 18, it is possible to see the linear positioning error results, for each of the X, Y or Z axis 

separately. The linear positioning error was assessed by comparing node sphere centre to centre distance in 

different axes. For example, the X axis linear positioning error was assessed by using the S1 to S2 sphere 

distance, the Z axis linear positioning error by using S1 to S3 and the Z axis linear positioning error one by 

using the S1 to S4 node spheres in each of the lattices. Also, from Table 18, it can be clearly seen how the 

node sphere centre to centre error in the 0.06 mm layer height print setting ranged from 0.02% to a 

maximum of 1.79%. This was significantly lower when compared to the 0.4 mm layer height setting of 

which the node sphere centre to centre error was ranged from 1.02 % to 7.12 %.  

In addition to analysing the linear positioning error, an evaluation of the isolated node spheres 

position was carried out compared to their equivalent CAD node sphere position. This comparison results 

can be seen in Table 19 where the difference to CAD in the 0.06 mm layer height setting ranged from 0.04 

mm to 0.15 mm which was again significantly lower in regard to the 0.4 mm layer height setting of which 

the difference to CAD ranged from 0.18 mm to 0.56 mm. From both these two types of analyses, the 0.06 

mm layer height print setting had the closest and least error to the CAD node sphere positioning as well as 

axis centre to centre positioning error. These results are not unexpected but are evidence of the efficacy of 

the principle of the methods developed. For a better visualisation of the results, a subtraction was done to 

obtain the vector between each node sphere and its CAD equivalent. The results can be seen in Figure 149 

where all vectors start from the graph origin, making the direction of the error in space comparable and 

clearer. Also, Figure 149 shows how the 0.06 mm layer height print had a consistent error direction while 

the 0.4 mm layer height print setting had error vector in multiple directions, making it harder to estimate a 

potential design adjustment or machine calibration solution.  
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Figure 148: Extracted sphere nodes from AM benchmark lattice artefact CAD. 
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Table 18: X axis, Y axis and Z axis linear positioning error and comparison with CAD, which has a unit cell (node to 

node distance) of 5mm in X, Y and Z. 

 

 

 

 

 

Layer height setting 

(mm) 
Axis linear error Value (mm) 

0.06 

X axis linear error (S1_0.06 to S2_0.06) 

Absolute difference to CAD in (%) 

5.00  

(0.02%) 

Y axis linear error (S1_0.06 to S3_0.06) 

Absolute difference to CAD in (%) 

4.96  

(0.75%) 

Z axis linear error (S1_0.06 to S4_0.06) 

Absolute difference to CAD in (%) 

4.93  

(1.79%) 

0.4 

X axis linear error (S1_0.4 to S2_0.4) 

Absolute difference to CAD in (%) 

5.28  

(5.66%) 

Y axis linear error (S1_0.4 to S3_0.4) 

Absolute difference to CAD in (%) 

5.05  

(1.02%) 

Z axis linear error (S1_0.4 to S4_0.4) 

Absolute difference to CAD in (%) 

5.37  

(7.12%) 
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Table 19: Centre to centre distance between node spheres of CAD versus 0.06 setting and CAD versus 0.4 setting.  

Layer height setting 

(mm) 
Node spheres  

Centre to centre distance between node 

sphere and its CAD node sphere equivalent 

(mm) 

0.06 

S1_0.06 0.11 

S2_0.06 0.18 

S3_0.06 0.06 

S4_0.06 0.17 

0.4 

S1_0.4 0.21 

S2_0.4 0.55 

S3_0.4 0.25 

S4_0.4 0.26 
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Figure 149: Centre to centre vector between node sphere and its CAD node sphere equivalent, all starting from 

origin. 

e) Dimensional deviation from the original CAD 

As mentioned above, a wall thickness analysis will give an idea on the strut diameter distribution on 

the whole CAD allowing the evaluation of the AM system resolution. However, a deviation analysis like 

shown below allows for a detailed investigation of the local areas where features were oversized or 

undersized. A dimensional deviation analysis starts by a Gaussian best fit registration that allows for 

alignment of the XCT volume scan to the CAD. A search distance of ± 1mm was chosen as well as the 
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“consider surface orientation” parameter. The latter allows for mainly the surfaces that have the same 

orientation to be compared, increasing results accuracy.  

Initial qualitative analysis can be seen in Figure 150 where a colour map with a set ± 0.5 mm scale 

for better contrast. The deviation analysis highlights locations of oversizing (positive deviation in red) and 

undersizing (negative deviation in blue), which can be a useful addition to the wall thickness analysis.  The 

colour map showed from Figure 150 (b) for the 0.4 mm layer height setting shows how the thick layer height 

affected the accuracy of the deposited layers leading to local areas where material was missing. This was 

more significant in the 0.4 mm layer height setting than the 0.06 mm layer height one. This can be directly 

visualised in histogram shown in Figure 151, where it is clear how the 0.4 mm setting has higher deviation 

values in both positive and negative directions. The obtained deviation analysis results from VGSTUDIO 

MAX highlighted for the 0.06 setting a mean deviation of 20.8 μm with a standard deviation of 92.1 μm 

which were both lower than the 0.4 mm setting mean deviation of 27.1 and standard deviation of 204.8 μm, 

suggesting less error and improved accuracy of the 0.06 setting. However, the effect of the applied 

registration has not been investigated and could be affecting the deviation analysis results. Future work can 

include a thorough investigation of the registration impact on the results of the deviation analysis. 

 

Figure 150: Colour map showing the deviation analysis of 0.06 setting vs CAD (left) and 0.4 setting vs CAD 

(right). 
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Figure 151: Histogram comparison of deviation analysis of CAD to 0.06 mm setting and CAD to 0.4 mm 

setting. 

f) Surface roughness 

As outlined previously, 24 down skin surfaces were isolated, 12 for each lattice where each four 

surfaces formed an ROI cluster as seen in Figure 152. To isolate these surfaces, a Boolean Intersect with the 

XCT thresholded model was performed as previously used by the author in section 6.3b), only this time to 

more struts positioned at different layer heights. The form removal and areal surface parameter extraction 

was done by Luca Pagani. The extracted Sa and Spd value of each ROI cluster for each layer height setting 

can be seen in Figure 153 and Figure 154 respectively. It can be clearly seen in Sa results in Figure 153 how 

the Sa values of 0.4 mm layer height setting of each ROI had higher value than its ROI cluster equivalent 

from the 0.06 mm layer height setting. This can be associated to the thick layer height adding extra material 

that is further from the nominal CAD form. Also from the two figures, it can be clearly seen how the smaller 

lattice struts of each layer height print setting had a higher Sa value than its equivalent larger strut diameters. 

This can be associated to the higher waviness and deviation that was clear as in the analyses performed 

above especially on the higher fine features.  
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Figure 152: 24 down skins highlighted in green, 12 for each lattice. Each four downskins form an ROI cluster.  

In contrast, the Spd values had an opposite trend compared to Sa. For example, it can be seen how in 

Figure 154, the Spd value was smaller in 0.4 mm layer height setting compared to the 0.06 mm layer height 

one. This can be related to the larger nozzle leading to fewer peaks and their frequency of appearance per 

similar area and also to the Wolf pruning, which may add to this trend by having rough peaks not appearing 

above the background surface.  

Also, since each cluster had four down skins, it was possible add error bars that give an idea on the 

process repeatability at each strut diameter cluster and for each layer height setting. For example, it can be 

clearly seen from Figure 153 related to Sa how the standard deviation for both layer height settings was 

mainly getting higher with smaller features, decreasing chances of repeatability and process stability.  

While down skin surface of the lattice struts was the only one analysed due to being the usual 

significant one, the up skin can additionally be analysed as shown in the previous study in section 6.3.b) and 

seen in figure Figure 125. Using XCT for surface data analysis has can allow for extraction and analysis of 

features that are not accessible using conventional tools like line-of-sight optical ones. By using the 

suggested design and analysis method, the user can evaluate the AM system surface roughness quality and 

have a clear Sa expectation for different strut diameters using different print settings. This method allows for 

simultaneous assessment of different strut diameters using the same design but differing print conditions. In 

case the user requires higher resolution for more accurate surface roughness data, the additively 

manufactured lattice benchmark artefact can be sliced, leading to multiple parts isolating the different ROI 

clusters. These separated part clusters can be XCT scanned separately for increased magnification and 

eventually smaller voxel size that is more accurate. Also, a few of the external down skin struts can be 

measured using a conventional instrument like focus variation microscopy for a further back to back 

comparison with XCT obtained surface measurement results to improve the s confidence level or to initially 
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decide on the ideal voxel size as previously described in literature [86,264]. Using the suggested design in 

this case can assist in reducing chances of print process failure due to the finest struts existing at the top of 

the design with less impact on the lower thicker struts. However, there could be scenarios where it is already 

known that the fine features will not fail the print process and where it would be ideal to print different strut 

diameters separately, without using the suggested design, for increased surface measurement resolution 

mentioned above and without the need for sectioning. 

                                             

 

Figure 153: Sa mean value of different ROI clusters for both the 0.06 mm and 0.4 mm print settings. 
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Figure 154: Spd mean value of different ROI clusters for both the 0.06 mm and 0.4 mm print settings. 

 

Figure 155: Green colour in (A1) and (B1) shows ROI_5 location. Colour map in (A2) and (B2) shows height 

distance between points to the estimated nominal form. Watershed segmentation shown in (A3) and (B3) after 

estimation of nominal form. 
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g) Internal Porosity analysis 

The existence of internal porosity especially in fine features can be detrimental to the structural 

integrity of the produced part. Internal pores are voids, cracks or delamination existing between layers 

creating unwanted gaps/stress concentrations inside the printed material that are non-existent in the CAD. 

Initial qualitative results can be seen from the rendering in Figure 156 where both 0.06 mm and 0.4 mm 

layer height print settings can be visualized with 50 % transparency. The internal pores can be visualized in 

a scale similar for both models and on a mm³ volume unit. Only pores that had a diameter 10 times bigger 

than the voxel size were assessed to increase accuracy and reduce chances of counting noise. The chosen 

value is higher than the recommended ratio of 6 mentioned in literature [364], shown to reduce pore volume 

errors. The segmentation method is a proprietary algorithm by VGSTUDIO MAX which is explained in the 

manual by defining pores as a group of voxels with grey values lower than the surrounding material [330]. 

Upon contacting VGSTUDIO MAX, the steps followed by the used algorithm segmentation were provided. 

The segmentation algorithm used starts by placing seed points all over the data set in positions with a local 

minimum. From this minimum, the seed point is then flooded in all directions (3D) until a certain threshold 

is reached, similar to a watershed algorithm. Whether the area flooded based on the seed point is deemed a 

pore is dependent on the probability criterium chosen. There are three criteria: contrast, roundness and size. 

The used default setting has a balance between the three, allowing for the pore to be assigned a probability 

value, to determine whether the detected pore is an actual pore.  

Visually from Figure 156, it is clear how the 0.4 mm layer height print setting model has more, and 

bigger porosity distributed all over the lattice height compared to the 0.06 mm layer height setting. This is 

also reflected in the histogram generated in Figure 157 showing clearly how most pores for both models had 

a small volume, while the 0.4 mm setting had a higher percentage of larger pore volumes. 

To summarize the internal porosity distribution, the volume percentage of the extracted internal pore 

defects can be seen in Table 20. The table shows how the 0.4 mm layer height print setting had an internal 

porosity percentage of 1.36 % which was ten times the value extracted from the 0.06 mm layer height 

setting, which was 0.08 %. The internal porosity percentage calculation was defined as a ratio of defect 

volume to the material volume. The material volume was also calculated and compared to the CAD as also 

seen in Table 20. The material volume of the 0.06 mm layer height print setting had a +0.61 % positive 

deviation from CAD showing a general oversizing to the CAD volume. The 0.4 mm print setting however 

had a negative material volume deviation from CAD volume of -4.07 % which can mainly be linked to the 

non-manufactured lattice struts at the top.  
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When most of the model is additively manufactured and dimensional CAD deviation analysis is 

small, material volume calculation can give a good indication of amount of porosity in the model as well as 

being a good basis for experimental comparisons. Alternatively, this could be achieved using comparable 

ROI where all struts are printed. This can be compared to internal porosity assessed indirectly by measuring 

the part density and applying an Archimedes’ method for further comparison with an XCT porosity 

measurement [315]. Nevertheless, work by James et al. shows that significant deviation can be observed 

when comparing Archimedes’ and micrograph analysis to XCT porosity analysis due to very small pores not 

being able to be captured [317]. This highlights the further need of more research in the field of smallest 

possible detectable pore size using XCT. The use of XCT porosity analysis is often more challenging when 

used in LPBF AM parts especially in cases where surface determination is not straightforward to apply on 

pores since the “pores” can be unfused or semi-fused powder, a challenge that often requires the use of 

porosity focused AM artefacts [375]. The reason for this challenge is that the XCT scanned internal unfused 

or semi-fused powder has a closer grey value to the part instead of a background level grey value that is 

easier to threshold. 

 

 

Figure 156: Internal porosity analysis 
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Figure 157: Porosity analysis histogram of both the 0.06mm layer height setting and 0.4 mm one. 

Table 20: Material volume and defect volume percentage for both print settings 

Layer height setting (mm) 0.06 0.4 

Material volume (mm3) 

Difference to CAD volume (%) 

3782.22  

(0.61%) 

3606.06 

(-4.07%) 

Defect volume percentage (%) 0.08% 1.36% 

 

7.5. Further AM lattice benchmark artefact design for TPMS and stochastic AM lattices and use of 

Chapter 5 contributions  

In the two previous sections, the AM lattice benchmark artefact was additive manufactured and 

measured using XCT. This section will take the findings further and discuss AM lattice benchmark artefact 

designs for TPMS and stochastic lattices as well as measurement strategy that uses findings from Chapter 5. 

While the AM lattice benchmark artefact above was a strut based one, it was done by developing a 

workflow in Ntop software, making the design parametric. This means that the unit cell or strut thickness 

can be efficiently and easily changed. For example, as seen in Figure 158 below, the unit cell could be 

instantly changed to other types like face centred cubic (b) or kelvin cell (c) while also changing the strut 
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thickness, chosen in this case to range from 3 mm at the bottom to 0.3 mm at the top. While BCC and FCC 

is based on the crystal molecular body structure, the kelvin cell is proposed by Sir William Thomson (Lord 

Kelvin) in 1887 used to describe the equal sized bubble foam [4]. The kelvin cell is a tetrakaidecahedron 

(polyhedron with 14 faces) consisting of 6 squares and 8 hexagons. A different unit cell can have different 

mechanical properties and uses, for example, kelvin cell can be used in energy absorption applications like 

in cushioning and packaging [4]. The developed script in Ntop software ecosystem allows for increased 

flexibility and adaptability that can allow AM engineers to save time when designing other lattices to be 

tested on AM machines or to be used to develop unit cell specific measurement protocols. 

 

Figure 158: Developed parametric design BCC (a), face centred cubic (b) and kelvin cell (c) all shown as gradual 

strut from 3mm at the bottom to 0.3mm at the top of the lattice. Equivalent unit cell of BCC (d) [123], FCC (e) [376] 

and kelvin cell (f) [4]. 

This method can also be applied for TPMS type lattice structures which have improved functionality 

in applications with high fatigue [137] or ones that need heat dissipation [17]. As seen in Figure 159, not 

only it was possible to adapt the design for TPMS gyroid (a) and diamond type (b), but it was also easier to 

integrate it as a cylinder shape, which is more efficient to be used for XCT. This is because a cylindrical 

geometry would have an approximately similar penetration length while being rotated compared to a cubic 

shape, making it easier to XCT scan. While most of the developed measurement strategy shown above can 

be applied on TPMS lattices, it is expected that future work can unveil specific challenges that will need to 

be overcome, mainly in the case of surface roughness analysis and positioning error. It will for example be 

more challenging if not impossible in the case of TPMS structures to threshold nodes that can be used in 

node positioning error developed in this study. This is because TPMS lattices don’t necessarily form sphere 
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nodes in their connections compared to strut-based lattices. This challenge might require alternative ways to 

assess the positioning error which might include designing additional spheres on the TPMS benchmark 

lattice artefact as previously done on non-lattice and general AM benchmark artefacts [282]. 

 

Figure 159: AM lattice benchmark artefact of TPMS gyroid (a) and diamond (b) with gradual strut thickness 

The gradual strut thickness and measurement strategy developed above can also be used for 

stochastic lattices, which are also strut based and commonly used in implants due to their resemblance to 

bone geometry and properties [94]. Instead of varying only the strut thickness which only minimally 

changes the external pore size, the unit cell size can also be altered. Researching this topic can lead to better 

manufacturing optimisation for stochastic lattices, as well as improved and custom measurement strategies. 

Developing a stochastic AM lattice benchmark artefact can also assist significantly in current research done 

about post process surface treatment like chemical etching and [80,204]. Future work in this field can assist 

in testing the AM system in a range of stochastic strut diameters or unit cells without use of supports as well 

as DOE experiments focused on testing and optimising different post processing methods. These tests would 

be cost effective when using a single AM stochastic benchmark artefact with a gradient strut diameter and 

unit cell size compared to printing multiple lattices with individual properties. Figure 158 shows an example 

of a gradient AM stochastic lattice benchmark artefact that was designed in Ntop, additive manufactured in 

Aluminium, XCT scanned as well as analysed using wall thickness algorithm. 
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Figure 160: Example of AM stochastic lattice benchmark artefact with a gradient strut thickness. 

Finally, and as previously applied in Chapter 5, the chosen AM lattice benchmark artefact design can 

be additive manufactured in metal and held using the developed fixture assembly alongside a dimensional 

workpiece previously measured using conventional instrument like CMM, as seen in Figure 161. This can 

assist in optimising XCT settings in a cost-effective manner as well as assisting in differentiating the AM 

errors with measurement errors caused by XCT, using dimensional workpiece. Expected challenges in this 

case include that the polymer fixture can only be used with metal prints of the lattice benchmark artefact and 

another material with lower attenuation will have to be used when holding lattice benchmark made in 

polymer material. Another challenge is that the dimensional workpiece has a fixed diameter which makes 

the XCT setting optimisation method developed in Chapter 5 optimised for a single diameter. A solution to 

tackle this challenge can be the use of a dimensional workpiece that also has a gradual strut thickness with 

approximately the same range as the one used in the dimensional workpiece. An additional suggestion for 

future work is to XCT at different magnifications. This could be especially advantageous for the fine lattice 

struts, which can benefit from a smaller voxel size. Further future work discussion can be found in Chapter 

10 section 10.3  



205 

 

 

Figure 161: Rendering of the AM lattice benchmark artefact assembled with the XCT scan fixture and the dimensional 

workpiece. 

7.6. Chapter summary 

In this chapter, a novel AM benchmark artefact that is solely based on lattice structures, especially 

strut-based ones, has been designed, additively manufactured in both LPBF and FDM processes and 

measured using XCT, while following ISO/ASTM 52902:2019 as the main guideline. The AM lattice 

benchmark artefact can assist AM users to evaluate AM system capability as well as calibration of the 

system when it comes to AM of lattices. This is especially relevant when purchasing an AM system and 

looking to evaluate machine limits and optimize print settings before embarking on larger lattice parts, 

especially in the expensive LPBF process. The proposed design can also be used to compare cost effective 

and fast print settings versus slower and accurate ones, which has been successfully done in the FDM print 

section. For example, initial visual inspection clearly showed how the finer 0.06 mm layer height in the 

FDM print setting resulted in better resolution when printing the lattice struts as well as external pores. As 

for the faster 0.4 mm layer height setting, the fine features located at the top of the part were not printed but 

the lower half was additively manufactured, and at a significantly faster speed. This result can give the AM 

user great confidence on the expectations when printing different strut diameters of an AM lattice at 

different print settings. While results like smallest achievable strut diameter or pore size can be achieved by 

simpler AM benchmark artefacts that has simpler pin and hole designs, the suggested design goes further to 

allow for the quantification of holistic dimensional deviation, surface roughness and porosity, distributed 

across the whole lattice, which can be crucial before embarking on a larger complex lattice design. While 

the XCT use can be often expensive and a drawback for industrial environments, the proposed design has a 
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gradual strut diameter that can be also measured by using simpler calliper or gauge tools or visually, to 

indicate to the AM user the approximate limitations of the AM machines and comparison results of different 

print settings.  

The novel design was proven to be suitable for different AM technologies and not being process 

specific, which is an important milestone for an initial AM lattice benchmark artefact, making it more 

accessible to evaluate lattice structures. Future work can improve on the design and develop it to be more 

process specific to individual AM technologies, taking in consideration the features and workflows that are 

unique to each process. Novel protocols were also developed and applied to measure and evaluate the part 

dimensionally, as well as by analysing their surface roughness and porosity. This study aims at a research 

gap strictly aimed at designing a lattice focused AM benchmark as highlighted by De Pastre et al. [116]. As 

mentioned in literature review, and from the 65 AM benchmark artefacts existing in literature, there are only 

two added lattice designs but only as complementary designs with no clear measurement strategy optimized 

for them. Therefore, this study also offers a measurement strategy to fill the gap regarding the approaches 

and measurement evaluation methods for lattices which is still highlighted by the AMSC and named “Gap 

D26” in the standardization roadmap for AM [97].  

From the developed measurement protocol, the geometric fidelity was also assessed and identified 

the minimum strut diameter that could be reliably manufactured by the AM machine. The minimum external 

pore size was also identified under different layer height print settings as well as their positioning linear 

error in different X, Y and Z axis. To summarise the dimensional metrology of the lattice, the XCT volume 

was aligned to the original CAD allowing for a holistic deviation analysis clearly highlighting the local 

analysis of the printed part. This analysis allowed for a clearer visualization as well as quantification of the 

often under sizing or oversizing, that AM lattices are subjected caused by different print settings. 

Beside dimensional measurement, surface measurement was also applied on 24 down skin surfaces 

representing 12 surfaces from each layer height print setting. Each four of the 12 isolated down skin surfaces 

of an AM lattice formed an ROI cluster that represented a specific lattice strut diameter range. The obtained 

results allow an AM user to have clear expectations on the surface roughness Sa and Spd value as well as its 

repeatability across a layer height regarding different strut diameter values. Extracting areal surface data 

from XCT is still a relatively new process, and was first applied on lattices in this research since previous 

literature either measured surface data on cross sectioned strut using SEM or using XCT for profile 

measurement parameters like Ra. This research comes also as a complementary addition to the previous 

experiment in which both up skin and down skin was measured but only for one unit cell. When combining 

these two methods, both up and down skin measurements can be performed on multiple cluster ROIs of the 
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whole lattice. Improvements can be achieved to this method by introducing further automation to it 

especially in the surface ROIs isolation stage. This stage of the process is currently done manually, however, 

the next time a similar lattice is XCT scanned the isolation can be implemented automatically by using the 

same Boolean Intersect that only needs to be prepared once and applied after an alignment of the XCT 

scanned lattice to original CAD. 

Also, while XCT is ideal for lattices as it can reach internal features, its resolution and voxel size is 

still limiting  a factor that should further researched and addressed [86]. A potential way to tackle this 

challenge is to use the newly suggested two-stage magnification 3D X-ray microscopes in XCT systems as 

suggested in study published by Villarraga-Gómez et al. [377]. Common good XCT resolutions at the 

moment can be around 3-10 μm while by using 3D X-ray microscopes significantly better resolutions can be 

reached better than 1 μm where for example 0.5 μm with the Versa 620 model [377]. To also tackle this 

challenge and increase the porosity analysis measurement fidelity, a calibrated reference part with micro 

drilled pores that is previously measured can be included with the AM part to be measured [241], which can 

be the AM lattice benchmark artefact in this case. Using this method can significantly reduce errors caused 

by surface determination which is often challenging and can greatly affect the results especially when it 

comes to additive manufactured components. Scanning artefacts like scattering or beam hardening can also 

be a challenge when using XCT and more research is needed to reduce them [343,378]. 

Finally, instead of printing multiple lattices as previously done in literature [121], the proposed novel 

gradient design offers increased simplicity when testing an AM system resolution and linear node 

positioning error when additively manufacturing lattice structures. The proposed design removes the need of 

having to  manufacture multiple lattices with different strut diameter and having to individually XCT scan 

them, significantly increasing print time, material usage and measurement time. Using the proposed design 

can for example cut the time needed for AM and measurement if four lattices would have had to be assessed 

individually. 

Also, a great benefit from using the proposed design is the minimisation of chances of a print failure 

or damage of the AM system hardware like re-coater blade. For example, if four lattices with different strut 

had to be additive manufactured, the one with the finest features might fail during the printing process. Since 

the lattices are separate, the failure will start from the beginning of the AM build, increasing its chances of a 

total failure or negatively affecting the parts next to it as well as the machine hardware. Having a gradient 

design means that the strut diameters that are challenging to the machine and have less chances to be 

additive manufactured are kept at the top of the part. This means that even in the case of a failure at that 

area, most of the AM benchmark lattice artefact bigger struts are already printed and will less likely be 
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affected by the failure at the top of the part. This can also encourage the ease of additively manufacturing 

multiple gradient lattices at different corners of the AM build bed to assess for the process stability and 

chances of build plate position affecting the print quality due to laser focus shift or non-equal heat 

distribution across the X and Y axis of the AM build plate as well as in its Z axis representing the height. 

AM lattice benchmark artefacts can play the role of a much-needed catalyst accelerating the adoption 

of not only lattices but also of AM in general in the different automotive, aerospace and medical industries, 

currently heavily increasing their AM capabilities. The AM benchmark lattice artefact not only assists in 

being able to understand the AM system limitations but also to improve and run DOE experiments with the 

aim of optimizing hatch scanning strategies, slicing methods, post processing processes and more. Doing so 

will also allow the AM user to choose the right AM print setting for the right AM lattice geometry depending 

on its geometry resolution and also depending on the part functionality and provided budget The budget can 

have a direct impact when additively manufacturing a part, this can be seen in the study above where the 

more accurate 0.06 mm layer height print setting led to a 13-fold increase in time needed to print compared 

to the 0.4 mm layer height setting. This means that especially for thicker lattice struts and if a part does not 

need tight tolerances, faster print settings one can be used while knowing the expected dimensional, surface 

and porosity defects to be expected, allowing for a much-needed cost effective and efficient AM process.  

In terms of measurement accuracy, future work can focus on separating errors due to XCT and ones 

related to AM process. While using XCT for metrology allows measurement protocols unachievable using 

conventional methods, it also opens the door for traceability and repeatability challenges that should be 

accounted for. As suggested and performed in Chapter 5, a dimensional workpiece previously measured in 

CMM can accompany the developed AM lattice benchmark artefact to apply any necessary voxel 

corrections and evaluate the performed measurement. Since the AM lattice benchmark artefact has a 

gradient strut diameter, using a dimensional workpiece with fixed diameter as done in Chapter 5 can be 

limiting. To tackle this challenge, future work can include designing a dimensional workpiece like the one in 

Chapter 5 but this time, with a gradual strut that is similar to the range set for the lattice strut diameter.  

 Since measurements on the AM lattice benchmark artefact were more than just dimensional ones, a 

dimensional workpiece, even with a gradual strut, can be improved upon to be used as a reference for other 

type of measurements like surface or porosity ones. Future research improvements can include micro drilled 

holes that are previously conventionally measured. The hole resolution can be approximately similar to the 

one expected for the AM lattice to further evaluate the obtained porosity analysis. Future research in this 

field can be a great addition to work previously performed by Hermanek et al. [245] who looked at traceable 

porosity measurements using an artifact with holes, assisting in the surface determination phase. To improve 
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upon the surface measurements done on the proposed study, up skin and down skin like LPBF surfaces can 

be also added to the dimensional workpiece alongside the micro drilled holes. This might however be 

challenging due to the range of surface topography needed to represent a lattice with gradient strut. To 

overcome this challenge, and as previously done by Townsend et al. [86] for areal surface measurements for 

XCT, voxel correction can be done to improve upon areal surface measurements. Using a dimensional 

artefact as seen in Figure 161, with a feature that is not affected by surface determination like the distance 

between two parallel planes can separate global voxel scaling errors and surface determination errors 

allowing for further XCT areal surface measurement correction [86].  

Beside including a dimensional workpiece for the AM lattice benchmark artefact measurement, 

another optimisation can include the use of image analysis method developed in Chapter 5. Since the 

developed AM lattice benchmark artefact is expected to be used for different AM processes and materials, 

the XCT measurement operation can be further automated, especially in the settings optimisation stage. This 

means that further work can include testing the developed method and optimise it to work for a gradual strut 

diameter. Advances in this field can lead to a custom optimisation that can increase CNR across all different 

strut diameters instead of just one. Adapting this method can be crucial to make sure that the XCT 

measurement works for the whole lattice and is not only optimised for a specific range of strut diameters in 

the lattice. Finally, future work can include designing AM lattice benchmark artefacts that work for TPMS 

structures and also for stochastic strut-based lattices as can be seen in the designs suggested in Figure 159 

and Figure 160 respectively. Further discussion can be found in Chapter 8 section 8.2d) and further future 

work discussion in Chapter 10 section 10.3. 
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8. Chapter : Discussion 

8.1. Context of research 

AM has been often viewed as a prototyping-only tool, hence the previous “Rapid Prototyping” 

naming. However, the AM field is currently offering end use production part quality in a range of industries, 

which can be considered as an important milestone. Nevertheless, the end use market, especially for parts 

that require high load or positioned in fatigue heavy environment would often require a case-by-case way of 

inspection and process validation. Breaking this pattern can only be done by developing advanced tools that 

assist in increasing the AM system stability as well as quality inspection methods especially for 

unconventional part geometries like lattice structures. 

8.2. Discussion 

a) Review on latest trends and research gaps in AM, XCT and their relation to lattice structures 

The extensive review presented in this research represents a strong foundation and reference for AM 

lattice structures. The review starts with a strong foundation summarising AM market, technologies, 

applications, general workflow of both LPBF and FDM technologies, different AM standards and research 

gaps as well as DfAM methods. The review is then followed by a sole focus on lattice structures 

applications, design workflow, mechanical properties as well as advanced AM strategies optimised for 

lattice structures. The last part of the review starts by an introduction of XCT technology and its 

applications. This was followed by discussing the metrology side of lattices where XCT optimised 

inspection methods are investigated and summarised in three main sections that include dimensional 

metrology, surface metrology and porosity analysis.  

b) XCT dimensional metrology optimisation for AM lattice structures  

The initial work presented in Chapter 5 allowed for a first-hand identification of limitations when 

using conventional tools like focus variation microscope on lattice structures. Subsequently, it was clear how 

XCT had a high promise of solving metrology challenges for AM lattice structures. However, it was also 

clear after further research that using XCT and choosing its setup settings can often be subjective, and 

depending on user experience, leading to possible discrepancies [271]. Since most studies in this research 

were planned to be done using XCT, it was only reasonable to research and examinate a method that can 

semi automatically assist users in choosing XCT settings, making the process more objective and reducing 

user influence.  

The two main experiments in Chapter 5 had a combined total of 42 XCT scans. The initial 30 XCT 

scans were done on a machined part and highlighted the possibility of using 2D image analysis prior to XCT 

reconstruction. The results showed a method that assists in ranking XCT settings using a developed “SFN” 
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equation. The method was then extended to work for lattices and also extended by using the CNR equations 

from ISO 15708-3:2019 [339]. The results also showed high correlation between 2D image analysis 

evaluation results and 3D volume reconstruction quality, verified in this case using a substitution method of 

dimensional workpiece previously measured by CMM methods and which was subsequently published with 

ASTM [321], as seen in Appendix 12.2.  

The results shown from this chapter contribute to the work reported in the literature to improve XCT 

accuracy and stability, especially when choosing scan settings, initially for machined parts and also for AM 

lattice structures. Compared to other methods like the use of XCT simulation software or conventional 

methods where volume XCT scans are compared using a substitution method, the developed method is not 

only faster and cost effective but also developed to be used on complex geometries like lattice structures. 

While showing good promise for future use, XCT simulation techniques currently only provide reasonable 

uncertainty predictions for simple measurement tasks and still show deviations when used on complex ones 

[379]. As reported in the literature, this is mainly due to the lack of holistic models that can correlate the 

effects of different scanning parameters on measurement uncertainty [231]. Due to these challenges in 

uncertainty assessment and XCT measurement procedures, the substitution method remains highly 

favourable. However, the substitution method is time consuming and non-generalizable [380], which means 

that different reference models have to be made whose  geometry are dependent on the part of interest. 

Along these lines and using the developed method, the substitution method application time is 

consequentially reduced by applying the developed 2D image analysis procedures prior to volume 

reconstruction, saving a significant amount of setup time and reducing the chances of human error. The 

developed method, shows also how a verification process was performed, giving the user the possibility to 

verify the results leading to a high confidence standard when performing dimensional measurement on AM 

lattice structures. Also, and in the context of literature, this research comes as a great addition to the work 

performed by Kraemer et al. [340] where the authors also applied image quality parameters like CNR prior 

to reconstruction but the accuracy of the method did not allow for ideal XCT settings ranking. This research 

also comes as a significant addition to work carried out by Buratti et al. [332] who looked at individual 

influences of XCT parameters on scan quality and most importantly, developed a method to optimise XCT 

scan parameters and predict the parameters that will maximise the CNR value. This method however 

requires information on the nominal workpiece geometry, which is not a requirement in the method 

developed in this research.  

Finally, both studies from Chapter 5 where the first one was performed mainly on machined parts 

and second one was focused on lattices, showed capability to make XCT setup efficient and cost effective. 
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The results also showed further compliance with literature findings like local surface determination being 

more accurate [262] and CNR being an adequate parameter to assess scan quality [332]. The developed 

protocol shown in this research has a significant potential to be used in industrial XCT machine scenarios to 

assist in cutting XCT scanning setups, reduce time needed to choose XCT settings while minimising user 

error and allowing the process to semi-automated instead of manual. This research can also set a solid 

ground for further upcoming studies aimed at making XCT scanning process not only semi-automated but 

fully automated, thus greatly increasing productivity and cost effectiveness of the process, indirectly leading 

to further adoption of AM processes and use of the functionally superior lattice geometries. Finally, findings 

from Chapter 5 contributed not only to the literature mentioned above but also directly to objective 2 set in 

this PhD study (seen in Chapter 1) and also to research GAP NDE4 [381] set by AMSC, related to NDE  

tools like XCT for complex geometries like AM lattices. Nevertheless, future work can be done to take 

further the developed method, which can be seen in Chapter 10 section 10.1. 

c) XCT surface metrology optimisation for AM lattice structures 

The work in Chapter 6 revolved around optimising the surface metrology aspect of lattice structures. 

This choice was a sensible step and a complementary one to the previous study in Chapter 5 optimising XCT 

dimensional metrology for AM lattices. This part of the research was approached after further literature 

examination highlighting the impact that surface roughness can have on lattice structures. This study was 

also developed to show the importance of including CAD with designed surface when optimise to 

simulation and also more generally in the design phase.  

To better understand the impact of the study, the latter can be summarised in three components. The 

first component focused on developing a DOE, allowing for the study of 54 samples, leading to the 

capability to design custom surface topography on any CAD using areal surface roughness parameters as 

inputs. The second main component of the study focused on developing a method to extract both up and 

down skin areal surface data from lattice structures using XCT. As for the third component of the study, a 

process was developed to combine the two previous components and outline a method to design custom 

LPBF process up and down skin surface topography on CAD of lattice structures. The result of applying 

these three main components was a CADwDS that had less surface as well as less dimensional deviation 

compared of the lattice compared to the original CAD. 

The findings of this study add to the knowledge base and contribute to the work completed regarding 

printed AM deviations during the design phase. Compared to published work which mainly focused on 

varying strut diameter or centroid of strut along its axis [205–207], this study investigated the resulting areal 

surface roughness on top of dimensional deviation of the CADwDS. Also, instead of using XCT as direct 
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input to design a varying cross section as done in literature [175], this study relies on a novel script 

developed to design LPBF like up or down skin surface texture using areal surface parameters as inputs. 

Finally, instead of using XCT for profile surface measurements on lattices as previously reported in the  

literature [203,221,309], this study shows a novel method to extract areal surface parameters of both up and 

down skin of AM lattices. 

Furthermore, and from a wider context of the literature, this study results come to enhance the 

currently researched methods and capabilities with respect to design of custom surface roughness on a 

chosen CAD. This capability can not only be used as a predictive method in the design phase, as done in this 

study, but also as a way to have further control and add custom surface roughness and textures to the surface 

of CAD with the intention of actually producing it. The work done by Modaresifar et al. [382] is a great 

example of how a custom nanopatterned surface can be designed on the CAD and additively manufactured, 

as a texture capable of repelling bacteria. This level of control, although still limited to small scale and high 

resolution AM systems [382] can be crucial when applied on the surface of medical AM implants [383].  

Another application from the developed methods in this study is the possibility to reliably generate 

large databases of virtual and synthetic surfaces on different CAD shapes or lattices. These generated 

surfaces can for example represent either up or down skins and be used to form datasets useful for training 

machine learning models. These trained models can have a positive impact and for example assist in 

optimising AM process parameters to obtain functionally optimised surface textures [384]. They can also be 

used to optimise in-line surface measurement techniques as reported by Liu et al. [216,385]. As highlighted 

by Eastwood et al. [386], the capability to generate synthetic surface data can be cost effective and 

especially crucial during events like the recent COVID-19 pandemic which led to most lab access to be 

paused, leading to a lack of training data. Finally, findings from Chapter 6 contributed not only to the 

literature mentioned above but also directly to objective 3 set in this PhD study (seen in Chapter 1) and also 

to research GAP P4 [381] set by AMSC, related to developing metrology tools that are adapted and 

optimised for geometries like AM lattice structures. Further work suggestions related to this study can be 

seen in Chapter 10 section 10.2. 

d) Development of benchmark artifact for AM lattice structures 

The work presented in Chapter 7 presents a novel AM lattice benchmark artefact. The developed 

novel design was subsequently manufactured in both LPBF and FDM processes, measured using XCT, and 

analysed using a measurement strategy that was refined and optimised for lattices by using ISO/ASTM 

52902:2019 [360] as a guideline.  
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Using the suggested design and measurement strategy means that by additively manufacturing only 

one part, the print quality of a range of strut diameters could be tested and analysed, simultaneously. This 

result comes as an addition to the work presented by Teeter et al. [121] in which multiple lattices with 

different strut diameters had to be additively manufactured. As outlined above, the ISO/ASTM 52902:2019 

was used as a guideline where for example, the suggested test geometry for pin and hole diameter resolution 

was translated to strut diameter resolution and external pore resolution, respectively. This adaptation meant 

that the developed measurement strategy and analyses were optimised for lattice structures. 

Another example of this measurement optimization is the developed lattice node positioning error 

evaluation, adapted from the ISO/ASTM 52902:2019 linear position accuracy measurement. In this case, 

node spheres that are already existing in the nodes connecting the designed lattice struts were thresholded 

and used for the measurement. This approach comes as a practical alternative to the method of adding or 

using prismatic protrusions to AM benchmark artefact designs as suggested by ISO/ASTM 52902:2019. The 

developed lattice node positioning method also complements and comes as a significant addition to previous 

work in literature suggesting the design of additional spheres in an AM benchmark artefact [282]. Taking 

advantage of features already existing in the design lead to reduction of print time and material use as well 

as ease of measurement, which is not necessarily possible when adding overlapping features for an XCT 

scan. 

 Also, the surface roughness data analyses was optimized for the suggested gradient strut diameter 

design by splitting the lattice into cluster ROIs. In this case, 24 down skin surfaces were isolated and 

analysed. This developed method was a crucial step to include, since the surface roughness properties across 

the lattice are not the same and are affected by the strut diameter or thickness, as also observed in literature 

[387]. 

Nevertheless, the findings of this study implies that to assess an AM system in terms of lattices, 

general AM benchmark artefacts can be avoided and lattice focused benchmark artefacts like the one 

developed can be used. This is significant since the most AM benchmark artefacts features suggested in 

literature [116,118] or by ISO/ASTM 52902:2019 [360] are not necessarily representative of a lattice 

geometry which often requires further process optimisation from laser settings in manufacturing stage to 

post-processing options. Also, conventional general AM benchmark artefacts are sometimes susceptible to 

manufacturability challenges like warping [118]. Also, most AM benchmark artefacts have a range of pin 

diameters [116,118], as advised by ISO/ASTM 52902:2019 [360], which can be used as an approximate 

reference for lattice printability. However, these isolated features and test geometries are provided with 

measurement strategies that are not methodically optimised for lattices. Furthermore, only two AM 



215 

 

benchmark artefacts in literature [121,388] included a lattice as a complementary design and with no lattice 

focused optimised measurement method.  

Finally, the suggested developed AM benchmark artefact with its measurement strategy comes as a 

clear addition to those highlighted in the literature, due to being solely focused on lattice structures and 

especially in the strut-based lattices. The findings of this study can not only assist in understanding and 

calibrating AM systems for lattices and comparing print settings as done in this study but also for optimizing 

the adequate post processing options available for lattices like blasting, chemical etching and more [80,204], 

which cannot be achieved if a conventional and general AM benchmark artefact is used. Suggested designs 

for TPMS and stochastic lattice structures can also play an important role for future AM lattice benchmark 

artefacts which can also take in consideration the suggested use of findings from Chapter 5. This include the 

use of a dimensional workpiece to separate measurement errors from manufacturing ones as well as using 

the developed image analysis tool to optimise XCT scan settings for the measured AM lattice.  

Another application of the developed study is for the AM user to test the capability of making strut 

based “supports” which are existing in most builds. The application of this study in this field contributes to 

the existing literature in this area of research [149,389]. Advances in this field can also allow for using 

smaller and thinner supports at the are touching the part, allowing for an easier support removal, reducing 

time and cost needed for this post processing phase. The developed AM benchmark artefact can also assist 

existing AM users to experiment and develop DOE studies to innovate optimized scanning strategies as 

previously highlighted by Ghouse et al. [213,224] and post processing protocols especially for end use AM 

parts like medical implants as previously discussed by Farber et al [80]. Finally, the gap highlighted by De. 

Pastre et al. [116] regarding a lattice focused AM benchmark artefact design and measurement strategy has 

been met in this study. Finally, findings from Chapter 7 contributed not only to the literature mentioned 

above but also directly to objective 4 set in this PhD study (seen in Chapter 1) and also this time to multiple 

research gaps highlighted by AMSC [20], related to AM lattice measurement challenges which is named 

GAPD26, as well as ones related to using XCT  for dimensional metrology of internal features, which is 

named Gap NDE4. Another one is “Gap P4: surface finish” which highlights the development of surface 

measurement methods adapted for lattice structures, which was successfully done in this study. Studies 

shared in Chapter 5, 6 were applied on as printed Aluminium lattice structure while the metal Titanium 

lattice in Chapter 7 had a stress relieving but no addition heat treatment. In this study, the focus was on 

developing measurement methods for lattices without emphasis on specific applied heat treatment. However, 

future work can consider multiple lattices with different heat treatments like HIP or surface treatments like 

chemical etching. Investigating these post processing methods can reveal more challenges, like the required 
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measurement resolution or measurement strategy that could be then optimised for each chosen workflow. 

Further research suggestions can be seen in Chapter 10 section 10.3. 

  



217 

 

9. Chapter: Conclusion 

The presented research forms a strong basis that can accelerate AM transition into developing more 

protocols to semi-automate and ideally automate most pre-processing as well as post-processing stages of 

the AM process, especially the metrology one. The main contributions can be briefly summarised below: 

• Contribution 1 (Chapter 2-4): Identifying the latest trends as well as research gaps related to 

AM lattices in terms of design, manufacturing and especially metrology using XCT. 

• Contribution 2 (Chapter 5): Development of novel semi-automatic method to assist XCT user 

and optimise scan settings for dimensional AM lattice metrology. 

• Contribution 3 (Chapter 6): Development of procedure to extract both up and down skin areal 

surface data from AM lattices using XCT. 

• Contribution 4 (Chapter 6): Development of procedure to design surface topography on any 

CAD and also for lattice structures up and down skin using areal surface parameters as design 

inputs. 

• Contribution 5 (Chapter 7): Design of lattice focused AM lattice benchmark artefact with 

novel gradient strut thickness applicable for dimensional, surface and porosity analysis. 

• Contribution 6 (Chapter 7): Development of lattice focused measurement strategy based on 

ISO/ASTM 52902:2019 and applying it using XCT and on prints done in both FDM and 

LPBF. 

In response to objectives shown in Chapter 1, the first objective of laying out a state of art 

identification and summary of latest trends as well as research gaps related to AM and XCT in relation to 

lattices was successfully met As shown in Chapter (2-4), it was clear how adopting highly functional AM 

lattices relied on developing metrology tools not only DfAM ones. It was also clear how XCT was the ideal 

tool for investigating and holistically analysing AM lattice structures both internally and externally. 

The second objective shown in Chapter 1 was successfully met with contribution 2, summarised 

above. Due to lack of XCT standards and heavy reliance on manual user input, Chapter 5 focused on 

developing a semi-automatic tool that assists users in optimising XCT settings prior to reconstruction [321]. 

This was done using 2D image analysis based on ISO 15708-3:2019 [339] CNR equation as well as 

verification using a dimensional workpiece previously measured in CMM. The developed method was 

initially applied on machined parts and then adapted for lattice structures. The developed method is highly 

efficient, cost effective and can allow as seen in Chapter 5 to go from a 7-hour process to 35min one when 

compared to conventional methods. The developed method was not only developed and optimised for 

lattices but also compared and verified against conventional methods using a designed and manufactured 
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dimensional workpiece and fixture. This contribution comes as a great addition to existing literature related 

to reducing influence of user experience or subjectivity when using XCT [271] or maximising CNR by 

analysing the nominal workpiece geometry [332]. The findings also meet Gap NDE4 [381] related to using 

NDE tools like XCT for internal features, especially parts with complex geometries like lattice structures.  

The third objective shown in Chapter 1 was met by contribution 3 and 4 summarised above. As seen 

in Chapter 6, the developed protocols did not only allow for successful extraction of areal up skin and down 

skin surface data of AM lattices using XCT but also to parametrically design surface topography on general 

CAD geometries as well as on CAD of AM lattice structures. This contribution was a result of extensive 

DOE done on different geometries, allowing for design of surface topography using areal surface parameters 

as inputs. This contribution comes as a great addition to existing literature which mainly focused on 

incorporating dimensional variations in the CAD of AM lattices [205–207].Also, contribution 3 and 4 

specifically met Gap P4 set by AMSC [20], which is mainly focused on developing surface related 

metrology tools optimised for complex geometries like AM lattice structures.  

Finally, objective four shown in Chapter 1 was successfully met with contribution 5 and 6 

summarised above. As seen in Chapter 7, a novel AM lattice benchmark artefact was designed, additive 

manufactured in both LPBF/FDM processes, and measured using a novel lattice adequate measurement 

strategy. The measurement strategy was based on ISO/ASTM 52902:2019, applied using XCT and adequate 

volume analysis tools optimised for the metrology of AM lattice structures. Findings related to developing 

adequate surface measurement for lattices using XCT shown in Chapter 6 was taken further and applied on 

the novel gradual strut design. Chapter 7 also include in section 7.5 designs for AM lattice benchmark 

artefact optimised for TPMS or stochastic lattices as well as method to include and use findings from 

Chapter 5 related to the measurement strategy. Using findings from Chapter 5 and 6 allowed for an 

integrated Chapter 7 where it was possible to summarise multiple findings related to metrology of AM 

lattice structures, possible challenges as well as future work suggestions. This contribution comes as a great 

addition to existing literature where only two AM benchmark artefact included a lattice [116,118] without a 

suitable measurement strategy, which highlights the need of a lattice focused benchmark artefact as 

mentioned by De. Pastre et al. [116]. The findings can be used to not only evaluate different AM systems but 

also to optimise print settings as done by Ghouse et al. [213,224] or post processing options as done by 

Farber et al. [80]. This means that contribution 5 and 6 meet Gap D26 which is related to developing 

adequate measurement procedures optimised for AM lattice structures and also targets Gap P4 and Gap 

NDE4 shown above. 
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Furthermore, the proposed novel dimensional optimisation, surface extraction/design and AM lattice 

benchmark artefact research allowed to meet the aim of this PhD study, which was to develop and optimise 

measurement techniques, to enable a clear, repeatable and reliable approach of measuring or comparing 

produced AM lattice structures. Presented research and contribution in this field will participate in 

accelerating further adoption of AM and use of lattices in industry. Research in this field will allow AM 

users to be focused on developing ground-breaking applications with less cost and time spent on the process 

stability, post-processing, and quality inspection tools.  

Nevertheless, AM market has significantly grew in the previous decade but, it still only represent less 

than 1% of the global manufacturing economy [6] and more research will be needed especially when it 

comes to lattices. Examples of promising research can include Nikon automated CT lines [390], EOS 

industry 4.0 integrated smart AM factory [391] or high speed XCT scan technology [392]. Future work 

related to each section of this study can be seen in the following Chapter. 
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10. Chapter : Future work 

The work presented in this study aims at accelerating the adoption of AM and increase its use in the 

existing fields by embracing more of the unique capabilities of AM, in this case lattice structures. Following 

the presented research multiple future work paths can be followed as described below. 

10.1. Further work regarding XCT dimensional metrology optimisation for AM lattice structures 

Further work related to this Chapter can initially include doing a larger study with more variables in 

a structured DOE. Few adaptations are expected of the developed method like the option of changing ROI 

size when magnification is also a parameter. Another future study can include involving more XCT systems 

and users, leading to an ideal interlaboratory experiment. This will allow for the assessment of the developed 

method reliability and repeatability with different users. This can allow for improved efficiency that can 

assist users of all experience levels to take reliable XCT scans, especially for complex geometries like AM 

lattice structures. Future studies can also inspect the possibility of automating the process steps like the one 

related to user choosing the ROI regions and automatic comparison of CNR. This can greatly assist in 

research aiming at making XCT scanning process reliable and with reduced dependency on user experience 

or subjectivity as well as automated, making it cost effective.  

10.2. Further work regarding XCT surface metrology study for AM lattice structures 

The performed study was effective, and to take it further, future work can expand the range of strut-

based lattices and their overhang angles allowing for further process repeatability quantification. Since the 

design is parametric, this can be done instantly by changing the unit cell type of strut diameter range without 

need for manual redesign. Also, the proposed study used AlSi10Mg and LPBF process. However, Since the 

challenging surface roughness on the overhang of lattices is not limited to the LPBF process, future research 

can investigate further AM processes such as electron beam [393] or even binder jetting [394]. As a result, 

DfAM engineers can have clear expectations of different AM processes and materials when additively 

manufacturing lattices as previously reported in the literature for non-lattice AM parts [108]. In the context 

of the present study, research in this field will enable designing CADwDS of AM lattices specifying the type 

of AM process and print settings as inputs or retain of areal surface roughness parameters to define process 

parameters. Also, when using LPBF process, it is not uncommon to have slightly different part quality 

depending on the part position on the print bed [395], in fact, most AM machines when calibrated, have an 

ideal spot that is usually in the middle, where heat distribution is more stable. The positioning in the build 

platform in regard to the powder spreading direction and purging gas can also affect the resulting part 

properties due to the distribution of powder particle sizes and packing density of the layers and gas flow 

[396] . In this regard, future research can investigate how this change in part position across build platform 
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can affect quality and surface topography of AM lattices using the proposed design and measurement 

strategy. It is expected for example that with further research on the AM machine quality and repeatability 

across the bed platform, the designed CADwDS will not only be dependent on the AM process and print 

settings as mentioned above but also on the planned print bed location. Research in this field can possibly 

lead to the development of another parameter or coefficient that can be directly added to the developed script 

to affect the surface topography, and for example increase Sa on down skin surface because the part is not in 

an ideal build bed position.  

10.3. Further work regarding AM lattice benchmark artefact 

Regarding the study shared in Chapter 7, the design was proven to not be exclusive to one AM 

process as it was additive manufactured in both LPBF and FDM systems. Since the XCT penetration of the 

Titanium part was challenging, few suggestions made above included testing it in Aluminium, since a lattice 

of approximately similar box size was successfully XCT scanned in Chapter 6. Another suggestion was the 

use of XCT machine with higher voltage, which might be challenging due to contrasting fine and thick 

features but can be achievable by using dual energy methods shown in literature [370]. Another alternative 

was to adapt the design for denser metals and only have two-unit cells in X and Y axis as seen in as seen in 

Figure 141. Future work can also include the design and adaptation of measurement strategy for TPMS 

lattice structures. While the TPMS lattice benchmark artefact can also have a gradual thickness, 

measurements developed for strut-based type unit cells are not necessarily applicable in this case. Finally, 

and while the findings of Chapter 6 related to surface extraction was used in the AM lattice benchmark 

artefact, the findings of Chapter 5 can also be adapted in future experiments and be used to include a 

dimensional workpiece and XCT setting optimisation step before measurement. This will allow for 

improved separation of manufacturing errors and measurement errors, which can be critical for the usual 

fine features of AM lattice structures. 
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12. Appendices 

12.1. Appendix 1: DOE 54 sample data (Chapter 6) 

DOE 

sample 
Frequency 

Amplitude  

(mm) 
Shape Seed 

Sa 

(μm) 

Sq 

(μm) 

Sp 

(μm) 

Sv 

(μm) 

Spd (10% 

Treshold) 

(1/ mm²) 

Max(Sp,Sv) 

(μm) 
 

1 1750 0.1 Plane 2 21.84 26.82 86.81 81.97 3.84 86.81 

2 1250 0.3 Plane 1 66.22 81.54 253.19 260.35 1.97 260.35 

3 1750 0.3 Plane 3 65.93 80.60 263.54 248.33 3.38 263.54 

4 1250 0.1 Plane 3 22.49 27.45 83.73 84.47 1.99 84.47 

5 1750 0.2 Plane 2 43.57 53.63 174.58 171.10 3.88 174.58 

6 1250 0.2 Plane 1 44.17 54.29 166.90 161.55 2.12 166.90 

7 1750 0.3 Plane 1 66.34 81.10 258.15 276.03 3.36 276.03 

8 1750 0.1 Plane 1 22.41 27.40 87.88 84.57 3.79 87.88 

9 1500 0.1 Plane 2 22.32 27.31 84.60 80.70 3.11 84.60 

10 1250 0.3 Plane 3 66.17 80.93 256.32 248.18 2.01 256.32 

11 1500 0.1 Plane 3 22.22 27.23 87.42 85.32 2.76 87.42 

12 1750 0.2 Plane 3 44.30 54.16 169.88 172.72 3.90 172.72 

13 1250 0.1 Plane 2 22.57 27.50 82.64 81.86 2.09 82.64 

14 1500 0.2 Plane 1 43.86 53.89 160.29 161.22 3.15 161.22 

15 1250 0.2 Plane 3 44.57 54.47 173.47 171.35 2.01 173.47 

16 1500 0.3 Plane 1 65.91 81.06 244.31 250.64 2.77 250.64 

17 1500 0.3 Plane 2 67.45 82.60 245.61 246.02 2.84 246.02 

18 1500 0.2 Plane 3 44.71 54.75 171.12 178.70 2.82 178.70 

19 1750 0.3 Plane 2 64.75 79.69 264.28 249.72 3.34 264.28 

20 1750 0.2 Plane 1 44.76 54.77 174.12 172.71 3.72 174.12 

21 1250 0.1 Plane 1 22.12 27.13 85.41 83.37 2.15 85.41 

22 1500 0.1 Plane 1 21.99 26.99 87.10 84.32 3.00 87.10 

23 1750 0.1 Plane 3 22.33 27.29 84.58 84.62 4.00 84.62 

24 1250 0.2 Plane 2 45.24 55.29 180.38 167.24 1.99 180.38 

25 1500 0.3 Plane 3 66.61 81.59 260.01 246.62 2.58 260.01 

26 1500 0.2 Plane 2 44.87 54.95 163.17 169.34 3.00 169.34 

27 1250 0.3 Plane 2 67.84 83.15 251.47 251.35 1.97 251.47 
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28 1750 0.1 Cylinder 2 22.24 27.23 88.18 89.39 3.63 89.39 

29 1250 0.3 Cylinder 1 68.15 83.25 256.10 260.93 2.04 260.93 

30 1750 0.3 Cylinder 3 66.65 81.40 255.69 261.86 3.45 261.86 

31 1250 0.1 Cylinder 3 22.89 27.99 87.51 87.81 2.01 87.81 

32 1750 0.2 Cylinder 2 44.59 54.57 174.02 177.83 3.72 177.83 

33 1250 0.2 Cylinder 1 45.52 55.69 169.70 175.02 2.04 175.02 

34 1750 0.3 Cylinder 1 66.51 81.44 255.74 253.88 3.28 255.74 

35 1750 0.1 Cylinder 1 22.32 27.34 87.76 86.10 3.68 87.76 

36 1500 0.1 Cylinder 2 22.19 27.18 85.90 84.96 2.83 85.90 

37 1250 0.3 Cylinder 3 68.40 83.36 263.75 257.65 1.96 263.75 

38 1500 0.1 Cylinder 3 22.28 27.29 85.49 85.69 2.89 85.69 

39 1750 0.2 Cylinder 3 44.89 54.88 170.73 178.19 3.71 178.19 

40 1250 0.1 Cylinder 2 22.24 27.28 83.47 87.67 2.04 87.67 

41 1500 0.2 Cylinder 1 44.41 54.30 180.10 174.33 2.74 180.10 

42 1250 0.2 Cylinder 3 45.70 55.76 175.34 176.59 2.04 176.59 

43 1500 0.3 Cylinder 1 65.95 80.75 256.80 254.72 2.62 256.80 

44 1500 0.3 Cylinder 2 66.00 81.01 257.27 257.87 2.60 257.87 

45 1500 0.2 Cylinder 3 44.51 54.56 172.45 171.45 2.88 172.45 

46 1750 0.3 Cylinder 2 66.70 81.56 254.38 258.85 3.39 258.85 

47 1750 0.2 Cylinder 1 44.75 54.84 166.65 173.45 3.77 173.45 

48 1250 0.1 Cylinder 1 22.64 27.71 89.38 91.85 1.98 91.85 

49 1500 0.1 Cylinder 1 22.36 27.30 85.07 84.62 2.94 85.07 

50 1750 0.1 Cylinder 3 22.45 27.42 87.33 87.54 3.71 87.54 

51 1250 0.2 Cylinder 2 44.56 54.55 173.18 173.77 2.08 173.77 

52 1500 0.3 Cylinder 3 66.36 81.35 260.79 258.71 2.66 260.79 

53 1500 0.2 Cylinder 2 44.13 54.08 173.00 176.06 2.84 176.06 

54 1250 0.3 Cylinder 2 66.83 81.80 256.03 254.88 2.00 256.03 
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12.2. Appendix 2: ASTM Book Chapter Publication (Chapter 5) 
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12.3. Appendix 3:  Additive Manufacturing Journal Paper published in 2020 (Chapter 6) 
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12.4. Appendix 4: Euspen 2021 Advancing Precision in Additive Manufacturing (Chapter 7)  
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12.5. Appendix 5: Article published in 2020 about Webinar presented with Ntopology 
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12.6. Appendix 6: Article published in 2020 with Ntopology about surface metrology of AM lattices 
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12.7. Appendix 7: Article published in 2020 about award winning AM lattice implant design 
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12.8. Appendix 7: Article published in 2021 about advances and research in medical AM 
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12.9. Appendix 9: Article published in 2020 with Philip Sperling (VGSTUDIO MAX) about 

metrology in medical AM field 
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12.10. Appendix 10: Winner of Additive World 2020 DfAM Challenge organised by Additive 

Industries (Press release by Additive Industries) 
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12.11. Appendix 11: Selected in IMechE 2019 Rising Star - 25 under 35 (Published in iMeche 

Magazine Issue 2, 2019) 
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