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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 

From an industrial perspective this paper aims to explore the state of the art regarding GD&T for metal additive manufacturing, specifically 
regarding product definition and inspection. The available techniques for geometry assurance for parts with small scale features and rough 
surfaces are evaluated in terms of suitability for the task and readiness for industrial implementation. It is found that many of the remaining 
challenges seem to be related to processing of data rather than obtaining data. Current difficulties are related to issues such as calibration, 
surface determination and defining the most relevant parameters to tolerance and inspect. 
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1. Introduction 

In order to design and efficiently produce products that 
meet functional needs, those needs have to be specified 
through material and geometry with tolerances, e.g. 
Geometrical Dimensioning and Tolerancing (GD&T).  

In recent years there have been a number of reviews and 
research papers published on various topics related to 
geometrical tolerancing and inspection of AM parts. 

The comprehensive CIRP STC Dn keynote of 2016 covers 
many aspects of additive manufacturing including the need for 
process-specific design rules as well as challenges for 
metrology and quality control after production [1]. 

Ameta et al. reviews tolerancing of AM parts and related 
issues in two publications 2015 [2,3], studies that are followed 
up by Witherell et al. in 2016 [4]. 

In the above mentioned publications the need for additional 
AM-driven specification standards and additions to current 
tolerancing standards are discussed [1–4]. It is pointed out that 
AM processes bring together the specification issues of 
material and geometry. The standards in material and 
geometry specifications will have to work together in order to 

address the standards related challenges posed by AM 
processes [2,3]. In the newer review it is noted that these 
challenges still have not been handled [4]. Alternative 
approaches such as the Enriched voxel-based volumetric 
representation presented by Moroni et al. [5] have recently 
been suggested for how to deal with some of the challenges. 

Challenges also are present regarding inspection, relating to 
evaluation of dimensions as well as surface topography, 
regarding obtaining, processing and evaluation of 
measurement data. 

The objective of this paper is to explore the state of the art 
regarding GD&T for metal additive manufacturing 
specifically regarding product definition and inspection from 
an industrial perspective. 

The paper is structured accordingly: First, two industrial 
examples are given which serve as examples for identification 
of needs. Then, with the basis in those examples some general 
research questions are formulated. After that, the paper will 
review and discuss available methods and technologies from 
the perspective of helping to solve these research questions in 
the industrial contexts that they originate from. In this way, 
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the industrial contexts that they originate from. In this way, 
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functional requirements for the finalized product and 
specifications needed to fulfill the intended function. 

2. The second stage, as manufactured, is related to the pre-
production phase. Here process engineering takes place, 
hence, specifications made here need to be adapted to the 
manufacturing processes that are to be used. 

3. The third stage, as finished, also is related to the pre-
production phase. Again, here process engineering takes 
place and specifications made here need to be adapted to 
the finishing processes that are to be used. 

4. The last stage, as inspected, is related to the production 
phase and specifications here are for process control. 

As mentioned in the introduction, a need for additional 
AM-driven specification standards and additions to current 
tolerancing standards has been expressed. Similarly, there are 
other processes which have process-driven specification 
standards for parts such as composite processes and parts 
made using casting, forging, and molding processes [3]. In 
these processes, specific process related things occur, e.g. 
parting lines in injection moulding. Some features of a metal 
AM part can be regarded similarity, e.g. visual texture or 
anisotropic material properties related to build direction. 

Either these properties caused by process specific 
conditions are desired in the final product or they are not. If 
they are not desired then they should not have to be 
considered in the design phase. However, they have to be 
considered during the process engineering in the pre-
production phase so that they can be handled by a post 
process if needed. Reversely, if the manufacturing process 
related properties are desired in the final product then they 
should be included in the product specifications in the design 
phase so that they are considered in the pre-production phase 
during the process engineering. 

4. Referencing and positioning 

The, for metal AM parts most relevant, issue of non 
nominal datum features was explored by Armillotta in 2016 
[9]. This issue is especially relevant for the first research 
question in the present paper, referencing and positioning of 
parts before post processing. In the paper, an approach for 
simulating the effect of rough mating surfaces on geometric 
errors of the assembly is presented [9]. This could be applied 
e.g. in the case of simulating positioning of a rough AM part 
in a fixture or vice for post processing. 

As previously noted, metal AM surfaces are typically 
relatively rough after manufacturing. For referencing and 
optimization of post processing it is necessary to construct 
datum features. In a 2017 research paper Shakarji and 
Srinivasan address the problem of establishing datums using 
constrained least-squares fitting to input points sampled on 
non-linear elements such as circles, cylinders, and spheres. 
[10]. The methods have to be extended to include continuous 
sets of points to be fully applicable to free form geometries. 
They also have to be implemented in commercially available 
software to be industrially easily accessible. 

5. Inspection 

5.1. Measurement of dimensions 

Contacting (CMMs) and non-contacting (e.g. structured 
light) methods both rely on a line of sight between the 
measurement system (e.g. tip or sensor) and the point that is 
to be measured. X-ray computed tomography (CT) is an 
alternative method to be able to measure internal features or 
parts of outer surfaces that are not accessible, e.g. undercuts.   

In the 2016 review on form metrology for metal AM parts 
Stavroulakis and Leach concludes that the optical techniques 
laser triangulation and structured light are currently the most 
suitable options for form measurement of metal AM parts [11] 
which obviously only can be the case for optically accessible 
surfaces. Typical metal AM surfaces are not optically smooth 
which means that these methods works quite well since they 
rely on diffuse reflectance rather than specular reflectance. 
They are also relatively quick methods. Structured light is 
suggested as the method for as printed AM parts and laser 
triangulation for finished parts if two methods can be used 
[11]. 

With X-ray computed tomography (CT) it is possible to 
perform geometry measurements of otherwise hidden features 
such as internal cavities or deeply recessed points on an 
external surface [12], see  

Figure 3. Even surface topography of internal surfaces can 
be measured [13]. Another advantage of CT technology, very 
relevant for metal AM, is that it allows performing 
dimensional quality control and material quality control 
simultaneously [12]. In the CIRP STC P keynotes from 2011 
[12] and  2014 [14] as well as in the review by Thompson et 
al. from 2016 [15] thorough reviews of the technology and 
example applications are given, e.g. an AM part with cooling 
channels [14]. 

 

 

Figure 3: Representation of results using the Actual/Nominal comparison 
using a CAD model of  a cut-out to identify variations inside the part, cropped 

from [16], reproduced with permission. 
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the given industrial examples also serve as delimitations for 
the review. Lastly, there is a discussion on remaining needs. 

2. Identification of industrial needs 

Two industrial examples are given below in which specific 
needs can be identified.  

2.1. Industrial examples 

Example 1: Hyproline was an EU funded research project 
with various industrial partners (High performance Production 
line for Small Series Metal Parts, FoF.NMP.2012-4). The 
studied geometry contains features with dimensions and 
tolerances which were representative of the requirements of 
the industrial partners in the project. The specific example 
that will be used here is the width of some rectangular pockets 
which was specified to 3 mm ± 10 µm after post processing 
using laser finishing. The AM process was Digital Metal from 
Höganäs using various metallic materials. Directly after 
printing the parts typically had a surface finish of Rz ≈ 60-80 
µm. In this example, adequate detecting, referencing and 
positioning of the part would have been critical to be able to 
successfully perform the post processing. 

Example 2: AMtoFlex is, at the time of writing this paper, 
an ongoing Swedish research project (Additive Manufacturing 
of Tooling for Flexible Production and Optimized Product 
Properties, Vinnova d-nr: 2016-03305). One of the case 
studies in the project is a tooling insert for hot stamping with 
free form forming surfaces and conforming cooling channels 
at a certain distance below the forming surface. In hot 
stamping the cooling efficiency of the tooling is critical 
because it sets the required cycle time in the process, directly 
influencing the economical efficiency, as well as influencing 
the quality of the produced parts. FE simulations are used to 
optimize the tooling design to produce formed components 
with the correct geometry and material properties as 
efficiently as possible. Therefore, the diameter, internal 
surface roughness and positions of the cooling channels in 
relation to the forming surface are of great interest.  

2.2. Research questions 

The research questions below are generalized and based on 
the needs from the industrial examples above. In both 
examples some critical features have to be post processed in 
order to fulfill the required tolerances. 

1. How to ensure adequate referencing and positioning to 
accommodate successful post processing? 

2. How to evaluate geometry (dimensions) when surface 
roughness is relatively large? 

3. How to measure external and internal geometries? 
4. How to measure surface topography on external and 

internal surfaces? 

3. Product definition 

In their 2016 paper Witherell et al. presented a model for 
different stages of an AM product definition [4], see Figure 1. 
In the model there are four stages, of which some possibly 
could be further subdivided into more stages. Different types 
of information need to be associated with the product 
depending on which stage that is considered. In the first stage, 
as designed, there are specifications on the finished product 
itself such as geometry and material properties, that are 
needed to ensure the product's function. The next stage, as 
manufactured, includes specifications that are related to the 
AM process such as support structures, build direction and 
placement in the build chamber. The third stage, as finished, 
are specifications for any post-processes, such as removal of 
support structures and surface finishing e.g. blasting. The 
fourth stage, as inspected includes specifications needed for 
the inspection of the finalized part [4]. 
 

 

Figure 1: Intermediate stages of AM product definition [4], reproduced with 
permission. 

 

Figure 2: Product realization loop, adapted from [6]. 

The four stages in Figure 1 can be related to different 
phases of the Product realization loop [6–8], see Figure 2, 
which is general and not connected to any specific 
manufacturing method: 

1. The first stage in Figure 1, as designed, is related to the 
design phase in the Product realization loop. Focus is on 
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functional requirements for the finalized product and 
specifications needed to fulfill the intended function. 

2. The second stage, as manufactured, is related to the pre-
production phase. Here process engineering takes place, 
hence, specifications made here need to be adapted to the 
manufacturing processes that are to be used. 

3. The third stage, as finished, also is related to the pre-
production phase. Again, here process engineering takes 
place and specifications made here need to be adapted to 
the finishing processes that are to be used. 

4. The last stage, as inspected, is related to the production 
phase and specifications here are for process control. 

As mentioned in the introduction, a need for additional 
AM-driven specification standards and additions to current 
tolerancing standards has been expressed. Similarly, there are 
other processes which have process-driven specification 
standards for parts such as composite processes and parts 
made using casting, forging, and molding processes [3]. In 
these processes, specific process related things occur, e.g. 
parting lines in injection moulding. Some features of a metal 
AM part can be regarded similarity, e.g. visual texture or 
anisotropic material properties related to build direction. 

Either these properties caused by process specific 
conditions are desired in the final product or they are not. If 
they are not desired then they should not have to be 
considered in the design phase. However, they have to be 
considered during the process engineering in the pre-
production phase so that they can be handled by a post 
process if needed. Reversely, if the manufacturing process 
related properties are desired in the final product then they 
should be included in the product specifications in the design 
phase so that they are considered in the pre-production phase 
during the process engineering. 

4. Referencing and positioning 

The, for metal AM parts most relevant, issue of non 
nominal datum features was explored by Armillotta in 2016 
[9]. This issue is especially relevant for the first research 
question in the present paper, referencing and positioning of 
parts before post processing. In the paper, an approach for 
simulating the effect of rough mating surfaces on geometric 
errors of the assembly is presented [9]. This could be applied 
e.g. in the case of simulating positioning of a rough AM part 
in a fixture or vice for post processing. 

As previously noted, metal AM surfaces are typically 
relatively rough after manufacturing. For referencing and 
optimization of post processing it is necessary to construct 
datum features. In a 2017 research paper Shakarji and 
Srinivasan address the problem of establishing datums using 
constrained least-squares fitting to input points sampled on 
non-linear elements such as circles, cylinders, and spheres. 
[10]. The methods have to be extended to include continuous 
sets of points to be fully applicable to free form geometries. 
They also have to be implemented in commercially available 
software to be industrially easily accessible. 

5. Inspection 

5.1. Measurement of dimensions 

Contacting (CMMs) and non-contacting (e.g. structured 
light) methods both rely on a line of sight between the 
measurement system (e.g. tip or sensor) and the point that is 
to be measured. X-ray computed tomography (CT) is an 
alternative method to be able to measure internal features or 
parts of outer surfaces that are not accessible, e.g. undercuts.   

In the 2016 review on form metrology for metal AM parts 
Stavroulakis and Leach concludes that the optical techniques 
laser triangulation and structured light are currently the most 
suitable options for form measurement of metal AM parts [11] 
which obviously only can be the case for optically accessible 
surfaces. Typical metal AM surfaces are not optically smooth 
which means that these methods works quite well since they 
rely on diffuse reflectance rather than specular reflectance. 
They are also relatively quick methods. Structured light is 
suggested as the method for as printed AM parts and laser 
triangulation for finished parts if two methods can be used 
[11]. 

With X-ray computed tomography (CT) it is possible to 
perform geometry measurements of otherwise hidden features 
such as internal cavities or deeply recessed points on an 
external surface [12], see  

Figure 3. Even surface topography of internal surfaces can 
be measured [13]. Another advantage of CT technology, very 
relevant for metal AM, is that it allows performing 
dimensional quality control and material quality control 
simultaneously [12]. In the CIRP STC P keynotes from 2011 
[12] and  2014 [14] as well as in the review by Thompson et 
al. from 2016 [15] thorough reviews of the technology and 
example applications are given, e.g. an AM part with cooling 
channels [14]. 
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the given industrial examples also serve as delimitations for 
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as designed, there are specifications on the finished product 
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permission. 
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evaluation, such as computation of roughness parameters in 
accordance with ISO 25178-2 [29]. In a study by Townsend et 
al. a method for processing the data and computing roughness 
parameters was demonstrated and compared to results 
obtained through traditional means, in this case focus 
variation. The results showed reasonable agreement between 
the methods [13]. In another study by Thompson et al. a 
comparison between measurements made with CT, confocal 
microscopy, coherence scanning interferometry and focus 
variation was performed. Also in this study the CT 
measurements produced reasonable results [25]. 

In another study by Townsend et al. specific 
methodological issues when processing CT data for surface 
roughness evaluation were investigated [30]. It was shown 
that the method for surface determination influences the 
accuracy of the reconstructed surface. Also, a change of 
filament in the CT scanning equipment had a significant effect 
on the evaluated results. Finally, it was shown that measuring 
the same surface as an external or internal surface did not give 
significantly different results [30]. 

The areal characterization parameters in the current 
standard for calculating surface roughness parameters, ISO 
25178-2 [29], are formulated to accommodate 
characterization of surfaces manufactured by other methods 
than the comparably novel method of metal AM. Most of 
them describe the surface in a summarizing statistical way. 
There are feature parameters but these features are limited to 
hills and dales. On a metal AM surface typically other types 
of features can be found such as weld ripples, spatter and 
partially melted powder particles, see Figure 5.  The issue of 
characterizing such features is dealt with in a paper by Senin 
et al. [31]. Here, an algorithmic approach for characterizing 
such typical features on metal AM surfaces is presented. 
These types of characterizations can prove to be more useful 
for AM process development than the traditional areal 
parameters in the ISO standard. 

Another non-traditional type of characterization that can be 
useful for evaluation of AM surface topography is Specific 
Surface Area, SSA, which can be calculated as a function of 
scale of observation  [32]. In a paper by Quinsat et al. this 
technique is used to characterize the total surface area of a 
part of a component, both external and internal surface area as 
well as surface area in pores. This multi scale characterization 
parameter could also prove to be useful for tolerancing if it 
can be related to the functionality of a product as well as it 
could be useful for process development if it can be related to 
different processing conditions. 

6. Discussion on remaining needs 

There are many technologies and methods available to help 
answer the research questions formulated in section 2.2. In 
many parts they are mature and some parts they need further 
development to be industrially useful in the contexts of the 
examples in section 2.1. A complete chain of methods and 
accompanying technologies needs to be demonstrated and 
verified before industrial implementation is feasible. The 
methods and technologies also need to be easily accessible, 

e.g. included in commercially available software packages, to 
be accepted. 

Specific identified remaining needs are: 

• A complete methodology for robust use of CT 
scanning equipment including means for calibration 
to achieve traceability. This is necessary both for 
dimensional and surface metrology.  

• Standardized ways for surface determination when 
processing CT data to ensure accuracy. 

• A method for constructing datum features on rough 
free form surfaces needs to be developed and 
implemented to enable efficient referencing and 
positioning of AM parts for post processing. 

• Relevant characterization parameters for metal AM 
parts need to be identified and standardized that 
preferably are related to both functional performance 
and the manufacturing process.  

7. Conclusions 

In the present paper the ambition has been to present a 
complete chain of methods and technologies that could be 
used for inspection of metal AM parts. Two industrial 
examples were given were specific needs could be identified. 
It is clear that there are still challenges remaining to be able to 
fully satisfy those needs. 

Many of the remaining challenges seem to be related to 
processing of data rather than obtaining data. Of course, 
future measurement equipments with more power and higher 
accuracy will lead to better possibilities for inspection but the 
current difficulties are related to issues such as calibration, 
surface determination and defining the most relevant 
parameters to tolerance and inspect. 

As with any manufacturing process also metal AM 
processes have limitations and process specific features. 
However, this should not necessarily have to be considered in 
the design phase but rather in the pre-production phase in the 
Product realization loop. 
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There are many factors that influence the capability of a 
specific dimensional CT setup, e.g. target, source power 
(voltage and current), workpiece orientation and scanning 
strategy [12]. A summary of typical spatial resolutions and 
object sizes for dimensional CT is presented in Figure 4. 
Typical material thicknesses that can be penetrated by the  
X-ray beam are 70 mm for steel, 250 mm for aluminum and 
450 mm for plastics [14].  However, dimensional CT is a field 
with rapid development which means these numbers may be 
outdated quickly. 
 

 

Figure 4: Typical spatial resolutions and object sizes (diameter) for macro 
CT, micro CT, nano CT, synchrotron CT (sCT) and synchrotron CT with KB 

mirrors (sCT + KB), adapted from [14]. 

The surface determination of CT scanning data is 
influenced by surface roughness. This was investigated by 
Carmignato et al. in their 2017 research paper [17]. In the 
paper, systematic dimensional errors are evaluated on samples 
with different characteristic textures, a polymer AM part 
(FDM), a turned part and a part with a triangular surface 
profile. Measurements by a contact CMM were used as 
reference. It was found that the CT scanning with least 
squares fitted evaluation elements were systematically smaller 
than the reference CMM measurements that were measuring 
on the peaks of the surface, which is not unexpected. More 
interestingly, it was found that the combined effect of profile 
shape and voxel size in the CT scanning had a strong 
influence on the evaluated geometry and that the deviations 
were larger for surfaces with steeper peaks/valleys [17].  

The thorough review papers mentioned above includes 
discussions on measurement uncertainty in dimensional CT 
scanning [12,14,15]. Additionally, several other research 
papers have been dedicated to this subject [16,18–23]. In 
these papers different approaches for estimating the 
measurement uncertainties are evaluated. Nevertheless, robust 
and industrially useful methods for estimating measurement 
uncertainties and performing calibrations still seem to be 
lacking [24]. 

 

5.2. Measurement of surface topography 

In addition to evaluation of geometry (dimensions) also 
evaluation of surface topography is of interest. Firstly, the 
surface roughness can be a specification that has to be 
fulfilled for functional reasons. Secondly, it can be useful 
information to be able to perform process engineering for post 
processing as discussed previously. Thirdly, it can be useful 
information for AM process development. 

In contrast to optical dimensional measurements, many of 
the commonly used optical techniques for surface topography 
measurement depend on specular reflectance which means 
that metallic AM surfaces can be technically challenging to 
measure because of steep angels, high aspect ratios and 
varying optical properties [25], see Figure 5 for an example.  

 

 

Figure 5: Example of surface topography on metal AM part. 

A comprehensive review by Townsend et al. was published 
in 2016 [26]. In this paper the development of surface 
metrology for metal AM is covered. It is concluded that 
although surface texture is three-dimensional it has been 
evaluated mostly by stylus based profile measurements. This 
is also the case in the manufacturing industry in general [27]. 
It was also found that in the analyzed literature, texture 
characterization was mostly performed to gain a better 
understanding of the AM technology being studied and its 
capabilities. This was considered to be typical of early-stage 
development of manufacturing technologies. 

Other research papers have focused on comparing different 
measurement techniques for measurement of metal AM 
surfaces [25,28]. Optical techniques, tactile and image 
processing techniques as well as CT have been tested. From 
these investigations it is evident that different measurement 
technologies can give very different results and it is not 
obvious which one gives the most accurate results. 

Surface topography can be of interest also on internal 
surfaces or on surfaces with limited accessibility. In these 
cases, as with dimensional metrology, CT scanning is a 
possible technology to use. Obviously, CT scanning 
equipment with enough resolution is needed to measure 
surface texture. In most practical cases this will be a µCT, see 
Figure 4. However, data from CT scanning is not in a form 
that is directly useable for regular surface topography 
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evaluation, such as computation of roughness parameters in 
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hills and dales. On a metal AM surface typically other types 
of features can be found such as weld ripples, spatter and 
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characterizing such features is dealt with in a paper by Senin 
et al. [31]. Here, an algorithmic approach for characterizing 
such typical features on metal AM surfaces is presented. 
These types of characterizations can prove to be more useful 
for AM process development than the traditional areal 
parameters in the ISO standard. 

Another non-traditional type of characterization that can be 
useful for evaluation of AM surface topography is Specific 
Surface Area, SSA, which can be calculated as a function of 
scale of observation  [32]. In a paper by Quinsat et al. this 
technique is used to characterize the total surface area of a 
part of a component, both external and internal surface area as 
well as surface area in pores. This multi scale characterization 
parameter could also prove to be useful for tolerancing if it 
can be related to the functionality of a product as well as it 
could be useful for process development if it can be related to 
different processing conditions. 

6. Discussion on remaining needs 

There are many technologies and methods available to help 
answer the research questions formulated in section 2.2. In 
many parts they are mature and some parts they need further 
development to be industrially useful in the contexts of the 
examples in section 2.1. A complete chain of methods and 
accompanying technologies needs to be demonstrated and 
verified before industrial implementation is feasible. The 
methods and technologies also need to be easily accessible, 

e.g. included in commercially available software packages, to 
be accepted. 

Specific identified remaining needs are: 

• A complete methodology for robust use of CT 
scanning equipment including means for calibration 
to achieve traceability. This is necessary both for 
dimensional and surface metrology.  

• Standardized ways for surface determination when 
processing CT data to ensure accuracy. 

• A method for constructing datum features on rough 
free form surfaces needs to be developed and 
implemented to enable efficient referencing and 
positioning of AM parts for post processing. 

• Relevant characterization parameters for metal AM 
parts need to be identified and standardized that 
preferably are related to both functional performance 
and the manufacturing process.  

7. Conclusions 

In the present paper the ambition has been to present a 
complete chain of methods and technologies that could be 
used for inspection of metal AM parts. Two industrial 
examples were given were specific needs could be identified. 
It is clear that there are still challenges remaining to be able to 
fully satisfy those needs. 

Many of the remaining challenges seem to be related to 
processing of data rather than obtaining data. Of course, 
future measurement equipments with more power and higher 
accuracy will lead to better possibilities for inspection but the 
current difficulties are related to issues such as calibration, 
surface determination and defining the most relevant 
parameters to tolerance and inspect. 

As with any manufacturing process also metal AM 
processes have limitations and process specific features. 
However, this should not necessarily have to be considered in 
the design phase but rather in the pre-production phase in the 
Product realization loop. 
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There are many factors that influence the capability of a 
specific dimensional CT setup, e.g. target, source power 
(voltage and current), workpiece orientation and scanning 
strategy [12]. A summary of typical spatial resolutions and 
object sizes for dimensional CT is presented in Figure 4. 
Typical material thicknesses that can be penetrated by the  
X-ray beam are 70 mm for steel, 250 mm for aluminum and 
450 mm for plastics [14].  However, dimensional CT is a field 
with rapid development which means these numbers may be 
outdated quickly. 
 

 

Figure 4: Typical spatial resolutions and object sizes (diameter) for macro 
CT, micro CT, nano CT, synchrotron CT (sCT) and synchrotron CT with KB 

mirrors (sCT + KB), adapted from [14]. 

The surface determination of CT scanning data is 
influenced by surface roughness. This was investigated by 
Carmignato et al. in their 2017 research paper [17]. In the 
paper, systematic dimensional errors are evaluated on samples 
with different characteristic textures, a polymer AM part 
(FDM), a turned part and a part with a triangular surface 
profile. Measurements by a contact CMM were used as 
reference. It was found that the CT scanning with least 
squares fitted evaluation elements were systematically smaller 
than the reference CMM measurements that were measuring 
on the peaks of the surface, which is not unexpected. More 
interestingly, it was found that the combined effect of profile 
shape and voxel size in the CT scanning had a strong 
influence on the evaluated geometry and that the deviations 
were larger for surfaces with steeper peaks/valleys [17].  

The thorough review papers mentioned above includes 
discussions on measurement uncertainty in dimensional CT 
scanning [12,14,15]. Additionally, several other research 
papers have been dedicated to this subject [16,18–23]. In 
these papers different approaches for estimating the 
measurement uncertainties are evaluated. Nevertheless, robust 
and industrially useful methods for estimating measurement 
uncertainties and performing calibrations still seem to be 
lacking [24]. 

 

5.2. Measurement of surface topography 

In addition to evaluation of geometry (dimensions) also 
evaluation of surface topography is of interest. Firstly, the 
surface roughness can be a specification that has to be 
fulfilled for functional reasons. Secondly, it can be useful 
information to be able to perform process engineering for post 
processing as discussed previously. Thirdly, it can be useful 
information for AM process development. 

In contrast to optical dimensional measurements, many of 
the commonly used optical techniques for surface topography 
measurement depend on specular reflectance which means 
that metallic AM surfaces can be technically challenging to 
measure because of steep angels, high aspect ratios and 
varying optical properties [25], see Figure 5 for an example.  

 

 

Figure 5: Example of surface topography on metal AM part. 

A comprehensive review by Townsend et al. was published 
in 2016 [26]. In this paper the development of surface 
metrology for metal AM is covered. It is concluded that 
although surface texture is three-dimensional it has been 
evaluated mostly by stylus based profile measurements. This 
is also the case in the manufacturing industry in general [27]. 
It was also found that in the analyzed literature, texture 
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measurement techniques for measurement of metal AM 
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processing techniques as well as CT have been tested. From 
these investigations it is evident that different measurement 
technologies can give very different results and it is not 
obvious which one gives the most accurate results. 

Surface topography can be of interest also on internal 
surfaces or on surfaces with limited accessibility. In these 
cases, as with dimensional metrology, CT scanning is a 
possible technology to use. Obviously, CT scanning 
equipment with enough resolution is needed to measure 
surface texture. In most practical cases this will be a µCT, see 
Figure 4. However, data from CT scanning is not in a form 
that is directly useable for regular surface topography 
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