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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 

Additively manufactured parts are characterized by metrological challenges and complexities, due to several reasons, including the inherent 

presence of internal defects and complex surface topography. Micro X-ray computed tomography is currently used to perform dimensional 

evaluations, porosity analysis and, more recently, surface topography measurements of additively manufactured parts thanks to the possibility 

of analysing non-destructively also non-accessible geometries and micro-scale features. However, the accuracy of these evaluations can be 

limited due to the high complexity of such parts. This work summarizes the results of experimental investigations on metrological challenges 

and accuracy of tomographic analyses, based on studies performed on Ti6Al4V specimens produced via selective laser melting. 
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1. Introduction 

Additive Manufacturing (AM) of metals has the great 

potential of producing parts characterized by complex 

geometry and high structural complexity, with almost infinite 

design freedom [1]. State-of-the-art AM technologies, such as 

selective laser melting (SLM) and electron-beam melting 

(EBM), allow fabricating nearly full dense parts as well as 

strong and complex metallic lattice structures [2], which are 

impossible to be obtained through conventional manufacturing 

techniques (e.g. machining and casting) [3]. For these reasons, 

the interest of high-value sectors (e.g. aerospace [4]) for the 

opportunities provided by AM technologies is rapidly 

increasing. However, components used for such sectors must 

often meet tight dimensional and geometrical tolerances [5], 

which can be rather complex for AM parts, as additive 

technologies are inherently characterized by high variability 

[6] and many quality issues (e.g. poor geometrical accuracy, 

complex surface topography with high surface roughness and 

presence of internal defects). Micro X-ray computed 

tomography (CT) is an advanced measuring technique that can 

be effectively used for characterizing AM components [7, 8], 

as it is capable of examining non-destructively also macro- 

and micro-scale features that are inaccessible with other 

measuring techniques. Metrological CT systems are currently 

available to conduct accurate dimensional measurements [9] 

of both external and internal geometries. Moreover, internal 

defects (e.g. voids and inclusions) can be investigated in terms 

of size, spatial distribution and morphology [10]. Finally, 

more recently, CT has started to be considered as a viable 

alternative technique capable of obtaining topographical 

measurements at micro-scale, including non-accessible 

surfaces and re-entrant features [11, 12]. 

This work summarizes the results of experimental 

investigations on the accuracy of the CT-based evaluations 

introduced above, with regard to AM applications. The 

accuracy was investigated by two approaches: (i) comparison 

with other well-established measuring techniques and (ii) 

assessment of measurement errors using calibrated objects. 

Experimental analyses were performed on different SLM parts 

made of Ti6Al4V. Section 3 addresses the accuracy of CT 

dimensional evaluations performed on cellular specimens (i.e. 

CAD comparison and thickness analysis). Section 4 focuses 
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technologies are inherently characterized by high variability 

[6] and many quality issues (e.g. poor geometrical accuracy, 

complex surface topography with high surface roughness and 

presence of internal defects). Micro X-ray computed 

tomography (CT) is an advanced measuring technique that can 

be effectively used for characterizing AM components [7, 8], 

as it is capable of examining non-destructively also macro- 

and micro-scale features that are inaccessible with other 

measuring techniques. Metrological CT systems are currently 

available to conduct accurate dimensional measurements [9] 

of both external and internal geometries. Moreover, internal 

defects (e.g. voids and inclusions) can be investigated in terms 

of size, spatial distribution and morphology [10]. Finally, 

more recently, CT has started to be considered as a viable 

alternative technique capable of obtaining topographical 

measurements at micro-scale, including non-accessible 

surfaces and re-entrant features [11, 12]. 

This work summarizes the results of experimental 

investigations on the accuracy of the CT-based evaluations 

introduced above, with regard to AM applications. The 

accuracy was investigated by two approaches: (i) comparison 

with other well-established measuring techniques and (ii) 

assessment of measurement errors using calibrated objects. 

Experimental analyses were performed on different SLM parts 

made of Ti6Al4V. Section 3 addresses the accuracy of CT 

dimensional evaluations performed on cellular specimens (i.e. 

CAD comparison and thickness analysis). Section 4 focuses 
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on the accuracy of CT surface topography measurements and 

Section 5 on the accuracy of CT porosity analysis.  

2. Metrological CT system 

All the CT measurements reported in this work were 

performed using a metrological CT system (Nikon X-Tek 

MCT225) equipped with a 225 kV micro-focus X-ray source, 

2000×2000 flat panel detector (16 bit) and temperature 

controlled cabinet. The maximum permissible error for 

unidirectional length measurements is MPE = 9 + L/50 μm (L 
is the length in mm).  

The acquired datasets were processed using the analysis- 

and visualization software VGStudio MAX 3.1 (Volume 

Graphics GmbH, Germany). 

3. Dimensional evaluations 

Dimensional measurements (e.g. length and diameter 

measurements) performed by CT are commonly based on 

least-squares fitting of geometrical elements. The surface 

roughness was determined to cause relevant systematic 

deviations between such CT measurements and tactile 

reference measurements [13]. This holds especially for highly 

rough parts (as the case of AM parts). Besides measurements 

based on least-squares fitting, another common CT 

dimensional evaluation is the comparison between measured 

part and nominal model (CAD comparison). This evaluation 

allows measuring the deviations between as-produced part 

and desired part mapping a large amount of points belonging 

to the specimen surface, which is important when particularly 

intricate structures (e.g. cellular specimens) are analysed. 

However, the deviations determined from the CAD 

comparison include both geometrical/dimensional errors and 

structural distortions (often present in AM complex structures 

[14]). For this reason, when the interest is on evaluating only 

the errors associated with the local dimensions, a thickness 

analysis is more effective. The influence of surface texture on 

the accuracy of both CAD comparison and thickness analyses 

performed on cellular structures were addressed in this section 

by experimental as well as by simulation investigations. 

3.1. Experimental investigations 

Cellular specimens with different lattice designs were 

produced by SLM of Ti-6Al-4V and scanned via X-ray 

computed tomography (voxel size equal to 8.3 µm).  

Fig. 1-a illustrates the color-coded deviations between a 

CT-measured specimen and the corresponding nominal 

model. As demonstrated by Fig. 1-b, the investigated cellular 

structures present significant structural distortions which are 

included in the deviations determined from the CAD 

comparison.  

A first thickness analysis was conducted using the default 

value proposed by the software (see Section 2) for the search 

angle (i.e. 30°). A peak of very low thickness was found for 

each specimen, as visible in Fig. 2 where two specimens (A 

and B) are taken as examples. The presence of these peaks 

was observed to be related to the complex topography of the 

surface with high form errors and high surface roughness. 

Sample A has a higher roughness than sample B, confirmed 

by Sa and Sz parameters (calculated as per the ISO 25178-2 

[15]), from CT topographies of areas randomly selected inside 

the part on nominally cylindrical portions after the subtraction 

of a least-squares mean cylinder) which are 27 and 267 µm 

respectively for sample A, and 19 and 157 µm for sample B. 

The anomalous peaks were observed to decrease 

systematically by changing the search angle (e.g. systematic 

decrease of 70 % by changing the search angle from 30° to 

15°) as shown in Fig. 2 for sample A. 

 
Fig. 1. (a) Color-coded map of deviations between CT-measured part and 

nominal model; (b) Real node (red point, obtained by CT data) compared 
with the corresponding nominal node (black point) of specimen C. Black lines 

represent the CAD model and blue dots represent the measured surface. 

 
Fig. 2. Thickness distribution for samples A (thickness analysis performed 
with search angle 30° and 15°).and B (thickness analysis performed with 

search angle 30°). 

3.2. Simulations 

The combined influence of the surface topography and the 

search angle on the thickness analysis was analysed by 

simulating five cylindrical features (Ci, i=[1,5]) with different 

surface topographies and known thickness distribution (i.e. 

cylindrical features with height equal to 1 mm, obtained from 

the 360°-rotation of different sinusoidal functions around the 

central axis). Fig. 3 reports the percentage deviations obtained 

by comparing the measured mean thickness (weighted on the 

surface area interested by each thickness) with its 

corresponding reference value. The error related to the 

mapped surface (i.e. the surface actually analysed by the 

algorithm) is reported as well. The search angle 15° was 

determined to allow mapping well the surface while keeping 

deviations under 5%.  
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The same cylindrical features were used to investigate the 

influence of different surface topographies on the CAD 

comparison analysis. Errors below 2.3 % were obtained.  

 
Fig. 3. Relative deviations (measured - reference) of the five simulated 

the surface interested by each thickness) and the mapped surface, for 
different search angles. 

4. Surface topography measurements 

Traditional contact probing techniques can be used to 

measure the surface texture with low uncertainty [16]. 

However, when measuring AM surface topographies, 

reference measurements are not available as neither contact 

nor optical instruments are capable of acquiring the re-entrant 

features (typical of AM surfaces) and measuring inaccessible 

surfaces. Moreover, different optical techniques were proven 

to lead to substantially different results in terms of areal 

texture parameters [11]. This section presents an alternative 

approach for obtaining 2D reference surface profiles 

(including undercuts) to be compared with profiles measured 

by X-ray computed tomography as well as other non-contact 

techniques. 

4.1. Experimental approach for accuracy evaluation 

 
Fig. 4. Technical drawing of the designed reference part: top (a) and side (b) 

view. Nominal values are reported in millimetres. 
 

A specific reference sample geometry (see Fig. 4) was 

designed to enable the accurate alignment of 3D topographies 

and 2D profiles acquired with different instruments. After 

manufacturing the sample (Ti6Al4V selective laser melted 

parallelepiped with micro-milled markers), it was scanned by 

means of X-ray computed tomography.  

Surface topographies were extracted from the obtained CT 

data and the topographies were acquired on the same surfaces 

by confocal microscopy (CM; Sensofar Plu Neox with a 20× 

objective characterized by NA equal to 0.45 and spatial period 

limit of 0.65 µm). Such topographies were aligned (first 

alignment based on the markers machined on the reference 

sample, followed by a fine cross correlation-based global 

algorithmic alignment) and compared in terms of areal texture 

parameters (S-parameters defined by the ISO 25178-2 [15]) 

after the subtraction of a least-squares mean plane (spatial 

frequency equal to 1 µm for all topographies). The next step 

consisted in cutting and polishing one face on the sample 

perpendicularly to the analysed surfaces, in order to allow 

imaging of actual cross-sectional profiles (including re-entrant 

features). Reference profiles were acquired using a 

multisensor coordinate measuring machine (CMM) equipped 

with imaging probing sensor (Werth Video Check IP 400; 

MPE = 1.8+L/250 µm, with L in mm). Another CT scan of the 

sample was performed after it was cut. By the alignment of 

topographies (CT, CM) acquired before the cutting/polishing 

procedure with the CT volume obtained after 

cutting/polishing, it was possible to identify exactly the same 

profiles measured using the CMM. In this way, the profiles 

acquired with CT and CM could be compared with the 

reference profiles in terms of ISO 4288 [17] parameters on the 

primary profile (P-parameters) after subtraction of the least-

squares mean line, and – in case of presence of undercuts – in 

terms of area measured under each profile. 

4.2. Results 

 
Fig. 5. Portions of aligned surface topographies acquired by means of: CT 

scanning (a) and confocal microscopy (b). 

Table 1. S-parameters measured on CT and CM topographies. 

Parameter CT CM 
Sa 14.7 µm 14.8 µm 
Sq 19.1 µm 19.0 µm 
Ssk -0.41 0.01 
Sku 3.39 3.35 
Sal 0.105 mm 0.105 mm 

Table 2. P-parameters measured on profiles acquired by means of: CMM with 

imaging probing sensor (reference), CT and CM. 

Parameter Reference CT CM 
Pa 16.2 µm 16.1 µm 17.0 µm 
Pq 19.8 µm 19.6 µm 20.3 µm 
Pz 81.6 µm 78.5 µm 79.0 µm 

Psk 0.431 0.450 0.498 
Pku 2.42 2.40 2.32 

 

Fig. 5 compares two regions extracted from the aligned 

three-dimensional surface topographies acquired with CT 

(Fig. 5-a) and CM (Fig. 5-b). Table 1 reports the areal texture 

parameters, chosen according to the literature [11], calculated 
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for comparing the employed measuring technologies. The 

results are similar (within 1 %) for both CT and CM 

evaluation of all the considered parameters, except for Ssk. 

Two different portions of 2D profiles are shown in Fig. 6: 

one with no presence of re-entrant features (Fig. 6-a) and the 

other with more complex characteristics, including undercuts 

(Fig. 6-b). 

 
Fig. 6. 2D profiles imaged by CMM with imaging sensor on the cut-sections 
of the reference AM part. The first profile does not present any re-entrant 

feature (a), while the other shows several undercuts (b). 

 
Fig. 7. 2D profiles containing undercuts measured using: CT (a) and CM 

(b). Both profiles are compared with the reference profile (in red), measured 
using CMM with imaging probing sensor. 

 
The first profile (Fig. 6-a) can be analysed as a 

conventional roughness profile: the P-parameters measured by 

CT and CM are compared with the reference parameters in 

Table 2. 

Concerning the second profile (Fig. 6-b), Fig. 7-a shows 

that CT is capable of acquiring information also about 

undercuts over the analysed surface, while Fig. 7-b shows 

how CM is limited to non-recessed surfaces. Profiles and 

surfaces containing undercuts cannot be used to calculate 

conventional roughness/areal texture parameters [18].  For 

this reason, the profiles in Fig. 7 were compared by measuring 

the areas under each investigated profile. A difference of 8 % 

(negative) was obtained between CT and reference 

measurements, while for the CM the difference was of 46 % 

(positive). 

5. Internal defects analysis 

CT porosity analysis has been compared in literature with 

other well-established inspection techniques such as 

Archimedes method and microscopic analysis [19,20]. 

However, reference porosity measurements were not available 

in these works, although they are necessary for measurement 

errors assessment. This section is focused on (i) comparing 

the results obtained by the inspection techniques mentioned 

above with reference values for dimensions of pores visible in 

cross-sections and (ii) using a reference object with calibrated 

artificial hemispherical defects designed and manufactured in 

order to quantify typical errors of CT porosity measurements. 

5.1. Comparison of porosity evaluation methods 

The comparison has involved experiments on Ti6Al4V 

specimens produced by SLM with different process 

parameters and, consequently, different porosity content. 

Relative densities determined by the Archimedes method 

were found to be systematically 0.2 – 0.4 % lower than the 

corresponding CT values. Causes of this difference can be 

attributed both to: (i) Archimedes’ relative density 

determination is based on the nominal material density, which 

however is not reliable for non-homogeneous parts, (ii) CT 

results are influenced by image artefacts due to the interaction 

between X-rays and material, by the achieved resolution in 

the CT reconstruction (e.g. pores with size lower than the 

spatial resolution cannot be detected) and by the thresholding 

procedure. In addition, a new procedure was developed for 

comparing results by microscopic analysis of cross-sections 

with CT results: specimens were CT scanned before and after 

the cutting procedure, in order to (i) identify in the CT volume 

the exact cross-section analysed for the comparison and (ii) to 

compare CT results obtained before and after cutting the 

samples. To obtain reliable reference values, the areas of 

specific pores lying on the cut-section were measured using 

the image processing sensor of the CMM Werth Video-

Check-IP 400. The results by microscopic analysis of cross-

sections were found to be close to the CMM results, while CT 

always measured smaller areas (Fig. 8). Besides the 

aforementioned CT main influences, the systematically lower 

areas measured by CT post-cut with respect to CT pre-cut 

reveal other two possible causes: (i) deformations due to 

cutting/polishing operations and (ii) presence of entrapped 

non-totally melted powder residue that may fall out during the 

cutting. 

 
Fig. 8. Example of deviations between pore areas measured by multisensor 

CMM and CT (pre and post cut) on Ti6Al4V specimens. 

5.2. Errors evaluation in CT porosity measurements 

Errors in CT porosity measurements were evaluated using 

the reference object with artificial defects presented in [21]. 

The object is made of aluminium and contains hemispherical 

features with diameters ranging from 100 µm to 500 µm 

resembling real internal voids/porosity. Its dismountable 

configuration allowed external dimensional calibration of the 

artificial defects using coordinate measuring systems. 

Experimental investigations using the newly developed 

reference object proved that for optimal CT parameters 

settings, the errors can be below 5 µm in case of diameter and 
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below 5 % for volume measurements. However, the errors in 

case of smaller defects (smaller than 0.200 mm in diameter) 

are higher, as shown in Fig. 9 for the volume measurements. 

Fig. 9. Example of CT porosity measurement errors evaluation using the 
newly designed reference object. 

6. Conclusions 

The accuracy of CT-based evaluations of AM components 

has been addressed in this paper. Experimental investigations 

- performed on different SLM parts made of Ti6Al4V - were 

focused on: dimensional evaluations (CAD comparison and 

thickness analysis), surface topography measurements and 

internal defects analysis. It was discussed how the CAD 

comparison analysis can be influenced by structural 

distortions which can often occur in complex additive 

manufacturing parts, but it was determined to be less 

influenced by the surface topography than the thickness 

analysis. The thickness analysis was found to be sensitive to 

the surface quality and the search angle. The search angle was 

optimized by evaluations performed on simulated cylindrical 

features with varying surface topography and the thickness 

analysis of SLM specimens was then improved. In addition, a 

new approach and a new reference sample are proposed to 

evaluate the accuracy of CT surface topography 

measurements. Reference cross-sectional profiles (including 

undercuts) were measured using a CMM equipped with 

imaging probing sensor, after cutting the samples at specific 

locations. CT was determined to be capable of acquiring 

surface profiles (containing also re-entrant features) with 

small deviations (8 % maximum difference in terms of areas, 

for the investigated case) with respect to the reference 

profiles. The proposed methodology will be used in future for 

determining the uncertainty of CT surface topography 

measurements through the application of the substitution 

method [22]. Finally, CT porosity measurements were 

compared with the Archimedes method (CT densities 

systematically higher by 0.2 – 0.4 % than Archimedes 

densities) and with the microscopic analysis of cross-sections 

(CT measured pore areas always smaller than optically 

measured areas). The investigation using the reference object 

with calibrated artificial defects for errors evaluation of CT 

porosity measurements has shown that for larger pores it is 

possible to evaluate internal porosity with measurement errors 

below 5 µm for diameter and below 5 % for volume 

measurements. 
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