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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 

The use of lattice structures produced using additive manufacturing (AM) is of great interest to the aerospace and medical industries because of 
their potential for strength/weight optimization. However, their use is often limited due to challenges in qualification. Recent standards proposed 
for the definition and verification of lattice structures created using AM attempt to address these gaps. In this work, a lattice component is designed 
using a repeated unit cell and theoretical supplemental surfaces (TSS), brought forth in ASME Y14.46, are used to define the bounding geometry 
of the component. Two planes and a sphere are used to define a datum hierarchy that will be used to qualify the component. A measurand is 
defined by a spherical TSS and is later used to evaluate the quality of datum registration. The component is produced using a laser powder bed 
fusion process and then measured using focus variation microscopy, X-Ray computed tomography, and a coordinate measuring machine (CMM). 
The three data sources are then registered using a refined sampling registration based on the CMM points. The effect of CMM data acquisition 
strategy on the quality of the registration is then examined. Results show that CMM planning based on optical measurements of the component, 
as opposed to the designed geometry, show significant improvement in the quality of registration. This work highlights the importance of sampling 
location in tactile measurements of components produced using additive manufacturing and recommends that definition of inspection 
locations/methods be integrated into the design cycle of AM parts. 
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1. Introduction 

Additive manufacturing (AM) processes allow for the 
creation of features such as complex mold cooling channels, 
embedded components/electronics, topology optimized 
structures, internal features, and lattice structures. These 
possibilities have prompted an entire field of research 
specifically focused on design for AM [1]. While the design 
possibilities of AM are numerous, their implementation in 
production has been limited by the inability to adequately 
qualify the manufactured components. The geometric 

intricacy of parts and the complexity of the manufacturing 
process itself makes the definition and validation of these 
components challenging. This creates greater requirements 
from product definition data in order to properly convey 
design intent [2, 3]. Recent activities within the standards 
community have worked to further develop the product 
definition guidelines for AM. ISO/ASTM 52910-18 has put 
forth detailed recommendations on design for AM, 
specifically highlighting challenges traditional designers may 
encounter in this emerging process [4]. ASME Y14.46-17 [5] 
has recently been released to supplement ASME Y14.5-2009 
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using an Alicona InfiniteFocus G5 with Real3D rotation unit. 
The lattice structure was affixed to a platform and held using 
the rotation unit. This allowed for multiple measurements 
with rotation about the X+ and Y+ axes of the part, which 
were aligned to the microscope axes by visual inspection. 
Individual measurements were performed at rotations listed 
in Table 1. All measurements were performed using a 5x 
objective having a 0.15 mm numeric aperture. This created a 
1.76 µm point spacing for each individual measurement. 
Note that the system has a 23.5 mm working distance with 
the 5x objective, allowing for a large vertical range of the 
part to be measured at each position. The individual 
measurements were stitched using the system’s built in 
software to create a true three-dimensional dataset and 
exported from the system as a stereolithography file (STL). 

Table 1: FVM measurement rotation Settings 

Measurement 1 2 3 4 5 

Rotation about X+ 0° -15° 30° 0° 0° 

Rotation about Y+ 0° 0° 0° 30° -30° 

 
An industrial XCT system with a 225 kV source and a flat 

panel detector was used for the XCT measurements. The 
scanning parameters are shown in Table 2. Vendor-supplied 
software was used to perform beam hardening correction and 
Feldkamp-Davis-Kress (FDK) algorithm-based 
reconstruction [22]. Beam hardening correction was applied to 
improve uniformity of image intensity. The XCT data was 
imported into VGStudioMax 3.1 [23] for surface 
determination and for exporting a surface mesh. Iterative sub-
voxel surface determination process was applied to a global 
threshold-based initial surface [24]. A four voxel search 
distance was applied. Based on the determined surface, a 
surface mesh was created.  

Table 2: XCT scanning parameters 

Parameter Values 

Voltage  220 kV 

Current  100 µA 

Target material Tungsten 

Filter (material; thickness) Cu; 4.06 mm 

Source-to-detector distance 530.67 mm 

Source-to-object distance 83.29 mm 

Magnification 6.37 

Flat panel detector pixel pitch 127 µm 

Effective voxel size 19.94 µm 

Number of projections 1200 µm 

Frames per projection 1 

Frame rate  1.5 frames/s 

 
The component was then inspected using a Zeiss Micura 

CMM, which has calibrated maximum permissible error of 
length measurement (E0,MPE) of (0.8 + L/400) μm 
according to ISO 10360-2:2009 [25]. The component was 
then manually registered within the machine coordinate 
system by manually probing points on the datum surfaces 

using an 8 mm diameter stylus. The automated measurement 
routine then probed individual points on all TSS-defined 
surfaces using a 1.5 mm diameter stylus and a 20 mN 
probing force. The automated measurement routine was 
defined using two different methods. 

The first method (method 1) utilized the as-designed 
geometry to inform the probing point locations. Individual 
points were selected on the exterior of the lattice with the 
largest surface area (such as a node location) in order to 
maximize the area of potential contact. The number of probing 
points chosen for each surface is displayed in Table 3. 

Table 3: Probed points per surface, CAD based inspection 

 Datum A Datum B Datum C Measurand 

Number of Points 20 18 23 58 

 
The second method (method 2) utilized surface data from 

non-contact inspection to inform the location of probing 
points. In this method, the probing locations were chosen 
based on the surface data from FVM inspection. Points were 
then chosen where the surface data intersected the closed 
body. These points and a surface model were then imported 
into the CMM software for path planning.   

2.3. Data registration and analysis 

In order to evaluate the acquired data, all three data sets 
were registered within the same part coordinate system 
determined by the CMM measurements. The FVM and XCT 
data were initially registered to the defined datum scheme by 
manually selecting portions of the surface data. First, a 
cylinder was fit to the primary datum surface. Then, data 
from the secondary datum was projected onto the cylinder 
axis and then average point was chosen to constrain 
translation along the axis. Finally, data from the tertiary 
datum was used to constrain rotation about the cylinder axis. 
Once all data sets were initially registered, they were 
imported into MATLAB and were registered once again 
based on a refined region sampling using the CMM points, 
similar to ref. [21]. In this registration process, the point 
selection for datum fitting would change for the FVM and 
XCT data between the two methodologies due to changes in 
the CMM point locations. After all data sets were registered, 
a comparison between each data set and the design is 
performed and the measurand was evaluated using a least-
squares fit to the sampled data. All least squares algorithms 
were constructed based on recommendations from the NIST 
algorithm testing service [26] and were verified for accuracy 
using the reference datasets [27].  

3. Results 

Figure 2 shows the individual data sets captured from the 
measurement methods and the surfaces fit to the component 
data. As one can see, there are significant differences in the 
quantity of data for each method. While XCT in total 
contains more data of the full part, the FVM provides the 
greatest detail on the exterior surfaces. In order to fit datum 
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[6] and ISO 1101:2017 [7] to define features specific to parts 
planned for additive manufacturing. These additions include 
control frames for the definition of build orientation, 
functionally graded materials, and support structures. This 
standard also put forth the methodology for controlling the 
boundary of lattice geometries using a theoretical 
supplemental surface (TSS) or theoretical supplemental 
geometry (TSG). Lattice structures are often comprised of a 
unit cell which is then repeated in an array pattern to form an 
object or volume within a part. In some lattice geometries, 
the boundary of this repeated array is trimmed by an 
additionally defined surface, which may divide the unit cells. 
Examples of these geometries can be found in heat exchangers, 
structural components, and medical implants [8-10].  

With these new definitions, structures can now be 
compared to their defining theoretical boundaries. However, 
the qualification of additively manufactured components is 
non-trivial and has developed its own research 
community [11]. The use of X-ray Computed Tomography 
(XCT) and optical metrology, such as focus variation 
microscopy (FVM) to qualify lattice structures has grown 
significantly in popularity. XCT has been used to detect 
porosity, lattice quality, and inspect internal features [12-14]. 
However, the use of XCT as a metrological technique is 
limited, as determining measurement uncertainty is non-
trivial [15]. Optical measurements have been used to resolve 
the topology of AM surface to a high level of detail [16]; 
however, optical measurements are limited by line of sight 
and can often be very time consuming due to the small 
window size of an individual field-of-view. While 
Coordinate Measuring Machines (CMMs) have often been 
the preferred qualification method for components produced 
via traditional processes due to their high accuracy and 
repeatability, they are less favorable for the measurement of 
AM components. This is due to mechanical filtering caused 
by the varying surface texture produced by the AM 
process [17]. Thus, it would be advantageous to utilize the 
benefits from all qualification techniques to “fully qualify” a 
component. Other works have investigated the combination 
of multiple measurement methods for this purpose [18, 19]. 

The usage of the TSS to define and qualify lattice 
structures manufactured using AM has been limited. Ameta 
et al. used the TSS to define a lattice, but only evaluated form 
with FVM [20]. Praniewicz et al. defined an AM component 
using solid datum features and a lattice measurand defined by 
a TSS [21]. Measurement data from XCT and CMM were 
registered to the nominal geometry and a refined sampling 
technique was presented to improve the quality of the 
registration process. That work also remarked on the 
importance of consistent sampling locations in the 
registration of AM measurement data. However, previous 
work did not examine the use of a TSS to define a datum on 
a lattice, which is crucial for the evaluation of complex lattice 
components. 

In this work, measurement data from three sources (CMM, 
XCT, FVM) are used to evaluate a lattice defined by TSG. A 
lattice object is designed and presented using TSG. The 
measurement methodology for each technique is described. 
The data sets are then registered using a refined region 

sampling and compared to the as-designed geometry. The 
effect of path planning methodology on CMM is evaluated 
using programed positions from both the CAD and data from 
non-contact inspection. A discussion on the evaluation of 
TSG using contact inspection is then presented. 

2. Methodology 

2.1. Component Geometry 

The geometry constructed for this study was created using 
a repeated unit cell measuring 1.66 mm per side, shown in 
Figure 1 (a). The unit cell was first patterned to create a larger 
prismatic geometry, represented as the dotted line in Figure 
1 (b). The lattice was formed by the intersection of the 
patterned lattice and the volume defined by several TSSs, 
shown as the solid lines in Figure 1 (b). The final lattice 
geometry can be seen in Figure 1 (c).  

The bounding TSS volume was defined using the drawing 
in Figure 1 (d). A cylindrical TSS with a radius of 8.89 mm 
was designated as datum A and positioned offset from the 
corner of the prismatic geometry by 0.511 mm and 
0.154 mm in the X+ and Z- directions, respectively, with the 
axis of the cylinder parallel to the Y axis. Datum B was 
designated as the planar surface facing the Y- direction. 
Datum C was designated as the planar surface facing the X- 
direction. A spherical TSS was designed with the center 
point translated 4.074 mm along the axis of the cylindrical 
TSS and a radius equal to the cylinder radius. This surface 
was assigned a profile tolerance and will be evaluated as the 
measurand in this study.  

The designed component was then manufactured on an 
EOS M290 from nickel superalloy 625 using the 
manufacturer designated parameters for a 0.04 mm layer 
height. The component was oriented within the machine 
volume such that the build direction coincided with the Z+ 
axis of the part.  

2.2. Measurement Methodology 

The optical FVM measurement process was performed 

Figure 1: Unit cell (a), Prismatic and TSS volume (b), Final lattice (c), 
Dimensioned TSS volume dimensioned in mm (d) 

Z+ 

Y+ 

Z+ 
X+ 

a. 
b. c. 

d. 
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using an Alicona InfiniteFocus G5 with Real3D rotation unit. 
The lattice structure was affixed to a platform and held using 
the rotation unit. This allowed for multiple measurements 
with rotation about the X+ and Y+ axes of the part, which 
were aligned to the microscope axes by visual inspection. 
Individual measurements were performed at rotations listed 
in Table 1. All measurements were performed using a 5x 
objective having a 0.15 mm numeric aperture. This created a 
1.76 µm point spacing for each individual measurement. 
Note that the system has a 23.5 mm working distance with 
the 5x objective, allowing for a large vertical range of the 
part to be measured at each position. The individual 
measurements were stitched using the system’s built in 
software to create a true three-dimensional dataset and 
exported from the system as a stereolithography file (STL). 

Table 1: FVM measurement rotation Settings 

Measurement 1 2 3 4 5 

Rotation about X+ 0° -15° 30° 0° 0° 

Rotation about Y+ 0° 0° 0° 30° -30° 

 
An industrial XCT system with a 225 kV source and a flat 

panel detector was used for the XCT measurements. The 
scanning parameters are shown in Table 2. Vendor-supplied 
software was used to perform beam hardening correction and 
Feldkamp-Davis-Kress (FDK) algorithm-based 
reconstruction [22]. Beam hardening correction was applied to 
improve uniformity of image intensity. The XCT data was 
imported into VGStudioMax 3.1 [23] for surface 
determination and for exporting a surface mesh. Iterative sub-
voxel surface determination process was applied to a global 
threshold-based initial surface [24]. A four voxel search 
distance was applied. Based on the determined surface, a 
surface mesh was created.  

Table 2: XCT scanning parameters 

Parameter Values 

Voltage  220 kV 

Current  100 µA 

Target material Tungsten 

Filter (material; thickness) Cu; 4.06 mm 

Source-to-detector distance 530.67 mm 

Source-to-object distance 83.29 mm 

Magnification 6.37 

Flat panel detector pixel pitch 127 µm 

Effective voxel size 19.94 µm 

Number of projections 1200 µm 

Frames per projection 1 

Frame rate  1.5 frames/s 

 
The component was then inspected using a Zeiss Micura 

CMM, which has calibrated maximum permissible error of 
length measurement (E0,MPE) of (0.8 + L/400) μm 
according to ISO 10360-2:2009 [25]. The component was 
then manually registered within the machine coordinate 
system by manually probing points on the datum surfaces 

using an 8 mm diameter stylus. The automated measurement 
routine then probed individual points on all TSS-defined 
surfaces using a 1.5 mm diameter stylus and a 20 mN 
probing force. The automated measurement routine was 
defined using two different methods. 

The first method (method 1) utilized the as-designed 
geometry to inform the probing point locations. Individual 
points were selected on the exterior of the lattice with the 
largest surface area (such as a node location) in order to 
maximize the area of potential contact. The number of probing 
points chosen for each surface is displayed in Table 3. 

Table 3: Probed points per surface, CAD based inspection 

 Datum A Datum B Datum C Measurand 

Number of Points 20 18 23 58 

 
The second method (method 2) utilized surface data from 

non-contact inspection to inform the location of probing 
points. In this method, the probing locations were chosen 
based on the surface data from FVM inspection. Points were 
then chosen where the surface data intersected the closed 
body. These points and a surface model were then imported 
into the CMM software for path planning.   

2.3. Data registration and analysis 

In order to evaluate the acquired data, all three data sets 
were registered within the same part coordinate system 
determined by the CMM measurements. The FVM and XCT 
data were initially registered to the defined datum scheme by 
manually selecting portions of the surface data. First, a 
cylinder was fit to the primary datum surface. Then, data 
from the secondary datum was projected onto the cylinder 
axis and then average point was chosen to constrain 
translation along the axis. Finally, data from the tertiary 
datum was used to constrain rotation about the cylinder axis. 
Once all data sets were initially registered, they were 
imported into MATLAB and were registered once again 
based on a refined region sampling using the CMM points, 
similar to ref. [21]. In this registration process, the point 
selection for datum fitting would change for the FVM and 
XCT data between the two methodologies due to changes in 
the CMM point locations. After all data sets were registered, 
a comparison between each data set and the design is 
performed and the measurand was evaluated using a least-
squares fit to the sampled data. All least squares algorithms 
were constructed based on recommendations from the NIST 
algorithm testing service [26] and were verified for accuracy 
using the reference datasets [27].  

3. Results 

Figure 2 shows the individual data sets captured from the 
measurement methods and the surfaces fit to the component 
data. As one can see, there are significant differences in the 
quantity of data for each method. While XCT in total 
contains more data of the full part, the FVM provides the 
greatest detail on the exterior surfaces. In order to fit datum 
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[6] and ISO 1101:2017 [7] to define features specific to parts 
planned for additive manufacturing. These additions include 
control frames for the definition of build orientation, 
functionally graded materials, and support structures. This 
standard also put forth the methodology for controlling the 
boundary of lattice geometries using a theoretical 
supplemental surface (TSS) or theoretical supplemental 
geometry (TSG). Lattice structures are often comprised of a 
unit cell which is then repeated in an array pattern to form an 
object or volume within a part. In some lattice geometries, 
the boundary of this repeated array is trimmed by an 
additionally defined surface, which may divide the unit cells. 
Examples of these geometries can be found in heat exchangers, 
structural components, and medical implants [8-10].  

With these new definitions, structures can now be 
compared to their defining theoretical boundaries. However, 
the qualification of additively manufactured components is 
non-trivial and has developed its own research 
community [11]. The use of X-ray Computed Tomography 
(XCT) and optical metrology, such as focus variation 
microscopy (FVM) to qualify lattice structures has grown 
significantly in popularity. XCT has been used to detect 
porosity, lattice quality, and inspect internal features [12-14]. 
However, the use of XCT as a metrological technique is 
limited, as determining measurement uncertainty is non-
trivial [15]. Optical measurements have been used to resolve 
the topology of AM surface to a high level of detail [16]; 
however, optical measurements are limited by line of sight 
and can often be very time consuming due to the small 
window size of an individual field-of-view. While 
Coordinate Measuring Machines (CMMs) have often been 
the preferred qualification method for components produced 
via traditional processes due to their high accuracy and 
repeatability, they are less favorable for the measurement of 
AM components. This is due to mechanical filtering caused 
by the varying surface texture produced by the AM 
process [17]. Thus, it would be advantageous to utilize the 
benefits from all qualification techniques to “fully qualify” a 
component. Other works have investigated the combination 
of multiple measurement methods for this purpose [18, 19]. 

The usage of the TSS to define and qualify lattice 
structures manufactured using AM has been limited. Ameta 
et al. used the TSS to define a lattice, but only evaluated form 
with FVM [20]. Praniewicz et al. defined an AM component 
using solid datum features and a lattice measurand defined by 
a TSS [21]. Measurement data from XCT and CMM were 
registered to the nominal geometry and a refined sampling 
technique was presented to improve the quality of the 
registration process. That work also remarked on the 
importance of consistent sampling locations in the 
registration of AM measurement data. However, previous 
work did not examine the use of a TSS to define a datum on 
a lattice, which is crucial for the evaluation of complex lattice 
components. 

In this work, measurement data from three sources (CMM, 
XCT, FVM) are used to evaluate a lattice defined by TSG. A 
lattice object is designed and presented using TSG. The 
measurement methodology for each technique is described. 
The data sets are then registered using a refined region 

sampling and compared to the as-designed geometry. The 
effect of path planning methodology on CMM is evaluated 
using programed positions from both the CAD and data from 
non-contact inspection. A discussion on the evaluation of 
TSG using contact inspection is then presented. 

2. Methodology 

2.1. Component Geometry 

The geometry constructed for this study was created using 
a repeated unit cell measuring 1.66 mm per side, shown in 
Figure 1 (a). The unit cell was first patterned to create a larger 
prismatic geometry, represented as the dotted line in Figure 
1 (b). The lattice was formed by the intersection of the 
patterned lattice and the volume defined by several TSSs, 
shown as the solid lines in Figure 1 (b). The final lattice 
geometry can be seen in Figure 1 (c).  

The bounding TSS volume was defined using the drawing 
in Figure 1 (d). A cylindrical TSS with a radius of 8.89 mm 
was designated as datum A and positioned offset from the 
corner of the prismatic geometry by 0.511 mm and 
0.154 mm in the X+ and Z- directions, respectively, with the 
axis of the cylinder parallel to the Y axis. Datum B was 
designated as the planar surface facing the Y- direction. 
Datum C was designated as the planar surface facing the X- 
direction. A spherical TSS was designed with the center 
point translated 4.074 mm along the axis of the cylindrical 
TSS and a radius equal to the cylinder radius. This surface 
was assigned a profile tolerance and will be evaluated as the 
measurand in this study.  

The designed component was then manufactured on an 
EOS M290 from nickel superalloy 625 using the 
manufacturer designated parameters for a 0.04 mm layer 
height. The component was oriented within the machine 
volume such that the build direction coincided with the Z+ 
axis of the part.  

2.2. Measurement Methodology 

The optical FVM measurement process was performed 

Figure 1: Unit cell (a), Prismatic and TSS volume (b), Final lattice (c), 
Dimensioned TSS volume dimensioned in mm (d) 
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Table 4: Measurement results from method 2 

 Sphere 
Diameter 
(mm) 

X Position 
(mm) 

Y Position 
(mm) 

Z Position 
(mm) 

Designed 17.780 0.0 4.074 0.0 

XCT 17.98 0.00 3.99 0.00 

FVM 17.97 0.01 4.00 0.00 

CMM 18.055 0.008 4.002 0.002 

 
Table 5 shows the range in the parameters of the fit 

measurand between the two CMM inspection methods. The 
range in diameters over the three measurement methods has 
been reduced by 0.21 mm using method 2. While this 
reduction is only 2% of the nominal diameter, it is significant 
compared to the stated measurement uncertainty of the three 
measurement methods. The range of the position of the fit 
sphere is also reduced along all three axes for the non-
contact-based measurements. 

Table 5: Measurand parameters for both methods 

 Diameter 
Range 
(mm) 

X 
Range 
(mm) 

Y 
Range 
(mm) 

Z 
Range 
(mm) 

CAD based Alignment 0.30 0.02 0.05 0.02 

Non-contact Alignment 0.09 0.01 0.04 0.01 

4. Discussion 

In the presented results, the FVM and XCT sets evaluated 
were not changed between the two CMM measurement 
methods. The differences in measurement result from 
changes in point sampling during the registration process. 
Figure 6 shows the variation in topology between the CAD 
and non-contact measurements. As described in the results 
section, the topology of the surface is seen to fluctuate 
throughout a region defined by a given TSS. Thus, variation 
in the location of inspection points can result in changes in 

form measurement. While the CAD model in Figure 6 (a) 
shows the exterior of the lattice as one trimmed by a 
continuous spherical surface, this is not clear in the 
inspection of the as-manufactured component. The CAD 
model also displays a sharp transition between the exterior of 
the lattice and the interior struts. This distinction between the 
exterior (which is defined by the TSS) and the interior of the 
lattice structure is hard to discern in the inspection data, 
making it difficult to determine appropriate sampling 
locations to evaluate form. 

Figure 5: Measurement deviation from CAD, method 2: (a) XCT (b) FVM 
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Figure 6: Display of differences in surface topology: (a) CAD model with CMM probe shown in red for scale (b) FVM inspection data (gray) overlaid on 
CAD model (blue) (c) XCT inspection data 
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surfaces, groups of discrete points corresponding to each 
datum must be extracted from the data set. This is relatively 
easy for the CMM set, as these groups can easily be extracted 
because of relatively sparse data (see Figure 2 (b)). However, 
this is not a trivial task for the FVM and XCT data. Figure 2 
(d) shows an example of this data extraction, where the points 
in red were used to fit a plane to datum C of the FVM data set. 

Figure 3 shows the deviation from CAD for both the FVM 
and XCT data after the registration is complete for method 1. 
As one can see, there is a significant discrepancy between the 
CAD geometry and the manufactured component, with 
majority of points deviating more than 0.1 mm. This is 
inconsistent with the fit cylinders for both data sets, which 
indicate that the component was manufactured larger than 

 the initial design. A large difference of 0.30 mm and 
0.27 mm was also observed between CMM and the XCT and 
FVM respectively. Upon examination, it was observed that 
most of the points used in the refined region registration were 
not consistently located at their as-designed position. The 
non-contact based CMM inspection (method 2) was 
inspected for similar result. 

Figure 4 shows the process of creating geometry for 
method 2 path planning from FVM data. First, geometry was 
fit to each group using least squares. A volume was then 
formed by determining the Boolean union of the cylindrical 
and spherical regions. This volume was then trimmed by 
removing any material exterior the fit planes. Individual 
probing points were manually selected on the exterior nodes 
of the FVM mesh. These points were then transferred to the 
volume as the intersection of different surface patches and 
were assigned as probing points in the CMM software. 

Figure 5 shows the deviation from CAD for the FVM and 
XCT data for the non-contact-based measurements (method 
2). The deviation map for the registered data shows a greater 
consistency in the refined region registration. Both data sets 
show that the component was manufactured oversized, with 
the majority of data points showing positive deviation, but 
the magnitude is much less than method 1. One can also see 
that that the spherical measurand does not conform to the 
surface profile tolerance defined by the TSS.  

Table 4 shows the fit measurand results from method 2. 
These show, once again, that the component is larger than 
intended, though the values appear to change as a result of 
sampling location. The CMM probe contacts the exterior of 
the component, while the two noncontact measurement 
methods can extend into the lattice. Thus, it is expected that 
the CMM measurement is larger than the FVM and XCT. 

Figure 4: Construction of non-contact-based geometry for CMM path 
planning: (a) Geometry fitting (b) Volume creation (c) Point selection (d) 
Point transfer 
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Figure 3: Measurement deviation from CAD, method 1: (a) XCT (b) FVM 
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Figure 2: Individual measurement data and created fit surfaces: (a) FVM 
(b) CMM (c) XCT. (d).Example of manually selected surfaces for fitting 
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Table 4: Measurement results from method 2 

 Sphere 
Diameter 
(mm) 

X Position 
(mm) 

Y Position 
(mm) 

Z Position 
(mm) 

Designed 17.780 0.0 4.074 0.0 

XCT 17.98 0.00 3.99 0.00 

FVM 17.97 0.01 4.00 0.00 

CMM 18.055 0.008 4.002 0.002 

 
Table 5 shows the range in the parameters of the fit 

measurand between the two CMM inspection methods. The 
range in diameters over the three measurement methods has 
been reduced by 0.21 mm using method 2. While this 
reduction is only 2% of the nominal diameter, it is significant 
compared to the stated measurement uncertainty of the three 
measurement methods. The range of the position of the fit 
sphere is also reduced along all three axes for the non-
contact-based measurements. 

Table 5: Measurand parameters for both methods 

 Diameter 
Range 
(mm) 

X 
Range 
(mm) 

Y 
Range 
(mm) 

Z 
Range 
(mm) 

CAD based Alignment 0.30 0.02 0.05 0.02 

Non-contact Alignment 0.09 0.01 0.04 0.01 

4. Discussion 

In the presented results, the FVM and XCT sets evaluated 
were not changed between the two CMM measurement 
methods. The differences in measurement result from 
changes in point sampling during the registration process. 
Figure 6 shows the variation in topology between the CAD 
and non-contact measurements. As described in the results 
section, the topology of the surface is seen to fluctuate 
throughout a region defined by a given TSS. Thus, variation 
in the location of inspection points can result in changes in 

form measurement. While the CAD model in Figure 6 (a) 
shows the exterior of the lattice as one trimmed by a 
continuous spherical surface, this is not clear in the 
inspection of the as-manufactured component. The CAD 
model also displays a sharp transition between the exterior of 
the lattice and the interior struts. This distinction between the 
exterior (which is defined by the TSS) and the interior of the 
lattice structure is hard to discern in the inspection data, 
making it difficult to determine appropriate sampling 
locations to evaluate form. 

Figure 5: Measurement deviation from CAD, method 2: (a) XCT (b) FVM 
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surfaces, groups of discrete points corresponding to each 
datum must be extracted from the data set. This is relatively 
easy for the CMM set, as these groups can easily be extracted 
because of relatively sparse data (see Figure 2 (b)). However, 
this is not a trivial task for the FVM and XCT data. Figure 2 
(d) shows an example of this data extraction, where the points 
in red were used to fit a plane to datum C of the FVM data set. 

Figure 3 shows the deviation from CAD for both the FVM 
and XCT data after the registration is complete for method 1. 
As one can see, there is a significant discrepancy between the 
CAD geometry and the manufactured component, with 
majority of points deviating more than 0.1 mm. This is 
inconsistent with the fit cylinders for both data sets, which 
indicate that the component was manufactured larger than 

 the initial design. A large difference of 0.30 mm and 
0.27 mm was also observed between CMM and the XCT and 
FVM respectively. Upon examination, it was observed that 
most of the points used in the refined region registration were 
not consistently located at their as-designed position. The 
non-contact based CMM inspection (method 2) was 
inspected for similar result. 

Figure 4 shows the process of creating geometry for 
method 2 path planning from FVM data. First, geometry was 
fit to each group using least squares. A volume was then 
formed by determining the Boolean union of the cylindrical 
and spherical regions. This volume was then trimmed by 
removing any material exterior the fit planes. Individual 
probing points were manually selected on the exterior nodes 
of the FVM mesh. These points were then transferred to the 
volume as the intersection of different surface patches and 
were assigned as probing points in the CMM software. 

Figure 5 shows the deviation from CAD for the FVM and 
XCT data for the non-contact-based measurements (method 
2). The deviation map for the registered data shows a greater 
consistency in the refined region registration. Both data sets 
show that the component was manufactured oversized, with 
the majority of data points showing positive deviation, but 
the magnitude is much less than method 1. One can also see 
that that the spherical measurand does not conform to the 
surface profile tolerance defined by the TSS.  

Table 4 shows the fit measurand results from method 2. 
These show, once again, that the component is larger than 
intended, though the values appear to change as a result of 
sampling location. The CMM probe contacts the exterior of 
the component, while the two noncontact measurement 
methods can extend into the lattice. Thus, it is expected that 
the CMM measurement is larger than the FVM and XCT. 

Figure 4: Construction of non-contact-based geometry for CMM path 
planning: (a) Geometry fitting (b) Volume creation (c) Point selection (d) 
Point transfer 
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Figure 3: Measurement deviation from CAD, method 1: (a) XCT (b) FVM 
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Figure 2: Individual measurement data and created fit surfaces: (a) FVM 
(b) CMM (c) XCT. (d).Example of manually selected surfaces for fitting 
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In order to evaluate form on a lattice defined by a TSS, 
additional specification must be provided by the designer to 
define sampling cutoffs. These specifications could involve 
designation of sampling areas utilizing prior knowledge of the 
manufacturing process limits. Development of these 
specifications would not only aid in the tolerancing and 
qualification of AM lattice components, but would also aid the 
entire GPS community, as data extraction and filtration are 
two major research efforts [28]. It is recommended that 
provisions for sampling specifications be incorporated into 
future revisions of the respective standards. Investigation of 
sampling techniques will be the subject of future research. 

Conclusion 

In this work, a lattice structure was designed using 
theoretical supplemental surfaces as defined in ASME 
Y14.46. The component was then produced using an additive 
manufacturing process and measured using focus variation 
microscopy, XCT, and a CMM. The measurements were 
registered using a refined sampling registration based on the 
CMM points. The effect of CMM data acquisition strategy 
on the quality of the registration was examined. Results 
showed that CMM planning based on non-contact 
measurements, as opposed to the designed geometry, 
significantly improves the quality of registration. An 
additional discussion was presented on the importance of 
data sampling in the evaluation of complex AM components. 
Future work will focus on defining and evaluating sampling 
techniques for measuring form on open cell lattice structures.  
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