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A B S T R A C T   

The geometrical qualification of additively manufactured lattice structures has largely focused on the mea
surement of strut diameter, form variations, and surface texture. However, the exterior surfaces of the lattice 
structure, defined through theoretical supplemental geometry, are critical surfaces that dictate the contact area 
of the structure on other components within assemblies. Form variations on these surfaces complicate the 
measurement process by adding ambiguity into what surfaces of the component belong to the controlled ge
ometry. Previous works have developed novel methods to improve data extraction for the measurement of these 
surfaces using computer aided design (CAD) data for various lattice structures. This work presents an adaptation 
of these methods to work with additively manufactured (AM) geometries, specifically designing the methodology 
to account for the form variations between lattice struts. The presented results show the applicability of these 
methods to AM lattice structures for the measurement of form defined by a theoretical supplemental surface.   

1. Introduction 

Additive manufacturing (AM) has matured beyond the laboratory 
and into industrial production. Manufacturers are now incorporating 
components produced via AM into consumer products. The design 
freedom afforded through the AM process allows for the creation of 
complex geometries that otherwise would not be possible through more 
conventional manufacturing processes. A prime example of the com
plexities enabled by AM are lattice structures, defined as a “geometric 
arrangement composed of connective links between vertices (points) 
creating a functional structure” [1]. These structures are often designed 
by patterning an array of a designed unit cell [2]. The dimensions of this 
unit cell can even be modified throughout the volume of a component to 
maximize the strength to weight ratio [3]. Applications of these struc
tures include biomedical implants to improve bone integration, weight 
reduction in structural components, energy absorbing structures, cata
lysts, and heat exchangers [4]. 

While the nominal design of these structures can be tuned dramati
cally to improve mechanical or thermal properties, geometric errors in 

the as-built components often hinder their performance. Thus, re
searchers have sought to understand how these geometrical imperfec
tions, which occur on several different length scales, impact the 
mechanical properties of these structures. Often, this involves utilizing 
X-ray computed tomography (XCT) to measure an AM lattice structure. 
The XCT measurement process generates a full volumetric model of a 
scanned object, allowing access to features often not measurable by 
other techniques [5]. The measurement results from XCT can then be 
imported into a finite-element modeling software to simulate mechan
ical testing [6]. XCT measurements have also been used to estimate and 
model fatigue behavior in AM lattice structures [7]. Other researchers 
have sought to simulate these geometric imperfections, rather than 
relying on XCT measurements, which are often limited in accuracy and 
repeatability [8]. While XCT has the capability of providing rich geo
metric information, it is not capable of achieving traceable measure
ments of a geometrically complex lattice structure. This traceability is 
often a requirement for the establishment of quality management sys
tems and therefore the qualification of components [9]. However, it has 
commonly been used for comparison measurements, and research 
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continues on developing traceable measurement techniques for internal 
or geometrically complex features [10,11]. Because of this, the mea
surement of lattice structures using XCT is often paired with other 
measurement techniques for comparison [12]. Several recent works 
have taken initial steps toward providing traceable XCT measurements 
of lattice struts [13,14]. 

While strut geometry is the most common inspection criteria in the 
literature, the exterior surfaces which define the boundaries of a lattice 
structure also play a critical role in the function of a lattice component. 
These surfaces dictate the mechanical contact of the component with 
mating surfaces, leading to changes in the transfer of loads or conductive 
heat transfer. A prime example of this is in compression applications, 
where the struts of the lattice are used as the load bearing area [15]. If 
form variations occur on these surfaces, the failure initialization zones 
within the lattice could shift unpredictably. Tools outlined in ASME 
Y14.46 2022 can be used to assign geometric controls of these surfaces 
to specify acceptable limits of form variation [16]. A theoretical sup
plemental surface (TSS), defined in ASME Y14.46 as “supplemental 
geometry, explicitly defined in the design model and similar to true 
profile, that may be used to control the form, size, orientation, or 
location of a functional collection of points, lines, surfaces, or any 
combination thereof” can be used to control the form of individual 
surfaces [17,18]. Investigations on the qualification of TSS or theoretical 
supplemental geometry (TSG) defined surfaces have indicated difficulty 
in the extraction of data from the defined surfaces due to ambiguity in 
discerning the boundary between the exterior, meaning the surface of 
the lattice intersecting and controlled by TSG, and interior, meaning the 
remainder of the lattice volume contained within the TSG, of a manu
factured lattice [19,20]. This operation is analogous to partitioning, 
defined in ISO 17450-1: 2011 as a “feature operation used to identify a 
portion of a geometrical feature belonging to the real surface of the 
workpiece or to a surface model of the workpiece” [21]. Because of these 
complexities, recent works have utilized techniques borrowed from 
surface metrology to identify or partition data for the extraction of 
features. The Bearing Area (BA) curve, formally known as the 
Abbot-Firestone curve, has been traditionally used to define functional 
parameters in surface metrology [22]. However, it has been recently 
adapted to characterize open pores on AM surfaces and to examine the 
effect of process parameters on the surface texture and spatter [23,24]. 

The inspection of features defined by TSG is often a non-trivial task, 
as it is unclear where the boundary between the exterior and the interior 
of a lattice structure lies due to form variations and small feature sizes, 
as shown in Ref [20]. Thus, it is unclear where to extract data for feature 
association and analysis. Praniewicz et al. proposed a methodology to 
calculate the boundary of the interior and exterior of a lattice structure 
using BA curve to calculate a segmentation point along an evaluation 
direction, thus removing the ambiguity in the extraction process [25]. 
This segmentation point, redefined as the partition point in this work to 
be more consistent with geometric product definition standards, defines 
the boundary between the interior and exterior of the lattice structure. 
Previously demonstrated BA methodologies to extract data from lattice 
structure for the inspection of a TSS may not be well suited for lattice 
structures where individual struts comprise a theoretical surface, as 
opposed to one continuous surface formed by the intersection of several 
lattice unit cells. Because of manufacturing inconsistencies, the indi
vidual struts will likely vary in geometry. This would therefore affect the 
total region of interest required for these previously defined BA 
extraction methods. Thus, when the partitioning is performed on all 
surfaces at once, the calculated partition point may lie above the entirety 
of a shorter strut. Thus, it is more apt to perform individual BA parti
tioning calculations for each independent surface of the feature, in this 
case on the individual struts, and compile the data for feature analysis to 
inspect a TSS. 

In this work, a metallic lattice structure is produced using Laser- 
Powder bed Fusion (L-PBF) AM. The lattice structure is investigated 
using a BA curve automated partitioning methodology to assess the form 

on an area defined by a TSS. A lattice structure is first designed and 
manufactured using AM. The component is then scanned using XCT and 
the determined surface is exported. A new BA partitioning methodology 
is presented to investigate the AM component. This novel methodology 
includes the integration of strut separation and partitioning of individ
ual struts using an adaptive partitioning method which automatically 
determines the partitioning methodology based on the bearing area 
curve. Results of the strut partitioning processes are presented along 
with the measured form. These results convey the need for the unique 
adaptations to the BA curve methodology in the measurement of AM 
components. 

2. Methodology 

The unit cell chosen for the lattice structure investigated in this work 
was a cubic cell with a strut length of 2 mm and thickness of 0.3 mm, as 
seen in Fig. 1(a). The unit cell was replicated 10 times in each direction 
to obtain the overall lattice structure, shown as the computer aided 
design (CAD) model in Fig. 1(b). A substrate was built underneath the 
lattice, shown in Fig. 1(b) and (c), to aid in the registration of the 
component for further measurement and separation from the build 
plate. The cubic unit cell type has been chosen as it is relatively simple to 
characterize and will provide several individual surfaces defined by one 
TSS. 

The lattice structure was manufactured on a 3DSystems ProX 
DMP320 L-PBF machine, equipped with a polymer scraper and an 
ytterbium fiber laser, which had a measured spot diameter of 70 µm. The 
powder used in the AM system was Inconel 625 and had a size distri
bution centered around 32 µm. The scanning strategy was defined by a 
single contour step, a filling step with a hatch of 85 µm, and a rotation of 
65◦ between each layer. Concerning the process parameters applied for 
the part, a laser power of 250 W and a scanning speed of 1 m/s were 
chosen for the filling step, while the contour step had a laser power of 
180 W and a scanning speed of 1.900 m/s. The layer thickness was set to 
60 µm. Supports were positioned under the substrate to help the removal 
of the structure from the build platform. 

The lattice structure was scanned by a METROTOM X-ray computed 
tomography (XCT) system by Carl Zeiss France (Fig. 2). The XCT pa
rameters and the voxel size are given in the Table 1. 

The data was then processed within VGStudio Max. The air/material 
boundary surface of the lattice structure was initially determined from 
the histogram, and then refined after the removal of the lattice substrate 
in the software, in order to obtain a better match between the iso-surface 
and the XCT scan. The file was afterwards converted to a stereo
lithography (STL) file with a resolution of 30.12 µm (Fig. 3). 

To reduce the total computational effort and limit the data to a 
smaller sample which can be presented with greater detail in this work, a 
section from the top surface along the build direction of the lattice was 
sectioned to yield a 3 × 3 array of lattice struts for inspection, shown in  
Fig. 4. This subsection of the upward facing struts was chosen at random 
from the upward facing struts as a small representation of the average 
build geometry. This subsection of the lattice was evaluated for flatness 
using a theoretical supplemental surface, as shown in Fig. 4. It is worth 
noting that the struts in this lattice were designed to have a square cross 

Fig. 1. Illustration of (a) CAD design of the lattice cell, (b) CAD design of the 
full lattice structure, (c) manufactured lattice structure. 
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section and flat external surfaces. Examining Figs. 3 and 4 shows that the 
AM process had difficulty in creating these geometries. 

3. Theory/calculations 

After the data was initially processed, it was imported into MATLAB 
as a mesh defined as a list of vertices, V, and faces that utilize such 
vertices, F, for evaluation using the BA partitioning described below. 
First, the evaluation orientation was selected as progressing along the -Z 
direction of the lattice. The evaluation limits of the lattice were then 

defined by inputting the extremes of the lattice in the two directions 
orthogonal to the analysis direction and the limits of height to be 
investigated on the lattice. The limits along the evaluation orientation 
were set to 19.20 – 18.75 mm. These values were set such that the upper 
limit was above the tallest strut investigated. The lower limit was set 
such that the top surfaces of the lowest strut were included in the 
evaluation window. It is important to note that the lower limit of the 
investigation volume has an effect on the measurement result and users 
should report these limits to ensure an unambiguous measurement 
process. An example of the investigation volume is shown as the rect
angular cuboid in Fig. 5. Other inputs included in this stage were the 
evaluation window thickness, w, and the grid spacing, d. The complete 
definitions for these terms can be found in [25]. 

The areas of the lattice structure that lie within the investigation 
volume are sectioned from the lattice structure. If a mesh element 
crossed the boundary of the investigation volume, it was split and only 
the area within the investigation volume was retained. This new mesh 
was defined by vertices Vseg and faces Fseg. Since, in these lattice struc
tures, the individual struts can vary significantly in length, the BA par
titioning should be performed individually on a strut-by-strut basis. The 
data from the individually extracted struts can then be analyzed together 
to determine the form of the defined geometry. Thus, the struts were 
segmented into their own individual mesh data sets. This was completed 
by importing Vseg into a point cloud segmentation algorithm within 
MATLAB (pcsegdist) which separates a point cloud into clusters based 
on Euclidean distance using a threshold of 0.25 mm. The separated point 
clouds for a given strut, Vseg,i, were then matched with their corre
sponding faces of Fseg to form the faces of a given strut, Fseg,i. The 
separate struts could then be processed individually using the BA 
methodology. The individually sectioned struts with labels can be seen 
in Fig. 5. 

The BA curve generation for each individual strut was then 
completed similar to that in Ref [25]. The evaluation window of thick
ness w was then translated along the selected orientation in steps of w. 
For each step, the surface area of the mesh contained within the window 
was saved as an individual mesh data set. These surfaces could be used 
to construct the BA curve. However, surface areas under overhanging 
structures or unexposed triangles of the mesh could be captured in this 
process and do not accurately represent the actual bearing area of the 
surface. Therefore, the mesh was discretized using the following 
method. 

A grid of points was created at the maximum extent of the evaluation 
direction in a plane normal to the evaluation orientation and arrayed 
along two mutually orthogonal directions with an even grid spacing of d. 
This array of points is shown in red in Fig. 6. Each point in this array was 
then projected along the evaluation orientation on the mesh area 
captured in the previous step and the intersection point was determined. 
If the projected point intersected the mesh area more than once, the first 
point along the projection path was used, eliminating the capture of 
overhanging surfaces. Material in overhangs or re-entrant material is not 
on the exterior of the component, as there is other material surrounding 
them. Therefore, surface data in these scenarios are not considered in 
the calculation of the partition point for the evaluation of form on the 
exterior of the lattice. The mesh element the point intersected, and its 
corresponding height recorded in the mesh area captured, were recor
ded. These projected points can be seen as the blue points in Fig. 6. These 
points and their corresponding heights were used to construct the BA 
curve. 

The point distribution function was then constructed by counting the 
projected points that intersected the mesh within each step along the 
analysis direction. The point distribution function for strut 1 shown in 
Fig. 6 can be seen in the left image of Fig. 7. The bearing area curve was 
then calculated by integrating the point distribution function and 
normalizing the result by the total number of points. This then provides 
a function of the height at which a percentage of the total surface area 

Fig. 2. Positioning of the sample in the XCT chamber.  

Table 1 
XCT measurement parameters.  

Parameter Value 

Voltage 200 kV 
Current 135 μA 
Number of Projections 900 
Images Averaged Per Projection 2 
Integration Time 2 s 
Detector Pixel Pitch 200 µm 
Geometric Magnification 6.64 
Voxel Size (VS) 30.12 µm x 30.12 µm x 30.12 µm 
Physical Filter 2.0 mm Cu  

Fig. 3. Representation of the lattice structure as (a) XCT scan after iso-surface 
determination; (b) STL converted file. 
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was captured. The resulting bearing area curve can be seen in the right 
image of Fig. 7. 

The partition point was then determined using the bearing area 

curve. However, the methodology implemented in this work differed 
from that presented in Ref [25]. Because of the variations in strut ge
ometry that can result from the AM process, wide variations in the 
bearing area curve shape are expected between different struts. Thus, a 
single partition point calculation methodology may not be suitable for 
all struts. In this work, three different partition point calculations were 
utilized. 

The first partitioning methodology was identical to the process 
implemented in Ref [25]. The maximum point on the point distribution 
function was first identified. The point on the BA curve at the corre
sponding height was then identified, and two adjacent points in both the 
positive and negative directions along the BA curve were captured. A 
line was then fit to these five points via least-squares on the BA curve and 
was notated the “Peak Line”, referring to the peak in the point distri
bution function. A second line was then fit via least-squares to all data 
between a cumulative area of 90 % and 100 % on the bearing area curve 
and was defined as the “End Line”, signifying a sharp drop-off in the 
surface. The intersection of these two lines was defined as the partition 
point, which defines the transition point between the interior and 
exterior of the lattice. This methodology will be referred to as the 
“90–100′′ partitioning method. 

The variations in BA curve shape resulting from form variations may 
necessitate a change in the partitioning methodology. For instance, if 
steep drop-offs in material are observed prior to the 90–100 region, this 
would indicate a height range in which little material is encountered 
followed by additional material. It could then be assumed that only the 
region prior to this steep drop-off should be utilized in the form calcu
lation and that the material after the drop-off represents a secondary 
surface that should not be utilized in the form calculation. This change in 
assumptions is implemented in the second partitioning methodology, 
referred to as the “slope-based” partitioning method. Some initial op
erations were first performed on the BA curve to determine which par
titioning method was appropriate for the given BA curve. 

In the second partitioning methodology, the threshold slope was 
calculated for the given BA curve by determining the slope for a linear 
increase in material throughout the evaluation limits. Practically, this 
was completed by dividing the range of the evaluation limit by 100 %. 
The bearing area curve was then differentiated with respect to the 
cumulated area percentage. This curve was then examined to determine 
if there were three consecutive data points between cumulative areas of 
10 % and 90 % that had values greater than the threshold slope previ
ously determined. If yes, the slope-based partitioning was utilized. If 
multiple segments of the differentiated BA curve contained three or 
more consecutive values that were greater than the threshold slope, the 
segment occurring in the lowest area of cumulative area percentage was 
used. The End Line was then fit to these points. The Peak Line was then 

Fig. 4. Region the of lattice structure and definition of form measurement.  

Fig. 5. Image of investigated struts. The investigation volume is shown as the 
transparent rectangular cuboid and individually segmented struts shown in 
unique mesh color and labeled. 

Fig. 6. Strut number 1 with the segmented area shown in green. The mesh 
discretization process is shown with the array of points shown in red and the 
points projected along the -Z direction are shown in blue on the surface. 
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fit similar to the 90–100 method, with one exception. The maximum 
value on the point distribution function was determined from the region 
of lower area percentage prior to the data utilized to fit the end line. This 
ensured that only surface data acquired prior to the end line, and thus 
“higher” on the surface, were used for the partition calculation. The 
intersection of these two lines was again determined to be the partition 
point. 

In the calculation of the bearing area curve, it is also possible that no 
significant slope is observed. This is most likely to occur on lattice struts 
that were built shorter than intended. While the tops of these compo
nents will lie within the evaluation range, they may not be tall enough 
for a significant drop-off in data to be captured. While the evaluation 
range could be extended to fully capture this drop off, it will only lead to 
an unnecessary increase in the overall form of the inspected surface, as 
form is the measurement of the difference between the maximum de
viations in opposite directions orthogonal to a fit feature. In this work, if 
no significant changes in the slope of the BA curve are found, the 
partition point was determined to be a cumulative area of 50 %. This is 

referred to as the “50 %” method. Fig. 8 graphically displays the flow of 
data in the methodology implemented in this work. 

As previously described, a nine strut portion of a lattice structure was 
investigated to examine the use of the three different partitioning 
methods. The struts were separated and were each investigated using BA 
partitioning. The values used in the methodology were set to 0.005 mm 
for both w and d. The extracted data from each strut was then used to 
assess the defined TSS. A plane was fit to this data using two different 
methods for comparison, least-squares and Chebyshev. This was done to 
highlight the influence of different fitting strategies on measurement 
results in the inspection of AM components. The BA curve calculations of 
select struts from the nine are presented in the following section, along 
with the final form measurement of the component using the two 
different fitting (association) methods. 

4. Results 

Fig. 9(a) displays strut 5 from the lattice inspection set, and high
lights the specific portion of the strut within the evaluation area from 
which the BA curve was constructed. The BA curve for this strut can be 
seen in Fig. 9(b). Several distinct regions are observable within this 
curve. The strut is first reached by the evaluation window at a height of 
19.07 mm. The initial material peak is first encountered, displaying one 

Fig. 7. Point distribution function and bearing area curve for strut 1.  

Fig. 8. Graphical depiction of the of the BA partitioning method.  

Fig. 9. (a) Strut number 5. The surface area within the investigation area has 
been shaded differently than the remainder of the strut while the extracted data 
points are shown in green. (b) The bearing area curve for strut number 5 and 
partition point determined by the 90–100 method. The beginning of the BA 
curve corresponds to the top of the lattice strut. The partition point corresponds 
to the lowest portion of the green extracted data and the end of the evaluation 
area (100 % on the BA curve) is the transition in shading on the strut. 
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distinct linear region. After this, a second linear region is observed, 
which extends from approximately 20–85 % of the BA curve. The slope 
of the BA curve then decreases more so after 85 % of the cumulative 
material, indicating another distinct region with lower surface area per 
unit height. Finally, the height data sharply drops off linearly at 
≈ 18.875 mm, indicating a near vertical region on the component. 
While the region between 85 % and 99 % of the cumulative area does 
depict a distinctly sloped region, it is still below the threshold slope for 
the BA curve. The end of the evaluation area (100 % on the BA curve) 
can be observed on the strut as the transition between evaluated area 
(shown as the brown surface patches on the strut) and the remainder of 
the strut (shown as the grey surface patches). The steepest area of the BA 
curve occurs in the last ≈ 1 %, making 90–100 method preferential for 
this BA curve. The fit end line to the 90–100 % region is heavily skewed 
by the data below 18.875 mm, leading to a nearly vertical slope. The 
partition point was calculated to be 18.995 mm. Fig. 9(a) displays that 
strut 5 is largely vertical with a hemispherical top surface. The extracted 
data (shown as the green points in Fig. 9(a)) appears only on this 
hemispherical top surface and extends to slightly above the equator, 
indicating that the partitioning algorithm is performing as intended to 
capture the nominally flat top surface of the strut and capturing form 
deviations on this surface. 

The results from the strut number 7 calculations are shown in Fig. 10. 
Slight differences in the BA curve can be observed between strut 5 and 7. 
The BA curve of strut 7 is shown to have a relatively flat top, signified by 
the substantial increase in cumulative area between 19.02 mm and 
18.97 mm. This is then followed by a second sloped region between 75 
% and 95 %. However, like strut 5, strut 7 is overall vertical, leading to a 
drop-off in the 95–100 % range. This, once again, shows good applica
tion of the 90–100 method. The slope of peak fit for both struts are fairly 
close to one another, indicating similar area capture in this area. How
ever, the end fit for the two struts is very different, due to the more 
gradual drop in the 90–100 region. The partition point for strut 7 was 
calculated to be 18.971 mm. 

The results from the BA partitioning of strut 4 show very different 
characteristics. In Fig. 11, three distinct regions can be observed in the 
BA curve. First, a linear region is observed between 0 % and 55 % 
showing a steady increase in area captured through the progression of 
the evaluation window. This is then followed by a transitional region in 
which the amount of area captured for each step of the evaluation 
window decreases. Finally, the BA curve once again becomes relatively 
linear until 100 % of the area is captured. The physical reason for this 
continual, gradual increase in material can be observed in Fig. 11 (a). 

The top of the strut is shown again to be semi-hemispherical, but the 
sides of the strut do not appear straight like strut 5. Instead, strut 4 
appears almost conical, tapering wider from top to bottom within the 
evaluation area. A portion of this end linear region also has a slope 
greater than the threshold limit, therefore triggering the use of the slope- 
based method. In Fig. 10 (b), the results of the slope-based method and 
the 90–100 method are presented to contrast the results of both 
methods. In the slope-based method, the end line is fit to a cluster of 
points centralized around 84 % of the cumulative area. This method 
shifts the intersection of the end and peak lines to a lower cumulative 
area, and therefore higher point on the component, as opposed to fitting 
the end line to the 90–100 region. This more conservatively samples the 
surface compared to the partition point of 19.007 mm found using the 
90–100 method, limiting data that extends onto the side of the strut, 
yielding a partition point of 19.011 mm. 

The results from the strut 8 BA partitioning further exemplify the 
need for the slope-based method. In Fig. 11, the evaluation of strut 8 
using both the slope-based and 90–100 methods is presented. One can 
see two distinct linear regions on the BA curve prior to 75 % cumulative 
area. This is followed by a sharp linear drop in the curve, indicating a 
near vertical region of surface area on the strut itself. This is then fol
lowed by another nominally linear region where more material is 
encountered per step of the evaluation window. In totality, this BA curve 
indicates an almost “stepped” surface, showing two distinct regions of 
surface area. This can be observed in Figs 12 and 13 (a), as there is an 
additional surface that extends out of the otherwise cylindrical strut. 
Thinking in context of geometry control on the top surface, only the 
initially contacted surface should be factored into the evaluation, as the 
side walls of the strut are not controlled geometry. Thus, if the slope- 
based method is used, the end line is fit to the drop-off between these 
two regions and calculated partition point for strut 8 is 18.982 mm. 
Ignoring this drop off and using the 90–100 method results in a partition 
point of 19.007 mm, shown as the red data in Fig. 11 (a). This results in 
an under-sampling of the surface due to the naïve fitting of the end line. 

Strut number 6 displays a BA curve unlike the others observed in this 
data set. This strut is the lowest in the evaluation area of the struts 
inspected, resulting in a BA curve that doesn’t capture any component 
area until a height of 18.85 mm. This BA curve only shows one distinct 
linear region, which extends the entirety of the cumulative area. This 
indicates that only the top of the strut was investigated by the evaluation 
window, and that it did not extend onto the side surface of the struts. 

Fig. 10. (a) Strut number 7. The surface area within the investigation area has 
been shaded differently than the remainder of the strut while the extracted data 
points are shown in green. (b) The bearing area curve for strut number 7 and 
partition point determined by the 90–100 method. The beginning of the BA 
curve corresponds to the top of the lattice strut. The partition point corresponds 
to the lowest portion of the green extracted data and the end of the evaluation 
area (100 % on the BA curve) is the transition in shading on the strut. 

Fig. 11. (a) Strut number 4. The surface area within the investigation area has 
been shaded differently than the remainder of the strut while the extracted data 
points are shown in green and red for the 90–100 method. (b) The bearing area 
curve for strut number 4 and partition point determined by the slope-based 
method and the 90–100 method. The beginning of the BA curve corresponds 
to the top of the lattice strut. The partition points correspond to the lowest 
portion of the green extracted data and the end of the evaluation area (100 % 
on the BA curve) is the transition in shading on the strut. 
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Thus, one could argue that the evaluation window should be extended 
further to capture these surfaces. However, since this strut is the lowest 
in the evaluation zone, extending the zone further down will likely only 
increase the extent of data sampled on the lattice, thereby increasing the 
magnitude of the form measurement. This may unnecessarily inflate the 
measurement, and cause the component to be determined out of speci
fication. Extending the evaluation zone is also only viable up to a certain 
value, as eventually the evaluation window will contact the horizontal 
struts of the lattice. This option is not viable, as these surfaces are not 
defined by the theoretical supplemental surface. Thus, for the lowest 
lying strut in the evaluation area, the use of a different partitioning 
method may be appropriate. One could also argue that, for the mea
surement of form, the value will only be inflated further by the mea
surement of the lowest strut. Thus, only the top point of the lowest lying 
strut (provided that this point lies below all other partition points) 

should be considered in the calculation of form. This should be further 
investigated in the calibration of this methodology using calibrated 
reference lattice structure. For this work, this strut was segmented using 
the 50 % method, as the partition point was determined to be the height 
at which 50 % of the cumulative area was captured, 18.797 mm. The 
90–100 method was also utilized on this strut, indicating a partition 
point of 18.810 mm, indicating a decrease in the amount of data 
sampled. 

The form of the component defined by the TSS was then determined 
using the BA segmented data from the five struts shown above and the 
remaining four struts. In one set, the algorithm was allowed to decide 
which partitioning method to use based on the criteria described above. 
For the second set, this decision was overridden to always use the 
90–100 method. Figs 14 and 15 displays the results of these form 
measurements using the two different plane fitting algorithms, while 
Fig. 14 displays the form measurements using only the 90–100 method. 
Differences between the results of the two different plane fitting 
methods can be observed. The least-squares plane fitting leads to a 
higher form error than the Chebyshev plane fitting by 0.017 mm. While 
the difference between the two is only ≈ 7 % of the total measurement, a 
significant difference in the fit feature can be seen in Fig. 14. The po
sition of the fit feature on struts 7 and 9 (using the notation from Fig. 5) 
is observably lower in the Chebyshev fitting. However, by nature of the 
least-squares method, the average deviation from the fit feature is 
minimized. Each of these methods will be affected by the results from 
the individual BA curve partitioning calculations on the individual 
struts. The least-squares fitting algorithm will be weighted more by 
struts that have a larger number of points, thus skewing the fit plane 
towards struts with larger surface area. The Chebyshev fitting algorithm 
will be heavily influenced by the partitioning of the shortest strut, as it is 
heavily influenced by outlier points. Furthermore, the calculation of 
form, in this case flatness, is by definition the orthogonal distance be
tween maximum and minimum points. Thus, the partitioning of the 
lowest strut will have an immediate effect on the minimum deviation 
(highest negative variation) and therefore the overall measured flatness. 
For these components, it may be pertinent to analyze other character
istics of the defined surfaces, as the distribution of form variation may be 
a more useful metric than the overall maximum variation. 

Fig. 14 displays the fitting results of the lattice partitioning based on 
the criteria above to only using the 90–100 method. In the Chebyshev fit 
feature, the measurement of form has decreased from 0.243 mm to 
0.239 mm. This agrees with the results observed in Fig. 12, where the 
partition point was moved higher using the 90–100 method. Since the 
highest point on the lattice remains unchanged, the min-max zone of the 
material would decrease if the partition point was raised. However, the 
measurement of form has increased in the least-squares fit feature. This 
is likely due to changes in the partition of the struts skewing the 
orientation of the fit feature for form assessment. On strut 3, a large 
amount of data is included in the calculation of form using the least- 
squares fit feature. A dense cluster of points on a single strut will un
evenly weight the least-squares fitting toward the individual strut, thus 
changing the orientation of the plane from which flatness is measured. 
This then leads to a change in the normal along which the measurement 
is calculated and increases the measured value. 

The integration of the slope-based partitioning methodology into the 
measurement of form on a lattice structure has been demonstrated here 
as an intelligent alternative to the 90–100 method. The presented results 
indicate appropriate partitioning of lattice struts of varying geometry 
acquired from XCT measurements of an AM lattice structure. However, 
it is difficult to definitively say which of these partitioning methods is 
the most accurate, as there is no reference value to compare the mea
surement results against. Future work will focus on the calibration of 
this methodology using well defined reference lattice structures. 

Fig. 12. (a) Strut number 8. The surface area within the investigation area has 
been shaded differently than the remainder of the strut while the extracted data 
points are shown in green for the sloped-based method and red for the 90–100 
method. (b) The bearing area curve for strut number 8 and partition point 
determined by the slope-based method and the 90–100 method. The beginning 
of the BA curve corresponds to the top of the lattice strut. The partition points 
correspond to the lowest portion of the extracted data and the end of the 
evaluation area (100 % on the BA curve) is the transition in shading on 
the strut. 

Fig. 13. (a) Strut number 6. The surface area within the investigation area has 
been shaded differently than the remainder of the strut while the extracted data 
points are shown in green for the sloped-based method and red for the 90–100 
method. (b) The bearing area curve for strut number 6 and partition point 
determined by the 50 % method and the 90–100 method. The beginning of the 
BA curve corresponds to the top of the lattice strut. The partition points 
correspond to the lowest portion of the extracted data and the end of the 
evaluation area (100 % on the BA curve) is the transition in shading on 
the strut. 
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5. Conclusion 

In this work, the BA partitioning methodology was implemented on 
data obtained through XCT measurements of an AM lattice structure. A 
BA partitioning methodology was adapted to segment the struts of the 
lattice structure and determine form variations resulting from the 
manufacturing process. This newly presented BA partitioning method 
utilizes three different criteria to calculate the partition point, based on 
features of the calculated BA curve for a given lattice strut: 90–100, 
slope-based, and 50 %. The individual partition point calculations 
appear highly applicable to the form variations seen from AM compo
nents and the methodology is able to adapt to different BA curve forms. 
Using the three-criteria partitioning approach is shown to improve the 
flexibility of the methodology as compared to only using the 90–100 
method. The influence of the plane fitting algorithm on the measure
ment result is also shown to have an effect on the measurement result. 
Differences in orientation and location of the fit feature are observed and 
are likely to be influenced by the partition point calculation. This could 
have significant impact on the alignment of the component if TSS sur
faces are used as datums and is applicable to external surfaces oriented 
in any direction. Future work will focus on the assessment of accuracy 
and repeatability of the BA partitioning method by utilizing calibrated 
AM lattice structures. These works will include surface partitioning and 
height calculation. Additional metrics will also be investigated to eval
uate the form of the lattice, such as analysis on the distribution of form 
variations compared to the TSS. This methodology is also likely trans
ferable to other geometries besides planes, such as cylindrical or 
spherical surfaces, via a transformation of coordinates and translation 
along the radial direction. The use of this BA partitioning methodology 
will be investigated on these non-planar surfaces in future work. 
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