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Bitmap generation from computer-aided design
for potential layer-quality evaluation in
electron beam additive manufacturing

AQ:au HayWong
School of Engineering, University of Liverpool, Liverpool, UK

Abstract
Purpose – Electron beam additive manufacturing (EBAM) is a popular additive manufacturing (AM) technique used by many industrial sectors. In
EBAM process monitoring, data analysis is focused on information extraction directly from the raw data collected in-process, i.e. thermal/optical/
electronic images, and the comparison between the collected data and the computed tomography/microscopy images generated after the EBAM
process. This paper aims to postulate that a stack of bitmaps could be generated from the computer-aided design (CAD) at a range of Z heights and
user-defined region of interest during file preparation of the EBAM process, and serve as a reference image set.
Design/methodology/approach – Comparison between that and the workpiece images collected during the EBAM process could then be used for
quality assessment purposes. In spite of the extensive literature on CAD slicing and contour generation for AM process preparation, the method of
bitmap generation from the CAD model at different field of views (FOVs) has not been disseminated in detail. This article presents a piece of custom
CAD-bitmap generation software and an experiment demonstrating the application of the software alongside an electronic imaging system
prototype.
Findings – Results show that the software is capable of generating binary bitmaps with user-defined Z heights, image dimensions and image FOVs
from the CAD model; and can generate reference bitmaps to work with workpiece electronic images for potential pixel-to-pixel image comparison.
Originality/value – It is envisaged that this CAD-bitmap image generation ability opens up new opportunities in quality assessment for the in-
process monitoring of the EBAM process.

Keywords Prototyping, Quality function deployment, Advanced manufacturing technologies, Layered manufacturing, Image processing,
Manufacturing technology

Paper type Research paper

1. Introduction

Electron beam additive manufacturing (EBAM) is a technique
which uses an electron beam as a heat source to selectively
process metallic powder in a layer-wise fashion. When the
electron beam scans across a powder bed in a predefined
pattern, melt tracks are formed and cross sections of the desired
component are produced. Upon completion of one layer,
another layer of powder is deposited onto the processing area,
and this building process repeats until the full 3D component is
built (Gibson et al., 2010). The EBAM process offers a
reduction in thermal residual stress within components (Gong
et al., 2014) and a high level of design freedom (Harrysson
et al., 2008). This process is popular for manufacturing
orthopaedic implants and aerospace components (Baudana
et al., 2016). Nevertheless, there are process quality issues,
including non-uniform powder layer deposition (Foster et al.,
2015), peeled-off metallisation on the processing area (Tor
et al., 2014) and component defects (Foster et al., 2015; Tor
et al., 2014; Stravroulakis et al., 2016; Sames, 2015). In the

attempt to monitor EBAM process quality, data collection
techniques using thermal/optical/electronic in-process imaging
have been investigated. Studies were carried out on the Arcam
S12 EBM machines by Raplee et al. (2017) with a FLIR 7600
mid-wave infrared (IR) camera, and Price et al. (2013) with a
LumaSense MCS640 near-IR camera. Moreover, Arcam A2
machines were used by Cordero et al. (2017) with FLIR SC645
IR cameras, and Scharowsky et al. (2012) with a Photron
Fastcam SA3 visible light camera. The potential of electronic
imaging in EBAM monitoring has also been investigated by
both Arnold et al. (2018) and Wong et al. (2018). Arnold et al.
(2018) built a backscattered electrons (BSE) imaging system
for a modified Arcam S12 EBM machine, whereas Wong et al.
(2018) developed an electronic imaging system prototype for
an ArcamA1EBMmachine.
Regarding data analysis for the evaluation of layer-quality,

Raplee et al. (2017) evaluated the melting process by analyzing
regional slopes in pixel values of the in-process thermal images.
The relationship between temperature profile and
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microstructure of components was also investigated. In-process
thermal images were compared with post-process electron
backscatter diffraction (EBSD) results of the EBAM-
manufactured components. Mireles et al. (2014, 2015)
detected intentional defects using thermal images of an EBAM
component via a contour tracing algorithm. These thermal
images were also correlated with post-process computed
tomography (CT) scan data of the EBAM component to
confirm the observation of the thermal imaging system. In
other articles, Mireles et al. (2014, 2015) detected porosity in
EBAM-manufactured components and monitored the EBAM
processing area temperature. Comparisons were made between
a calculated average pixel intensity (represents an average
temperature) from thermal images and the user-pre-defined
pixel intensity range (represents the desired temperature
range). Rodriguez et al. (2012) analyzed the in-process thermal
image histograms of the EBAM processing area to identify cold
spots. Arnold et al. (2018) evaluated the topography and
porosity of EBAM-manufactured components. Comparisons
were made between in-process electronic images and post-
process CT scans and images from an optical microscope. This
article postulates an alternative data analysis method – the
evaluation of in-process collected data against a set of bitmaps
generated from the computer-aided design (CAD) model,
which serves as the reference image set.

2. Custom computer-aided design-Bitmap
generation software development

3D surface geometries can be represented by triangular
tessellation (Milewski, 2017). The American Standard Code
for Information Interchange (ASCII) Stereolithography (STL)
format, which is used in this study, is one of the tessellation file
formats. In this format, each tessellation triangle is described by
two pieces of information: the 3D Cartesian coordinates of the
triangle vertices, and the normal unit vector of the triangular
plane (pointing outward of themodel), as summarised inT1 Table
I (Touretzky, 2016).
To prepare for a typical AM process, the STL file of a CAD

model first undergoes a slicing operation. The slice depth is set
to be equivalent to the AM processing layer thickness, whereas
the slice direction is in the AM-build direction. Layers of cross
sections of the original 3D design are generated as the output.
In a typical AM process, together with the heat source (e.g.
laser, electron beam) parameters, the 2D design information is
then translated into machine code, the G-code (Kanada,
2016). During manufacturing, this G-code is read by an AM
machine, and the AM process is carried out by building the
design cross sections with the predefined beam parameters and
machine steps, in a layer-by-layer fashion (Franchin et al.,
2015).
The purpose of this custom software development is to

generate bitmaps from CAD models in the STL format. The

development is partly built upon an existing Python package
called “conformal surfaces” (University of Liverpool, UK)
(Robinson, 2014). Part of the “conformal surfaces” source
code is used to enable the import of STL files and extraction of
the 3D Cartesian coordinates of triangle vertices contained in
the STL files. F1Figure 1 shows the operation on one arbitary Z
plane to give the process flow overview of the CAD-bitmap
generation software.

2.1 3D computer-aided designmodel slicing and 2D
contour vector generation
In an STL file, the surface geometry of a design is represented
by a set of triangles via meshing. During STL file slicing, the
STL segments are analyzed using vector calculus. A set of 2D
contours are generated based on a set of Z planes (in typical
AM processes, the Z direction is the build direction). F2Figure 2
and equations 1-4 describe the working principle of the slicing
operation carried out by the software.

VSF
* ¼ V0F

* � V0S
*

(1)

V0X
* ¼ V0S

*
1VSX
*

(2)

where:
VSF
*

is an arbitary STL vector segment in a 3D Cartesian
space, V0S

*
is the vector connecting the origin and the start

point S of VSF
*

, V0F
*

is the vector that connects the origin and
the finish point F of VSF

*
, and V0X

*
is the vector connecting the

origin and an arbitrary point X in space.
Figure 2 and equations (2) and (3) show that if VSX

*
is

parallel toVSF
*

, thenVSX
*

can be expressed by VSF
*

� �
t, where t

is a scale factor.

Table I Sample ASCII STL file format (Touretzky, 2016)

Parameter Value

Triangle facet normal (nx, ny, nz)
Triangle vertices (v1x, v1y, v1z), (v2x, v2y, v2z), (v3x, v3y, v3z)

Figure 1 CAD-bitmap generation overview, for one arbitrary Z plane
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V0X
* ¼ V0S

*
1 VSF

*
� �

t (3)

x
y
z

2
4

3
5 ¼

xS
yS
zS

2
4

3
51

xF � xS
yF � yS
zF � zS

2
4

3
5t (4)

If both the start and finish point of a chosen STL vector
segment, VSF

*
, are known, it is possible to decide if a selected Z

plane intersects with the chosen STL vector segment. With the
coordintes of the arbitary STL segment start and finish points,

Figure 2 Definition of an STL segment in vector calculus

Table II All possible values of “t” during STL slicing

Value of “t” Implication

t < 0 The intersection lies beyond the length of VSF
*

t = 0 The intersection is at the start point of VSF
*

0 < t < 1 The intersection lies within VSF
*

t = 1 The intersection is at the end point of VSF
*

t> 1 The intersection lies beyond the length of VSF
*

t cannot be
resolved

There is no intersection between the selected Z plane and
the arbitrary STL segment VSF

*

Figure 3 2D intersections generation

Figure 4 Pixel assignment algorithm in detail
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and the Z coordintae of the selected plane known, xi and yi of
the 3D intersection can be calculated through finding the scale
factor “t.”T2 Table II summarises all possibile values for “t”and
their implications.

2.2 2D intersection generation
Following STL slicing, to generate 2D intersections, virtual scan
lines are overlaid on top of the 2D contour vectors (3D
intersections from the same STL triangle joint together to form a
vector).F3 Figure 3(a) depicts a cube and an arbitarily selected Z
plane. Figure 3(b) illustrates the slicing output: 2D contour vectors
which live on the selected Z plane; and Figure 3(c) demonstrates
how 2D intersections with virtual horizontal scan lines are defined.
The interesctions between the 2D contour vectors and the virtual
scan lines can be found by applying equation (5), which is a 2D
version of equation (4)with a knownY value.

V0X
* ¼ V0S

*
1 VSF

*
� �

t

xn
C

� �
¼ xS

yS

� �
1

xF � xS
yF � yS

� �
t (5)

where:
C is the known y-cooridnte of a scan line, and xn is the x-

coordinate of an intersection between the scan line and a 2D
contour vector, which can be found by first resolving for “t.”

2.3 Pixel value assignment
Following the generaiton of 2D intersections, to assign pixel
values, the 2D intersections on each virtual horizontal scan line
are analyzed, as described by process flow chart inF4 Figure 4 (an
elaboration of the overview given in Figure 1). The key factor is
to only keep the scan lines with an even number of
intersections, and discard the rest of the scan lines which only

posses an odd number of intersections. F5Figure 5(a) and (b)
illustrates this idea with a set of 2D contour vectors of an STL
cube. Pixels which lie between the 2D intersections are
assigned the colour white, with the rest assigned the colour
black. The location, length and number of the virtual scan lines
define the output bitmap dimensions (number of image pixel
columns and rows). The software allows the user to have full
flxibility to define the bitmap dimensions.

2.4 Computer-aided design-Bitmap image generation
software verification
A generic femoral component CAD model (STL format) was
obtained from the free online STL database, Thingiverse (www.
thingiverse.com/). The STL was imported into the Magics
software (Materialise NV, Belgium) for re-scaling, populated to
fit into a 200mm � 200mm region of interest (ROI), and to
align the design frontal plane direction with the origin z-axis in
the software. This modified STLwas then imported to the image
generation software for a software verification trial. F6Figures 6
and F77 show the resultant bitmaps generated at different:
� user-defined Z heights; and
� field of views (FOVs).

Therefore, the capability of the custom software has been
verified.

3. Experimental setup

This section presents the demonstration trial setup. A real-life
situation was simulated where the CAD-bitmap generation
software was used alongside a digital electronic imaging system
prototype for in-process monitoring. The imaging prototype was
developed for an Arcam A1 EBAM machine (Arcam AB/GE
Additive, USA) (Wong et al., 2018). F8Figure 8(a) is the schematic
of the prototype. The prototype consists of a feedback electron
sensor (modified Arcam heat-shield frame and plates), a data

Figure 5 Pixel assignment demonstration
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logger (Arduino DUE microcontroller break-out board), signal
amplifier and a piece of electronic image generation software.
The prototype was designed to generate digital electronic images
from the secondary electrons and backscattered electrons
originated from the interactions between the machine’s primary
electron beam and the processing area. Figure 8(b) shows the
imaging target (Wong et al., 2018) used in this experiment. The
target was made of Ti–6Al–4V powder, and designed to consist
of nine solidified/sintered powder regions.

T3 Tables III andT4 IV summarise the experimental
configurations and CAD-bitmap generation settings. Tables III
and IV show that both the reference image (CAD-bitmap) and
the workpiece image (digital electronic image) are set to have
the same:

� image dimension; and
� FOV.

This is to allow pixel-to-pixel direct comparison between the
reference and workpiece images in data analysis for potential
layer-quality evaluation.
In the demonstration, the target was first manufactured by

the EBAM machine. Upon completion, the target was taken
out of the EBAM machine for excess powder removal in a
powder recovery system (Arcam AB/GE Additive, USA).
After the removal of excess powder, the imaging target was
put back to the EBAM machine processing area. At this
point, the CAD-bitmap software generated a reference
image according to the settings described in Table IV. After

Figure 6 Generic femoral component CAD-bitmap generation (slicing at various Z heights)
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that, the imaging prototype carried out electronic imaging
according to the configuration set in Table III.

4. Results

This section presents the results obtained from the
demonstration trial. Raw digital electronic workpiece images
were generated from location “6” of the imaging target, as
illustrated inF9 Figure 9(a) and (c). To generate binary images,
image processing was carried out before image thresholding.
Noise was removed by applying a median filter, and image
contrast was enhanced by carrying out histogram equalisation
with the use of the FIJI software (ImageJ, open source).

Equation (6) (Woods and Gonzalez, 2008) and equation (7)
(Woods and Gonzalez, 2008) define the median filter and
histogram equalisation functions used, respectively. The
median filter applied had a user-defined neighbourhood area of
a circle with radius of two pixels. The histogram equalisation
was carried out with a user-defined saturated pixel value of 0.3
per cent, allowing 0.3 per cent of the total pixels to become
saturated.

f̂ x; yð Þ5 median
s; tð Þ 2 Sxy

g s; tð Þ� �
(6)

where:

Figure 7 Generic femoral component at Z = 8mm (bitmaps from various FOVs)
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f̂ (x,y) is the pixel-value of the filtered image at (x,y), g(s,t) is the
pixel-value of the raw image at (s,t) and Sxy represents the set of
coordinates within a user-defined area of an image.

yk ¼D L� 1ð ÞXk
i¼0

h ið Þ
" #

1 0:5

" #
k ¼ 0; 1; 2; . . . :; L� 1

(7)

where:
L is the bit-depth in an image, k is the pixel-value within the

bit-depth, L, h(i) is the normalised histogram which gives
the probability of occurrence of pixel-value, I,

Pk
i¼0

h ið Þ is the
cumulative probability distribution of the normalised
histogram, and yk is an integer, the equalised number of pixel
with a pixel-value of k.

Figure 9(d) and (e) shows the processed and binarised
electronic images of location “6”, respectively. Binary images with
the same FOV (location “6”) were also generated from the CAD-
bitmap generation software, as shown in Figure 9(b) and (f).

5. Discussion

Figure 9(e) and (f) verifies that the CAD-bitmap generation
software is capable of generating the same FOV for the bitmap
as the electronic image from the imaging prototype. It is
thought that these bitmaps, i.e. Figure 9(f), can serve as
“reference images”, whereas the binarised electronic images,
i.e. Figure 9(e) [with the same Z height and FOV as Figure 9
(f)], from the prototype serve as “workpiece images.” F10Figure 10
illustrates this concept.
As the reference and workpiece images have the same image

dimension and FOV, the pixel-to-pixel image comparison
between them is thought to have the potential to reveal typical
EBAM process issues, which include, but not limited to, poor
powder layer deposition (Foster et al., 2015) and peel-off
metallisation fallen onto the processing area (Tor et al., 2014).
An “image go/no-go gauge” can be developed based on this
pixel-to-pixel comparison. It can then contribute to the
decision-making of the acceptance or rejection of a processed
EBAM layer. In addition, other metrics could be developed as
outlined below:
� a deviation image could be generated for each EBAM

layer to reveal the differences in pixel values between a
reference and workpiece image when overlaying one on
top of the other; and

� a 3D deviation model could be generated from a stack of
deviation images generated throughout the EBAM
process.

This model could serve as an overall, quantitative feedback to
the users on the EBAM-build quality. Although the workpiece
electronic image, Figure 9(e), was generated after the EBAM
process, this study has showcased the potential for pixel-pixel

Figure 8 Electronic imaging system prototype and the imaging target (Wong et al., 2018)

Table III Arcam A1 EBAM machine and imaging prototype configurations

Parameter Value

Beam current (mA) 1
Beam scan speed (mm s21) 3,960
Chamber pressure (mbar) 2� 10�3

Chamber temperature (°C) 30
Image Z height (mm) 14.9
Imaging area (mm2) 60� 60 (imaging location “6”)
Image size (pixels) 1,800� 1,800
Image frame time (s) 27.3

Table IV Custom CAD-bitmap generation settings

Parameter Value

Image Z height (mm) 14.9
Image area (mm2) 60� 60 (imaging location “6”)
Image size (pixels) 1,800� 1,800
Image generation time (s) 12.3
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Figure 9 Generation of electronic and CAD-bitmap of location “6”, after the EBAM process

Figure 10 Multi-layer electronic imaging and comparison with CAD-bitmaps (demonstrated with an arbitrary CAD model)
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image comparison to be conducted on-the-fly for process
monitoring. Live EBAM process monitoring allows machine
operators to be notified in the first instance when issues occur.
Early discovery of process anomaly saves production cost and
time. This is important if the EBAM technique were to gain
wider adoption in the manufacturing sector. In spite of the
potentials suggested by the experimental results and concepts
derived from this study, Tables III and IV show that workpiece
image frame time is 27.3 s whereas the reference image
generation time is 12.3 s for the current hardware/software
setup. Further developments are needed to:
� optimise the CAD model slicing and bitmap generation

algorithm to speed up the software; and
� upgrade the data-logging electronics (open-source

Arduino microcontroller break-out board) by acquiring an
industrial-standard data acquisition system.

6. Conclusions

To contribute to the field of EBAM process monitoring, a
method of bitmap generation from CAD models has been
presented in this article. TheCAD-bitmap software verification
results have showcased the ability of the software to generate
binary reference images from any user-defined FOVs and Z
heights of the processing area. In addition, the demonstration
results with the custom electronic imaging prototype have
shown the potential of an EBAM layer-quality assessment
metric based on pixel-pixel image comparison. There will,
however, be challenges ahead to realise this potential. Future
studies will need to focus on reducing the reference CAD-
bitmap generation time, improving the data-logging speed of
the electronic imaging system prototype and fully assess the
applicability of this image comparison metric by carrying out
in-process data collection under real EBAM building
conditions to generate electronic workpiece images on-the-fly.
Pixel-pixel comparison between a pair of reference CAD-
bitmap and workpiece electronic image also needs to be
conducted in real time, after the material processing of each
EBAM layer, during a real EBAMbuild.
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