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ARTICLE INFO ABSTRACT

Additive manufacturing (AM) is uniquely suitable for healthcare applications due to its design flexibility and cost
effectiveness for creating complex geometries. Successful arthroplasty requires integration of the prosthetic
implant with the bone to replace the damaged joint. Bone-mimetic biomaterials are utilised due to their me-
chanical properties and porous structure that allows bone ingrowth and implant fixation. The predictability of
predetermined interconnected porous structures produced by AM ensures the required shape, size and properties
that are suitable for tissue ingrowth and prevention of the implant loosening. The quality of the manufacturing
process needs to be established before the utilisation of the parts in healthcare. This paper demonstrates a novel
examination method of acetabular hip prosthesis cups based on X-ray computed tomography (CT) and image
processing. The method was developed based on an innovative hip prosthesis acetabular cup prototype with a
prescribed non-uniform lattice structure forming struts over the surface, with the interconnected porosity en-
couraging bone adhesion. This non-destructive, non-contact examination method can provide information of the
interconnectivity of the porous structure, the standard deviation of the size of the pores and struts, the local
thickness of the lattice structure in its size and spatial distribution. In particular, this leads to easier identification
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of weak regions that could inhibit a successful bond with the bone.

1. Introduction

According to ASTM standard terminology [1], additive manu-
facturing (AM) is defined as “the process of joining materials to make
objects from 3D model data, usually layer upon layer, as opposed to
subtractive manufacturing methodologies, such as traditional ma-
chining”. The continuing fast development of AM in the last four dec-
ades demonstrates the advantages of the technology. The reduction or
even elimination of fixturing, cutting tools and minimal post proces-
sing, improves the product development cycle time. AM is the only
manufacturing process that allows the build of complex geometries to
reduce assembly requirements, increase the functionality of the pro-
duct, and improve their energy footprint [2-4]. According to Gao et al.
[5] the unique capabilities of AM include design flexibility, cost effec-
tive geometric complexity, assembly free designs, time and cost effi-
ciency in production run for low part quantities. Due to the wide ap-
plication spectrum of AM, it receives great interest from niche markets
such as aerospace, medicine and biological systems [2,3]. In particular
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the application of AM for healthcare/medical customised products
based on the requirements of the patient is expected to improve po-
pulation wellbeing [3].

The application of AM in the healthcare industry is relatively new
with the first applications surfacing approximately a decade ago [6].
These applications are established with numerous examples in max-
illofacial prosthesis, dentistry, surgical guides and orthopaedic implants
such as total hip prosthesis [6-14]. AM can produce customised pro-
ducts based on the patients requirements and shape personalised
healthcare with bespoke surgical implants and assistive devices such as
surgical guides [3,10,15]. Also surgical teams can utilise 3D imaging
methods, AM models and surgical guides to establish surgical plans to
minimise any complications by using hardwearing, corrosion resistant
metals with precise design that ensures sufficient rigidity [10,15].

Arthroplasty, such as hip and knee replacement, is a surgical pro-
cedure that improves the functionality of joints. The demand for such
surgical procedures is high and allows the patients to move with re-
duced pain and have more active lifestyle. A successful joint surgery
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should be painless, stable and provide freedom of movement with an
acceptable service lifespan [16]. One of the main complications of ar-
throplasty is the loosening of the prosthesis from the bone [13,17],
bone-mimetic biomaterials are utilised to achieve better bone ingrowth
and implant fixation. The most common manufacturing techniques to
produce the required porous metals appropriate for such applications
are space holder technology and AM [18].

The main advantage of AM over other manufacturing techniques for
the production of interconnected lattice structures is the greater pre-
dictability of the manufactured product. The controlled shape and size
of the interconnected structure ensure the biomimetic characteristics
that will enable tissue ingrowth and prevent the prosthesis loosening
[18,19]. However, the success of the parts depends on the achieved
quality and therefore the manufacturing process needs to be examined
and tested. Conventional tests include destructive examinations that
provide limited data and potentially destroy problematic areas.

This paper demonstrates a novel examination method of AM acet-
abular hip prosthesis cups based on X-ray computed tomography (CT)
and image processing. The development of this non-destructive, non-
contact examination was based on the inspection of a new prototype.
The results provide information of the interconnectivity of the lattice
structure, through evaluation of segmented pores and struts. The ana-
lysis demonstrates the local thickness of the structure in histograms and
visually represent the results for easier identification of weak areas. The
specimen discussed in this paper is a prototype used to develop and test
the method and does not provide any conclusions on the quality of the
manufacturing method, process, design of the components and material
selection.

2. Computed tomography

X-ray computed tomography (CT) is well known for its medical
application and in recent years, it has been applied to non-destructive
industrial quality examinations. The industrial application of this
technology has developed due to the growing need to examine the
quality of complex engineering components such as AM parts [20]. The
reconstructed 3D model produced by CT scanning demonstrates outer
and inner geometries as well density fluctuations. This technology is
applied in numerous industrial applications for the examination and
certification of different manufacturing procedures and materials [21]
as a non-destructive test (NDT).

The layout of a typical lab-based cone-beam X-ray CT machine is
provided in Fig. 1. X-ray CT collects a series of radiographs through a
360-degree rotation of the work-piece that are then reconstructed to
create a 3D model of the examined object. The produced X-rays need to
have sufficient energy to penetrate the examined object and travel to

Fig. 1. Computed tomography (CT) lay out, with the source at left side, the
examined object on the manipulator and the detector at the right side of the
image.
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the detector where the radiographs are collected [22]. In a well-cali-
brated CT system, the quality of the radiographs depends on the char-
acteristics of the X-rays, the settings of the detector and the exposure
time per radiograph. Each pixel of a radiograph has a grey value that
equates to the proportion of X-rays that have not been absorbed by the
work-piece [23,24]. After the completion of the scan, the radiographs
are reconstructed with Filtered Back Projection (FBP) algorithm that
transforms the radiographs to a 3D representation of the object. The
algorithm produces 2D slices through the object, which as a stack re-
present the object as a collection of 3D pixels, called voxels [25]. Each
voxel has an associated grey value that represents the atomic density of
the material; air has the lowest grey value (black) while materials with
high atomic number are assigned a higher grey value (white). The 3D
data can be analysed further to provide dimensional information, vo-
lumetric analysis and other quantification [26].

Numerous studies discuss the uncertainty related to CT scanning
[27-30]. This may be influenced by many factors such as image noise,
pixel size, geometric hardware calibration and the selected magnifica-
tion. In order to obtain dimensional measurements from CT, a specific
procedure has to be followed. The measurements are taken based on a
threshold selection, typically Otsu [31] based on class separation, that
separates the material from air based on the grey value of voxels. Due to
the uncertainty related to the threshold selection, a calibrated part
needs to be scanned prior and post scanning or together with the ex-
amined object. The calibrated part has features that can provide
threshold independent measurements such as holes or spheres. The CT
measurements can then be updated according to these known mea-
surements of the calibrated part by voxel rescaling. This procedure
follows VDI/VDE 2630 Part 1.2 and it has been shown to reduce the
measurements errors from 2% to as low as 0.2% for single material
scans [32,33].

CT scanning can provide non-destructive, non-contact examination
as well as dimensional measurements of complex engineering compo-
nents. One of the main reasons for the rise of AM is due to its cap-
abilities to produce complex engineering components. This become an
issue in itself as no other NDT methods can provide the required ex-
amination to appraise sufficiently their suitability. Therefore, CT is the
only holistic examination available to provide qualitatively and quan-
titatively the required information without destroying any components.
The application of this technology is considerably new as an NDT and in
dimensional metrology, nevertheless recent studies on Real Time
Tomography (RTT) X-ray CT demonstrate its potential in production
examinations [34]. As a result, international standard organisations
have not yet provided any standards that can be followed to ensure the
quality of the examinations, although they are currently being devel-
oped such as ISO/NP 10360-11 [35]. In order to overcome these lim-
itations, CT guidelines provided from organisations such as VDI/VDE
[32] have to be followed. Here, it is suggested that the same scanning
settings are used when multiple parts of the same design are examined
for comparability purposes.

3. Methodology

The material of the examined AM acetabular hip prosthesis cup is
Ti6Al4V. It was produced by Electron Beam Melting (EBM) method and
Arcam EBM Q10 (A GE Additive Company) that is often used for the
production of orthopaedic implants. Fig. 2 shows the prosthesis and
demonstrates its non-uniform lattice structure. The method presented
here was developed to examine quantitatively the interconnectivity of
the lattice structure of the acetabular hip prosthesis produced by AM to
ensure optimum bone ingrowth and implant fixation. The main objec-
tives of the method are to non-destructively examine the components
for quality insurance, identify cracks or internal porosity in the main
body and ensure that the porous structure has the expected character-
istics. The non-uniform lattice structure can be separated as material,
named struts, and the pores. CT scanning collected the 3D data and
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Fig. 2. The geometry of the examined AM acetabular hip prosthesis cup is
hemispherical and the lattice structure that ensures optimum bone ingrowth is
non-unidormal.

image processing enabled dimensional measurements. All of the tech-
nologies and software packages used in this method are provided in
Table 1. The method was developed on a prototype acetabular pros-
thesis and the results provided in the next section are not representative
to the manufacturing method, process, design of the parts and material
selection.

3.1. CT scanning

The examined prototype of the acetabular cup was scanned at a
43 um voxel resolution with the optimum scanning settings provided in
Table 2. The achieved resolution is the best possible resolution based on
the size of the specimen. The CT scanning settings were chosen to
provide sufficient penetration and minimise noise based on the
achieved grey values. The entire specimen remains in view during all of
the projections while a physical filter was used to reduce beam hard-
ening effects and cupping artefacts. This was further adjusted through
pre-processing projections using a beam hardening reduction algorithm
with a standard second order polynomial correction filter [36].

In CT scanning the threshold selection to separate material and
background affects dimensional measurements as boundaries of objects
experience partial volume and unsharpness effects, intrinsic to the
scanning process, in addition to error in the voxel size due to geometric
calibration of the hardware. By taking measurements using traceable
metrological equipment such as a Coordinate Measuring Machine
(CMM), the voxel size can be scaled according to these measurements to
compensate for these errors. The voxel rescaling method used in this
investigation follows the VDI/VDE 2630 Part 1.2 guidelines shown to
reduce the measurement uncertainty [32].

The scan of the examined object was performed with a calibrated
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Table 1
Machines and software used in this method.
Machines &Software used Name Producer Year
X-ray CT scanner X-TEK XT H Nikon Metrology, UK
225/320 LC
Optical CMM scanner NEXIV VMA Nikon Metrology, UK
4540
CT Reconstruction CT Pro 2.4 Nikon Metrology, UK 2016
software
CT Inspection software VG Studio Max Volume Graphics GmbH, 2016
2.2 Germany
Analysis Software Matlab 2016b MathWorks, USA 2017
ImageJ 1.51k Wayne Rasband 2017
Avizo 9.0.2 FEI Visualisation 2017

Sciences Group

Table 2
CT scanning settings.

CT scanning settings

Voltage (kV) 215
Power (W) 33
Exposure time (s) 2.8
Gain (dB) 24
Voxel size (um) 43
Filter (mm Sn) 2

work-piece with known threshold independent measurements that are
then used to update the voxel size of the scanned data. The part was
calibrated with traceable tactile CMM, which provided three centre-to-
centre measurements. The measurements were obtained in a controlled
environment with a standard temperature of 20 °C, the repeatability of
the tactile measurements is 1 um verified according to ISO 3650:1999
[37] and the uncertainty is 3 pm according to ISO 10360-8:2013 [38].
The scan data of the calibrated work-piece identified the same three
centre to centre measurements, Fig. 3, and the voxel size was rescaled
in VG Studio Max according to CMM measurements to represent the
known three centre to centre measurements. After the voxel rescaling
procedure, the measurements were repeated and the maximum mea-
sured error of the calibrated artefact was smaller than 0.2 voxel size.

3.2. Image processing

The aligned and voxel corrected data were exported in DICOM'
image format and imported for automated image processing in MA-
TLAB (MathWorks, 2017). The acetabular cup is hemispherical in
shape, thus the resultant image stack from the CT scan that is to be
analysed, consist of concentric circles with the outer periphery formed
of the struts (Fig. 4). The pixel size in a single image is equal to the
voxel size of the scan setup, with the image taken to be one voxel thick.

The centre of the hemisphere taken at the base of the struts was
identified based on 36 thresholded points from various points of the
examined specimen. Hough transform is used to identify the circle and
its centre in each image and this information is used to identify the
position and centre of the hemisphere with the MATLAB function
ellipsoid fit (Petrov, 2015).” The information provided by this
function, the centre and radius of the hemisphere, are then utilised to
separate the porous structure from the main body. The separation of the
maximum circle that includes the full length of the struts, from the rest
of the volume is achieved by calculating the maximum radius initiating
from the already identified circle. The maximum radius is then used to

1 Digital Imaging and Communications in Medicine (DICOM).
2 Function available in MATLAB's file exchange website by Yury Petrov, Oculus VR,
September 2015.
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Fig. 3. Recalibration of the voxel size is achieved through known measure-
ments of calibrated specimen. The measurements are in mm.

(©)

(d

Fig. 4. The stages of segmentation: (a) thresholding material, (b) identification
of inner and outer boundaries of struts and pores, (c) segmentation and (d)
binarisation of images. The images are provided as demonstration of the
method and they were created with VG studio Max.

separate the background from the porous structure. The specific acet-
abular cup provided includes protrusions that is not relevant to the
characterisation to the porous structure and those areas are removed
from the 3D matrix based on their geometry.

The class separation method of Otsu thresholding [31] was applied
to the grey scale data, suitable for single material scans. The data was
separated and exported into two groups of images; a set for the struts
investigation and a set for the pores investigation.
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The images were imported into ImageJ and the 3D local thickness
analysis tool was used as in Fig. 5, where the distance in every direction
of each pixel to the closest material boundary is calculated. The local
thickness images were evaluated in MATLAB (MathWorks, 2017). All of
the pixels are examined to identify the minimum and maximum values,
calculate the average and the standard deviation of the local thickness
analysis. A global view of the distribution can be seen by viewing the
values as a histogram. The tolerance limits of thickness were selected
based on the work of Taniguchi et al. [19] as an example of typical
manufacturing tolerances.

The local thickness evaluation was examined in 3D using Avizo (FEI
Visualisation Sciences Group, 2017) where the struts region are re-
presented with different colours based on the local thickness analysis
results. The pore region was separated into regions with the function
separate objects. This is based on the calculated distance map and the
interconnectivity of the regions, which is then used to create a medial
axis to mask the distance map. The separation of the pores is strictly
affected by the contrast of the local maxima and minima of the distance
map. The sub-regions are separated based on their sizes and colour
coded based on the mean and maximum values. Further statistical
analysis is performed to provide local thickness maxima and minima of
the data as qualitative images to demonstrate the potentially weak
areas.

4. Results

This method provides quantitative and qualitative results, with
statistical analysis and visual representations of local thickness for the
entire structure. The results are divided into the local thickness of the
struts and then the pores. The maxima, minima as well as the mean of
the local thickness are identified for every point. The results provide a
full characterisation of the struts and the porous structure. CT scanning
can identify internal porosity and cracks in the main body of these
specimens but is omitted in the analysis that follows.

The results of the statistical analysis provided by this method can be
found in Table 3 and can be utilised for comparisons between different
parts. The original voxel size was 43.004 um and the achieved voxel
size after rescaling was 43.875 um. Table 3 also provides information
about the maximum, mean, minimum and standard deviation of local
thickness values of pores and struts. The maximum pores value is
1034.9 um and the mean pore value is 457.92 um, while the standard
deviation is 163.21. The maximum struts value is 568.87 um and the
mean struts value is 261.19 pm, while the standard deviation is 87.02.
The minimum value for both pores and struts is 87.75um demon-
strating the limitation of this method since it is twice the rescaled voxel
size and the smallest identifiable local thickness value.

The volume fraction of pores and struts can be used as quantitative
comparisons for quality assurance. The percentages of the local thick-
ness of pores and struts can ensure the suitability of the acetabular cup
prosthesis, since research shows that porous structures of 600 um pro-
vide optimum implant fixation [19]. In this paper the selection of lower
and upper specification limits were 225 pym and 1158 pym, 173 pm and
811 um for pores and struts respectively. These limits were selected
based on the mean and standard deviation of the work of Taniguchi
et al. [19], as an example to demonstrate the capabilities of the method.
The results demonstrate that 14.55% of porous structure has a porous
structure smaller than 225 um. No pores were detected to have sizes
close to the upper specification limit. The 85.45% of porous structure
has sizes that allow sufficient implant fixation. Similarly, due to the
required size of the porous structure the tolerances of the struts struc-
ture are between 173 um and 811 pm to ensure structural stability while
allowing bone ingrowth. The 17.96% of the struts structure is smaller
than 173 pm and no struts were detected to have sizes more than
600 um, consequently, the 82.04% of struts structure provides sufficient
stability. Fig. 6 demonstrates the number of occurrences of local
thickness in histograms for Fig. 6a pores and Fig. 6b struts providing
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Fig. 5. The local thickness analysis performed in ImageJ. The different diameter spheres fitted are demonstrated in different colours for (a) pores and (b) struts.

Table 3 statistical information that can highlight quality issues. The statistical
Pores and struts statistics for the established voxel size. results can be used for comparisons when a series of components are
The size limits shown in percentages are selected based examined. Further examination of the pores and struts structure can be
on Taniguchi et al. [19]. found in the cumulative frequency graphs in Fig. 7. These graphs de-
Measurements (um) monstrate the percentage of pores at each size. Fig. 7a shows that >
70% of the pores has sizes < 600 um, while the subsequent 10%
Original voxel size 43.004 reaches sizes of 650 um. Only 0.2% of pores had thickness > 900 um.
EZ::led voxel size 42'27;1 Fig. 7b shows that 60% of the struts has dimension < 300 um, while
Maximum (um) 1034.9 25% are smaller than 200 um. Finally, only 0.3% of struts have local
Mean (um) 457.92 thickness > 500 pum.
Minimum (um) 87.75 The image processing analysis also provides the examination of the
Standard deviation 163.21

results in volumetric representation. Fig. 8 visually represents the local

% < 225 (um) 14.55 . . . i
% > 1158I’Eum) 0 thickness results overlaid on the acetabular cup for the easy identifi-
Struts *3um cation of weak areas. Fig. 8a and b show the local thickness results in
Maximum (um) 568.87 different colours while Fig. 8c and d display the location of local
Mean (um) 261.19 thickness maxima and mean. These representations can assist in the
Minimum (im) 87.75 identification of problematic areas in a systematic production stud
Standard deviation 90.19 R p X Y p y
% < 173 (um) 17.96 that examines all or a fraction of the produced parts.
% > 811 (um) 0 CT scanning can also provide useful information on other defects
related to AM acetabular hip prosthesis such as cracks and porosity in
a5 X108 Pores histogram 5 x10° Struts histogram
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Fig. 6. The number of occurrences of each pore and strut size are presented in histograms, (a) pores and (b) struts. The lower selected limit is shown in the red dotted
line. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Cumulative frequency of (a) pores and (b) struts demonstrate the percentage of size for the different achieved local thickness.

the main body of the part, as well as powder trapped within the porous processing. It provides accurate dimensional measurements by reducing
structure. These defects can be identified during the preparation of human interference and error while following metrological guidelines
image processing. The method described in this paper concentrates on [32].

the porous structure of AM acetabular hip prosthesis with image

0.53 1.05 0 0.53 1.05
(a) (b)

0.09 047 1.02
(© (@

Fig. 8. The results of the image processing analysis are demonstrated in 3D models for the better understanding of the issues and their location, (a) and (b)

demonstrate the local thickness per pixel in different colours for struts and pores respectively for the same specimen, (c) shows the maximum and (d) the mean values
of the local thickness at each point of the pore analysis.
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5. Conclusions

This paper demonstrates the application of CT scanning for the non-
destructive examination of complex AM parts that cannot be examined
sufficiently with any other method. The novel method presented here, it
examines a prototype of acetabulum hip prosthesis and provides
quantitative and qualitative results through image processing. This
method was developed to provide quality inspection and characterisa-
tion of the porous structure that affects the implants fixation. The re-
sults provided in this paper are not representative of the manufacturing
method, process, design of the part and material selection.

The method utilises CT scanning to collect the required to data and
image analysis to provide quantitative and qualitative results. The re-
sults can be separated in statistical analysis and volumetric re-
presentations to ease the examination. The method utilised CT soft-
ware, MATLAB and ImageJ, with the majority of the image processing
is automated to minimise human error. The volumetric representation
of the results demonstrates the statistical analysis holistically so they
can be examined visually. The results presented demonstrate the cap-
abilities of the method and further statistical calculations and analysis
are available if they are required.

Future scans should be scanned and reconstructed with the same
settings for consistency. The accuracy of the analysis was ensured
through several repetitions, however, further statistical analysis is
planned to ensure the accuracy of the CT scanning. This method will be
used as a quality examination of a new AM process and different soft-
ware will be tested and evaluated to minimise computation times.
Future planned work includes the comparison of different destructive
and non-destructive methods to ensure the accuracy of this method in
the examination of the surface roughness of the internal struts. Much
progress has already been made in this area using CT as per Thompson
et al. [39], which could be suitably exploited in this application.
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