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Abstract 
 
Components manufactured from titanium alloys are the state-of-the-art solution for 
medical implants due to their high strength and biocompatibility. However, the stiffness 
of the material can create stress shielding between the bone-implant interface. With 
additive manufacturing (AM) patient-specific implants can be produced with a 
controlled porosity in order to match the stiffness of human bone more closely. In this 
paper we investigate a sample of seven Ti6Al4V pedicle screws manufactured by 
selective laser melting (SLM) in relation to pore size distribution and mechanical 
properties using finite element analysis (FEA). Screws were scanned using X-ray 
microcomputed tomography (XCT) at isometric voxel sizes between 2.5 µm and 16 µm. 
Since the neck of the pedicle screw is exposed to high stress, e.g. during mechanical 
pull-out tests, this region was investigated in more detail via FEA. µFE models were 
generated based on XCT data and elastic moduli estimated by analysis of eight regions 
of interest respectively. Results show an average porosity of 1.16 ±0.12% with a higher 
porosity towards the core of the material compared to its surface and a marked decrease 
in stiffness in relation to the level of porosity. 
  
 
1.  Introduction 
 
Titanium alloys are an indispensable material in medical applications because of their 
exceptional strength at a moderate weight [1] and high biocompatibility [2]. However, 
because of high manufacturing costs and poor workability the usability for complex 
structures is limited [2]. The development of AM methods such as SLM compensated 
for these drawbacks and allows patient specific production of implants [2]–[5]. In 
combination with medical imaging techniques those implants can be produced directly 
from a digital geometric model fitted to the patient’s anatomy. This model gets digitally 
sliced into two-dimensional layers sequentially stacked during the production process, 
in the case of SLM, via melting of titanium powder [3] [5]. Implants of high complexity 
and with defined surface requirements can therefore be produced more easily at 
relatively low fixed costs [3]. Parts manufactured via SLM can be produced with a 
controlled porosity, e.g. to modify mechanical properties in order to reach an apparent 
elastic modulus more similar to those of the human bone, and thereby reduce stress 
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between the bone-implant interface [6]. The presence of pores in the implant 
additionally allows an ingrowth of the bone leading to a better attachment [7]. 
However, the introduction of porosity into the material also inherits the risk of 
inhomogeneity affecting the mechanical stability of the implant. Therefore a detailed 
investigation of the porosity and its implications is necessary. Using X-ray 
microcomputed tomography (XCT), image data of internal structures can be acquired 
and analyzed non-destructively [8]. However, a compromise between spatial resolution 
and sample dimensions is often unavoidable. XCT data postprocessing and evaluation 
of porosity includes smoothing and de-noising steps, followed by binarization to 
distinguish between pores and material. 
For the investigation of mechanical properties either destructive testing is necessary or, 
if the material’s elastic modulus is already known, mechanical parameters can be 
determined via FEA, e.g. using acquired XCT data. The advantage is that also the 
internal porosity of the samples is taken into account and predictions of material 
behavior can be made avoiding expensive tests or further XCT scanning. For this work 
a series of seven Ti6Al4V pedicle screws were manufactured by SLM and investigated 
via XCT followed by FEA. Moreover, one sample was screwed into an artificial bone 
scaffold in order to examine the interaction between screw surface and bone scaffold. 
 
2.  Materials and Methods 
 
A total of seven Ti6Al4V pedicle screws (Ø4.5 x 30 mm, cannulated) were produced via 
SLM (ConceptLaser M2 Cusing, Concept Laser GmbH, Lichtenfels Germany) housed 
at the Center for Smart Engineering (CSM) at the University of Applied Sciences Upper 
Austria (Campus Wels). The system was operated at a power of 100 Watt and 800 mm/s 
speed moving in a chessboard pattern at a track width of 0.16 mm and 30 µm layer 
thickness. No additional heat treatment was performed. The samples were subsequently 
investigated using XCT and simulations performed by means of a FEA as described in 
the following chapters. 
 
2.1 Data acquisition 
 
The samples were investigated using a Nanotom 180NF (GE phoenix | X-ray; see Tab. 
1) equipped with a tungsten target on diamond substrate. A 0.1 mm thick copper filter 
was applied to remove low-energy (soft) x-ray photons from the spectrum. Voxel size 
was calibrated using a ball bar (GE Sensing & Inspection Technologies GmbH– 
phoenix/x-ray, VTX18CK000-029, L=3.97796 mm ±0.0020). For an initial assessment 
an overview scan at 16 µm was performed from which it was obvious that a higher 
resolution is necessary to identify the pores in the material. The screws were therefore 
scanned at an isometric voxel size of 5 µm. Since the neck of a screw is exposed to high 
mechanical stress, e.g. during pull-out tests, this region was scanned in every sample. 
Additionally, multi-scans of the whole screw were performed for two samples. 
Moreover, a detail scan of the tip-region at 2.5 µm was performed for a better 
visualization of the rough screw surface. One sample was screwed into an artificial bone 
scaffold and scanned analogous to the neck region scans to investigate if particles can 
be detected that detached from the surface during screwing. Scan times took up to 111 
minutes and data was reconstructed using GE phoenix datos|x. 
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Table 1. Scan parameters used for the investigation of the titanium screws 

 
Voxel 

size [µm] 
U              

[kV] 
I                

[µA] 
Tint           
[ms] 

Proj. Avg. Skip 
Filter 
[mm] 

neck 5 120 110 600 1700 5 1 0.1 Cu 

complete 5 120 120 600 2000 1 0 0.1 Cu 

tip 2.5 110 110 600 1800 5 1 0.1 Cu 
 
2.2 Porosity analysis 
 
Volume data was processed in VGStudio MAX 3.0 (Volume Graphics). Pores were 
characterized using the porosity analysis tool with ´threshold only´ function set to 60% 
between the air and material peak shown in the gray value histogram (ISO60). The 
minimum pore size was set to 27 voxels. As mentioned before, the porosity was 
evaluated this way at the neck region of every sample. In order to evaluate the 
differences in porosity depending on the height of the screw, the two multi-scan samples 
(complete screws) were aligned vertically by fitting a cylinder to the inner surface of the 
screws. The complete screws were then separated into 8 segments along the cylinder 
axis for which the porosity was determined individually. Since the pores were aligned in 
a grid-like pattern (see Figure 1 & Figure 2), indicating the path of the SLM laser, an 
additional evaluation of the anisotropy was performed at all neck and multi-scan 
samples using CTAn (Bruker-MicroCT). For FEA, eight cubic regions of interest (ROI) 
with an edge length of 1 mm were extracted from the neck region of every screw sample 
as shown in Figure 1.  
 

 
Figure 1. Cut out sites of the FEA cubes indicated at a screw sample in cyan. 

 
2.3 Finite element analysis 
 
For the FEA several pre-processing steps were performed in MedTool (Dr.Pahr 
Ingenieurs eU). In this case the cubic ROIs were down-sampled to 10 µm voxel size in 
order to reduce the calculation time from more than 36 hours to around 1 hour per ROI. 
Subsequently, the data was binarized to separate material from air and converted into a 
volume mesh where every cubic volume element is exactly one voxel in size. The 
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boundary condition chosen for the FEA was the kinematic uniform boundary condition 
(KUBC), which represents a displacement controlled type. The elastic modulus of the 
material was defined to 110·103 N/mm2 with a Poisson's Ratio of 0.33 [9]. In total, there 
were six different loadings applied to the ROI: tensile strain in x-, y- and z-direction as 
well as shear stress in the x-y-, x-z- and y-z-plane. The amplitude of these loadings was 
defined automatically such that the deformation of the simulated volume remained in 
the pure-elastic range. The analysis was finally solved using Abaqus (Dassault 
Systemes, ABAQUS Inc.) with a linear calculation approach, sufficient to fully describe 
the elastic behavior of the sample. 
 
3.  Results 
 
3.1 Porosity analysis 
 
The two investigated complete samples show a porosity of 1.0% and 0.9% while the 
mean porosity at the neck region averaged over all scanned samples showed a porosity 
of 1.16 ±0.12%. The pore distribution resembles an exponential distribution revealing a 
higher amount of small pores at a mean diameter of 0.08 ±0.002 mm and a mean 
volume of 6.63·10-5 ±8.3·10-6 mm³. Nevertheless, the largest pores in the complete 
screw samples showed a volume up to 12.3·10-3 mm³ (see Figure 2). The spatial 
extension of pores in x-, y- and z- direction was closer investigated at the neck regions. 
The projected size of the pores is on average 19.3 ±1.25% larger in the transversal plane 
in comparison to the printing direction, resulting in a mean anisotropy of 0.174 ±0.048. 
 

 
Figure 2. Porosity analysis of a multi-scan sample with semitransparent material and color-coded 

pores. Zoomed sections show large pores and a grid-like orientation 
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The investigation of the two complete samples revealed that the porosity is higher 
towards the head of the screw in comparison to the regions closer to the tip as visible in 
Figure 3. It was also found that the porosity in the indicated segments correlates highly 
with the ratio between volume and the outer screw surface (r = 0.98). 
 

 
Figure 3. Segment analysis sample 6. Porosity per segment is indicated in blue and in orange the 

ratio between volume and the outer surface of the screw showing a strong correlation. 
 
This correlation is caused by a nearly pore free region close to the outer surface of the 
screw as visible in Figure 4. Particularly at the tip it can be seen that this pore free 
surface area leads to a lower porosity at regions with a lower wall thickness. 
 
 

 
Figure 4. Close-up view of a screw sample with compact, nearly pore free surface area indicated. 

Lower amount of pores at the tip-region is clearly visible. 
 
The higher resolution scan of the tip reveals a rough surface characterized by partially 
molten titanium particles as visible in Figure 5 (left). While applying the screw into an 
artificial bone [10] large particles detach as visible in Figure 5 (right). 
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Figure 5. Left: Detail scan of a screw tip with rough surface visible. Right: AM pedicle screw 

applied into an artificial bone scaffold showing detached titanium particles (red circles). 

3.1 Finite element simulation 
 
Mean elastic moduli (Young's modulus) averaged over all 56 investigated ROIs as 
shown in Table 2. 

Table 2. Results of FEA. 

direction elastic modulus 

x 105925.6 ±798 N/mm² 

y 105900.0 ±802 N/mm² 

z 105178.0 ±982 N/mm² 
 
From Figure 6 it is visible that the stiffness shows a linear relationship with porosity, 
i.e. elastic modulus decreases by 2952 N/mm² for each increasing porosity percent. In 
addition, the stiffness in z-direction is lower compared to the x- and y-direction. The 
indicated porosity was evaluated in Medtool after down sampling to 10 µm and 
therefore differs from values for 5 µm scans. 
 

 
Figure 6. FEA results. Elastic modulus and sample porosity in x-, y- and z-direction. 
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4.  Discussion and Conclusion 
 
Although AM offers high flexibility in the production of complex components, it can be 
difficult to control the porosity of the internal microstructure. Also high surface 
roughness of additively manufactured parts is of particular importance in the field of 
medical implants. In this work we addressed these problems using XCT including an 
approach for the prediction of mechanical properties via FEA. 
In general, we found that the porosity in the investigated screw samples is relatively 
high compared to data from literature where porosities of around 0.002% are achievable 
[11]. Additionally, the porosity is higher towards the center of the samples because of a 
relatively pore free region close to the screw surface (see Figure 4) as already 
mentioned in [12]. This compact outer layer is the main reason why the porosity is 
lower towards the tip of the screw as visible in Figure 3. 
Although the grid-like pattern of the SLM-laser path is distinguishable in the alignment 
of the pores by visual inspection, anisotropy is relatively low. This can be explained 
because the anisotropy algorithm is more sensitive to a one-directional alignment than 
to a grid-like pattern in the x-y-plane (see Fig. 1 & 2). The anisotropies of perpendicular 
oriented rows of pores therefore more or less cancel each other out. Nevertheless, it was 
found that the pores tend to be larger in the transversal plane compared to the axial 
screw direction. Those findings illustrate the influence of SLM production parameters 
such as laser power, hatch distance, and hatch spacing on microstructure, i.e. absolute 
porosity as well as on the orientation of pores. 
The detail scan of the screw tip revealed a rough surface with partially molten titanium 
powder particles attached to it. A rough surface is beneficial in terms of interconnection 
with bone tissue [7] but loose titanium particles represent a major complication for 
medical implants. From the application of a screw into an artificial bone scaffold it is 
visible that some of these partially molten particles detach from the surface, showing the 
need for surface treatments of AM components serving as implants. 
The elastic modulus of the titanium screws evaluated is as expected in the range slightly 
below forged Ti6Al4V (114·103 to 120·103 N/mm² [2]). In the direction of the screw 
axis this means an elastic modulus reduction of up to 14.88% depending on porosity in 
the investigated samples. The almost linear relationship with porosity could further 
allow for fast predictions of titanium part stiffness depending on the porosity. However, 
the increased voxel size of the ROIs used in the FE analysis resulted in a loss of 
information, particularly in relation to small pores. An average decrease in porosity of 
37.61% and 69% of pores was observed in the same ROI with 5 µm and 10 µm voxel 
size. Nevertheless, the linear relationship between elasticity and porosity is still obvious. 
As an approximation for FEA it is suggested to simulate a representative volume 
element at least 3-8 times the size of its largest inclusion or pore respectively [13]. With 
the size of our ROIs we cannot fulfill this requirement completely since we are limited 
by the geometry of our samples and a mandatory cubical ROI shape. However, the 
largest pores found in our samples can be considered as outliers, while the simulated 
volume is roughly 12 times the size of the average pore. 
Further perspectives therefore are the production and investigation of standardized test 
specimens. With this specimen, mechanical experiments can be performed for direct 
comparison of the elastic modulus since so far only values from literature were used. 
Additionally, larger ROIs can be simulated to fulfill representative volume element 
criteria more precisely. 
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Summarizing, we have presented that SLM production parameters and printing 
direction influence component porosity and orientation of pores. Additionally, a linear 
relationship between elastic modulus and porosity was verified which allows for 
prediction of titanium part stiffness depending on porosity. 
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