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Abstract
Background  The Trident II Tritanium acetabular shell is additively manufactured (3D printed), based on the 
established Trident ‘I’ Tritanium shell, produced using conventional methods; this study characterised their differences.

Methods  We obtained 5 Trident I (T1) and 5 Trident II (T2) shells sized 52 mm, 54 mm (n = 3) and 60 mm. We 
measured their: mass, shell-liner engaging surface roughness, roundness, wall thickness, the depth of the bone-facing 
porous layer, porosity, and the number, volume and location of structural voids.

Results  The mass varied by up to 13.44 g. The T1 and T2 shells had a median internal roughness of 0.18 μm and 
0.43 μm, (p < 0.001) and the median departure from roundness was 6.9 μm and 8.9 μm, (p < 0.001). The 54 mm and 
60 mm T2 shell walls were 37% and 29% thinner than their T1 counterparts (p < 0.01). The T2 shells had irregular 
porous structures, shallower in depth by 11–27% (p < 0.001) than T1 shells, which had repeating mesh units; the 
overall porosity was comparable (54%). All T2 shells had between 115 and 3415 structural voids, compared with two 
T1 shells containing 21 and 31 voids. There was no difference in the depth of the porous layer for the 54 mm T2 shells 
(p = 0.068), whilst T1 shells did show variability (p < 0.01). Both groups showed a variability in surface roughness and 
roundness (p < 0.01).

Conclusion  This is the first study to compare shells from a single manufacturer, produced using conventional and 
additive methods. This data will help interpret the performance of the 3D printed Trident II as longer-term clinical data 
is generated.
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Background
The Trident Tritanium shell (Stryker, USA) is an example 
of a clinically successful acetabular shell used in total hip 
replacement surgery, with a risk of revision at 15 years of 
4.05% [1]. The Tritanium coating is highly porous in its 
nature, offering the potential of enhanced bony fixation. 
It’s conventional, subtractive manufacturing process con-
sists of machining a solid titanium alloy to create the core 
shell substrate. The porous surface layer is created sepa-
rately through a process which first creates a compacted 
meld of sacrificial particles, pure titanium particles and 
a polymeric binding agent. The sacrificial particles are 
then removed, leaving behind the desired pores and this 
structure is bonded to the underlying substrate through 
sintering processes. [2].

The Trident II Tritanium shell (Stryker, USA) is an 
entirely additively manufactured device which received 
FDA 510(k) clearance in 2016, based in part on the claim 
of substantial equivalence to the Trident Tritanium shell 
[3]. This utilises a process known as Selective Laser Melt-
ing (SLM) which uses a scanning laser beam to melt and 
fuse raw titanium powder to create the desired structure. 
The key manufacturing rationale of additively manufac-
turing (also referred to as 3D printing) the Trident II is 
the ability to reliably (1) produce a thinner walled shell, 
thereby allowing larger femoral head size options and 
(2) print complex, highly porous bone-facing surfaces to 
enhance long-term fixation [4]. The constraints of con-
ventional methods places greater limits on the quality 
assurance of components at similar wall thicknesses and 
design complexities.

The clinical impact of the design changes in the Trident 
II will become clearer as long-term clinical and registry 
data is generated about its performance. Additive manu-
facturing is however a very different method of produc-
ing these shells compared with the conventional methods 
of the original Trident shell; this approach of 3D printing 
an implant, layer-by-layer, from a starting titanium pow-
der has some known challenges, such as the risk of voids 
forming within the printed structure which may impact 
its mechanical properties [5].

Independent characterisation of the intended and unin-
tended differences between these shells, produced by two 
different manufacturing methods, will help explain any 
differences in clinical performance that may occur in 
the future. The aim of this study was to characterise and 
compare the structural and morphometric properties of 
the Trident Tritanium and Trident II Tritanium shells, 
through analysis of final-production components of both 
designs.

Methods
Materials
This study examined 10 final-production, unused ace-
tabular shells that had been produced by a single manu-
facturer (Stryker, Michigan, US). These consisted of (A) 
5 Trident Tritanium Clusterhole Shells that had been 
conventionally manufactured from Ti6Al4V alloy and (B) 
5 Trident II Tritanium Clusterhole Shells that had been 
3D printed from a starting Ti6Al4V powder, Fig.  1. We 
obtained the same shell sizes for both groups: 52  mm 
(n = 1), 54 mm (n = 3) and 60 mm (n = 1). From this point 
forward, the conventionally manufactured shells will 
be referred to as ‘Trident I’ and the 3D printed shells as 
‘Trident II’. The Trident I shells were assigned an identi-
fier of T1_52, T1_54_A, T1_54_B, T1_54_C and T1_60. 
The Trident II shells were identified as T2_52, T2_54_A, 
T2_54_B, T2_54_C and T2_60.

The schematic in Fig. 2 summarises the analysis steps 
performed for the implants.

Shell mass
The mass of each shell was measured using Mettler PC 
4400 (Mettler Toledo, Leicester, United Kingdom) digital 
scales.

Internal roughness
A Talyrond 365 (Taylor Hobson, Leicester, UK) was used 
to evaluate the roughness of the internal shell surface, 
at the shell-liner engagement interface, Fig.  2. A series 
of 5 vertical line traces were captured at 90° increments 
in each shell, using a 5 μm diamond stylus (20 traces per 
shell) and the Ra roughness measure was computed.

Fig. 1  Macroscopic images showing an example of the two designs ana-
lysed: (a and b) the back and front sides of the Trident I shell and (c and d) 
the back and front sides of the Trident II shell
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Shell roundness
A Zeiss Contura (Carl Zeiss, Rugby, UK) coordinate mea-
surement machine (CMM) was then used to determine 
the roundness of the shell-liner engagement region. A 
2 mm ruby stylus was used to capture 10 circular traces 
which were analysed in accordance with ISO 1101, to 
determine the separation of two concentric circles fitted 
within and outside of the captured traces; a lower separa-
tion indicates a smaller departure from roundness.

Micro-CT imaging
A Nikon XTH 225 micro-CT scanner (Nikon Metrology, 
Tring, United Kingdom) was used to capture high resolu-
tion 3D images of each shell. Scans were performed with 
a beam current and voltage of up to 110 µA and 225 kV 
respectively. A 2.0  mm thick copper filter was fitted in 
front of the beam source in order to minimise any beam 
hardening induced when scanning a metal sample. The 
two-dimensional (2D) projection images were first recon-
structed in CT Pro 3D software (Nikon Metrology, UK), 
whilst applying a filtered back-projection algorithm. Sec-
ond-order polynomial-correction numerical filtering was 
also applied within the algorithm to further minimise 
any beam hardening that may have occurred. The spatial 

resolution of the images for analysis was 0.09  mm; the 
voxel size of the scans was 0.045 mm.

Shell volume
The filtered and corrected micro-CT data was imported 
into the analysis software package Volume Graphics 
(Heidelberg, Germany) and the shells were segmented 
using an ISO-50 approach. An automated calculation of 
the volume of each shell was then obtained.

Morphometric analysis of micro-CT data
The micro-CT data was then analysed using Volume 
Graphics and Simpleware (Synopsis, Exeter, UK) in order 
to measure (1) the wall thickness of the dense regions of 
the shells, (2) the depth of the porous layers, (3) the strut 
thickness of the porous structures, (4) the pore size and 
(5) the level of porosity.

Shell wall thickness
2D projection images from the scans were examined 
in Simpleware after applying a multi-Otsu threshold-
ing algorithm to separate the titanium implant from the 
background (air). The 2D image bisecting each shell was 

Fig. 2  A schematic summary of the analysis steps performed using an example of (a) a Trident II shell. For each shell we (b) assessed the roughness of 
the internal shell-liner engagement surface, (c) determined the amount of any deviation from roundness of this engagement regions, (d) captured a 3D-
micro-CT scan of the component and used this to (e) isolate 2D slices and (f) measure the thickness of the shell wall and (g) the depth of the porous layer. 
We then (h) analysed samples from the micro-CT scan to characterise the porous structure, with measures of strut thickness, pore size and the amount 
of porosity. The whole micro-CT scan data was used to (i) determine the presence of any voids, (j) determine the location of these and (k) determine the 
volume and size of these
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selected and 5 measures of the thickness of the dense 
region of each shell were obtained.

Porous layer depth
The same 2D projection images were then examined to 
capture 5 measures of the thickness of the porous layers 
on each shell.

Strut thickness measurement
A multi-Otsu thresholding algorithm was applied in 
Simpleware to separate the titanium implant from the 
background (air) and render a segmented 3D model of 
each cup. A sphere was best fit to the transition between 
the porous and dense regions of the implants. Through 
Boolean subtraction, the porous layer was isolated from 
the rest of the implant using the defined sphere. Five 
samples of the porous structures within the main cup 
body were captured computationally for analysis, mea-
suring 10 × 10 mm in length and width and including the 
entire depth of the porous layer. A wall thickness func-
tion within Simpleware allowed the mean thickness of 
the struts to be recorded in each sample.

Pore size measurement
With respect to the Trident I, the pore size of the mesh 
structure of each sample was measured by best fitting a 
sphere to the internal surface of a single mesh unit. This 
was performed on five unique units within each sample.

The Trident II did not have a single, repeating mesh 
unit and the pore shape was more irregular in nature; a 
best fitting sphere method was therefore not suitable and 
so a different approach was adopted. This necessitated 
manual measurement of the distance between struts to 
determine the pore size at different regions. This was 
achieved by (1) identifying and isolating adjacent struts 
and then (2) inverting the mesh so as to allow the space 
between the struts to be measured using a wall thickness 
operation.

Porosity measurement
The previously isolated regions within the captured sam-
ples were used to determine the level of their porosity, 
expressed as a percentage, of the volume of this region 
relative to the volume of the mesh material within this 
space.

Void analysis
The Porosity/Inclusion Analysis module within the Vol-
ume Graphics software was then used to investigate the 
presence of any voids within the components, that may 
indicate structural defects. The VGDefX algorithm was 
applied during analysis, in which variations in grey scale 
values are assessed and compared for each voxel of the 
scan to determine if the voxel forms part of a void or of 

the material. An edge distance calculation was performed 
for each void that was identified, in order to determine 
the minimum distance between the void and the sur-
face of the implant. Following this analysis, the following 
parameters were obtained for each shell:

(1)	The number of voids/mm3.
(2)	The total volume of voids and the shell volume 

fraction.
(3)	The size of each void.
(4)	The distance of each void from the shell surface.

Statistical analysis
We performed Mann-Whitney U tests to determine if 
there were any significant differences in the parameters 
investigated between the two shell designs (where appli-
cable). Kruskal-Wallis tests were used to identify if there 
were any significant differences between shells of the 
same 54  mm size in the groups, with Dunn’s multiple 
comparisons tests used for post-hoc analysis. All analy-
sis was performed using the statistical software package 
Prism (GraphPad, La Jolla, California) and throughout, a 
p-value < 0.05 was considered statistically significant.

Results
Shell mass
The mass of each shell (mean of the three readings) is 
presented in Table  1. The 52  mm and 60  mm sizes of 
the T1 shells were heavier than their T2 equivalents by 
13.23 g and 13.44 g respectively. Conversely, the 54 mm 
T2 shells were approximately 10  g heavier than the 
54 mm T1 shells. The three 54 mm T1 shells had a dif-
ference of 0.15 g between their mass measurements; the 
three 54  mm T2 shells had a difference of 0.95  g. Shell 
T2_54_B was 0.25  g lighter than T2_54_A, whilst shell 
T2_54_C was 0.95 g lighter than T2_54_A.

Internal roughness
The roughness measures of the internal surface of each 
shell are presented in Fig.  3. T1 and T2 shells had a 
median Ra of 0.18  μm (0.12–0.36) and 0.43  μm (0.37–
0.55) respectively; this difference was statistically sig-
nificant (p < 0.001). Kruskal-Wallis analysis of the three 
54 mm T1 shells indicated significant differences between 
their median Ra values (p < 0.001); post-hoc analy-
sis showed T1_54_B to have a greater roughness than 
the other two cups. Kruskal-Wallis analysis of the three 
54  mm T2 shells also revealed differences (p = 0.019), 
such that the roughness of T2_54_C was greater than 
T2_54_B (p = 0.015).
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Shell roundness
The T1 and T2 shells had a median departure from 
roundness of 6.9  μm (4.2–10.8) and 8.9  μm (5.0-16.1) 
respectively; this difference was significant (p < 0.001). 
Kruskal-Wallis analysis revealed a variability between 
the three 54  mm T1 shells (p = 0.0019); post-hoc analy-
sis showed that T1_54_C had a greater deviation from 
roundness from T1_54_A (p = 0.0021) and T1_54_B 
(p = 0.0317).

There was also a variability between the three 54 mm 
T2 shells (p = 0.0074); T2_54_C had a smaller departure 

from roundness than shells T2_54_A (p = 0.0255) and 
T2_54_B (p = 0.0161).

Shell volume
Table 1 presents the computed shell volumes. The three 
54 mm T1 shells varied by 0.29mm3 and were smaller in 
volume than the 54  mm T2 shells. Shell T2_54_C was 
0.61mm3 smaller in volume than the shells T2_54_A and 
T2_54_B, which differed by 0.05mm3.

Table 1  Summary of the defect analysis data obtained for each shell, detailing the presence and characteristics of structural voids. 
Measures of the volume, mass and density are also presented
Shell Vol-

ume 
(cm3)

Mass 
(g)

Density 
(g/cm3)

Num-
ber of 
Voids

Total 
Volume 
of Voids 
(mm3)

Void Concentration 
(voids/mm3)

Volume 
Frac-
tion 
(%)

Median 
(range) Void 
Sphericity

Median (range) 
Void Size (mm)

Median (range) 
Distance of 
Voids from 
surface (mm)

T1_52 14.17 62.15 4.39 0 0.00 0.000 100.00 - - -
T2_52 11.41 48.77 4.27 1315 0.88 0.115 99.99 0.52 (0.27–0.66) 0.16 (0.10–0.72) 0.29 (0.05–1.25)
T1_54_A 13.72 58.64 4.27 0 0.00 0.000 100.00 - - -
T1_54_B 13.97 58.49 4.19 0 0.00 0.000 100.00 - - -
T1_54_C 13.68 58.60 4.28 21 0.01 0.002 100.00 0.56 (0.5–0.62) 0.15 (0.13–0.22) 0.50 (0.21–1.16)
T2_54_A 16.35 68.65 4.20 455 1.05 0.028 100.00 0.54 (0.34–0.72) 0.24 (0.12–0.96) 0.20 (0.07–1.4)
T2_54_B 16.40 68.40 4.17 3415 4.76 0.208 99.97 0.52 (0.27–0.69) 0.22 (0.11–0.87) 0.31 (0.06–1.84)
T2_54_C 15.79 67.70 4.29 800 1.21 0.051 99.99 0.52 (0.28–0.68) 0.21 (0.12–0.86) 0.24 (0.06–1.74)
T1_60 22.72 91.01 4.01 31 0.02 0.150 100.00 0.53 (0.18–0.46) 0.21 (0.15–0.27) 0.95 (0.30–1.49)
T2_60 18.70 77.57 4.15 115 0.27 0.006 100.00 0.52 (0.33–0.66) 0.25 (0.13–0.75) 0.25 (0.09–1.22)

Fig. 3  Box-plots of the measures of surface roughness obtained on the internal surface of each shell at the shell-liner engagement point
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Shell wall thickness
Figure  4 presents box plots of the wall thickness mea-
sures of the shells. Shells T1_52 and T2_52 had median 
wall thicknesses of 4.33  mm (3.96–4.44) and 2.73  mm 
(2.66–2.89) respectively; this difference was significant 
(p = 0.0079). Shells T1_60 and T2_60 had median wall 
thicknesses of 4.51 mm (4.15–4.55) and 3.18 (3.15–3.28) 
respectively; this difference was significant (p = 0.0079).

The median thickness of the 54 mm T 1 and T 2 shells 
was 3.45 (2.91–3.55) and 3.80  mm (3.42–3.86) respec-
tively; this difference was significant (p < 0.001). Kruskal-
Wallis analysis revealed no difference between the three 
54  mm T1 shells (p = 0.551) and the three 54  mm T2 
shells (p = 0.808).

Porous layer depth
Shells T1_52 and T2_52 had median porous depths of 
1.50  mm (1.13–1.57) and 1.34  mm (0.99–1.32) respec-
tively; this difference was significant (p < 0.001). Shells 
T1_60 and T2_60 had median porous depths of 1.47 mm 
(1.01–1.70) and 1.08  mm (0.95–1.37) respectively; this 
difference was significant (p < 0.001).

The median depths of the 54 mm T1 and T2 shells was 
1.49  mm (1.32–1.90) and 1.12  mm (0.82–1.33) respec-
tively; this difference was significant (p < 0.001). Kruskal-
Wallis analysis revealed a difference between the three 
54  mm T1 shells (p = 0.0046); post-hoc analysis showed 

that the T1_54_A shell had a significantly greater depth 
than T1_54_B (p = 0.011) and T1_54_C (p = 0.017). There 
was no difference between the three 54  mm T2 shells 
(p = 0.0684).

Strut thickness measurement
The T1 and T2 shells had a median strut thickness of 
0.29  mm (0.26–0.34) and 0.36  mm (0.31–0.42) respec-
tively; this difference was significant (p < 0.001). Kruskal-
Wallis analysis revealed no difference between the three 
54  mm T1 shells (p = 0.794) but a difference between 
the three 54  mm T2 shells (p < 0.001). Post-hoc analysis 
revealed that the struts of shell T2_54_C were signifi-
cantly narrower than shell T2_54_A (p = 0.0012).

Pore size measurement
The T1 and T2 shells had a median pore size of 0.66 mm 
(0.50–0.91) and 0.36  mm (0.33–0.40) respectively; this 
difference was significant (p < 0.001). Kruskal-Wallis 
analysis revealed no difference between the three 54 mm 
T1 shells (p = 0.9680) or the three 54  mm T2 shells 
(p = 0.1015).

Porosity measurement
The samples from the T1 and T2 shells had a median 
porosity of 54.09% (46.13-59.00) and 53.48% (46.61–
59.87) respectively; there was no difference between the 

Fig. 4  Box-plots of the measures of the thickness of the dense wall structures of each shell
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two groups (p = 0.606). The T1 shells had porous layers 
consisting of repeating units, whilst the T2 shells had an 
irregular structure, Fig. 5.

Number of voids
The void analysis parameters obtained are summarised in 
Table 1. Three of the five T1 shells appeared to have no 
evidence of voids. Shells T1_54_C and T1_60 had 21 and 
31 voids respectively. All T2 shells had evidence of voids, 
with a median number of 800 (115–3415).

Void volume
The voids in the two T1 shells occupied a total volume of 
0.01 and 0.02 mm3. The resulting volume fraction in both 
cases remained at 100% at 5 decimal places. The voids 
in the T2 shells occupied a median volume of 1.05 mm3 
(0.27–4.76), with a resulting volume fraction of 99.99% 
(99.97–100).

Void size
The voids in the T1 and T2 shells had a median diametri-
cal size of 0.19 mm (0.13–0.27) and 0.29 mm (0.12–0.65) 
respectively; this difference was significant (p < 0.001).

Void location
The voids in the T1 and T2 shells were located a median 
of 0.85  mm (0.25–1.49) and 0.20  mm (0.07–1.53) from 
their surfaces; this difference was significant (p < 0.001). 
Figure  6 presents an example of the location of voids 
in one of the T1 shells, which were distributed across 
the dense region of the shell body. Figure 7 presents an 
example of the location of voids in one of the T2 shells, 
which were also distributed within dense regions. There 
were clusters of voids located around all screw holes and 

isolated voids around the central introducer hole. Voids 
were also found to exist circumferentially in the vicinity 
of the shell rim.

Discussion
This is the first study to perform comparative analysis 
between conventional and additive manufactured ace-
tabular shells designs from a single manufacturer. The 3D 
printed Trident II shells of the same size were consistent 
in their dimensional measures, whereas the equivalent 
Trident I shells, that were manufactured using conven-
tional subtractive methods, demonstrated some variabil-
ity in their porous layers. The Trident II shells however 
were found to contain considerably more structural voids 
than their Trident I counterparts. This study provides 
further data that may help interpret any differences in 
clinical performance as longer term clinical and registry 
data is generated; these may relate to the extent of bony 
integration and fixation, as well as the potential of frac-
ture due to the presence of structural cavities in the T2 
shells.

The differences in the mass of the shells corresponds 
with the differences in their wall thicknesses. The 52 and 
60  mm sizes of the Trident II shells were lighter than 
their corresponding Trident I shells but also had thin-
ner walls, whilst the heavier 54 mm Trident II shells had 
thicker walls. The thinner wall of the 52  mm T2 shell 
in particular demonstrates one of the advantages of 3D 
printing; this design will enable a larger head size to be 
used compared with when a 52  mm T1 shell is used, 
without removing any additional bone stock. This T2 
shell wall was 37% thinner than it’s equivalent T1 design 
and consequently is able to accommodate a maximum 

Fig. 5  Samples of the porous regions of the (a) Trident I and (b) Trident II shells

 



Page 8 of 11Hothi et al. 3D Printing in Medicine           (2024) 10:31 

Fig. 7  An example of two views of a Trident II shell, showing the presence of structural voids

 

Fig. 6  An example of two views of a Trident I shell, showing the presence of structural voids
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femoral head size of 40 mm, compared with a maximum 
head size of 36 mm in a 52 mm T1 shell [4, 6].

The median roughness of the internal shell-liner 
engagement surface of the T2 components was approxi-
mately twice that of the T1 shells. These differences 
may be due to any differences that may exist in the post-
processing methods and machinery used between the 
two designs, may be an indicator of a greater difficulty 
in polishing 3D printed parts, or indeed may be due to 
a variability in the printing process itself. The median 
Ra measures of both the T1 (0.18 μm) and T2 (0.43 μm) 
shells were however less than those reported for other 
comparable shell designs, which have known Ra mea-
sures of up to 4  μm [7, 8]. This is reassuring given evi-
dence in literature indicating an increased risk of 
backside wear in polyethylene liners when paired against 
titanium shells with rougher engaging surfaces, close to 
Ra measures of 4 μm [7, 8]. Similarly, the departure from 
roundness of the T2 shells was statistically greater than 
in the T1 shells however both designs were within manu-
facturing tolerances expected for this type of component 
[9].

The Food and Drug Administration (FDA) had previ-
ously issued 510(k) approval that the T2 shells were sub-
stantially equivalent to T1 shells. This was determined 
using laboratory testing which include push-, lever- and 
torque-out tests, as well as tests of fatigue, plastic defor-
mation, material chemistry and characterisation of the 
porous surface. The methods presented in the current 
study build on our previous research investigating AM 
implants, particularly with the use of micro-CT, and adds 
further data to the similarities and differences between 
the AM and conventionally manufactured designs.

Interestingly, we measured the 3D printed T2 shells as 
having a shallower bone-facing porous layer than their 
equivalently sized T1 shells. With the median depth 
ranging between 1.47 and 1.50  mm and 1.08–1.34  mm 
for the T1 and T2 shells respectively, both designs were 
within a depth of 2.5  mm, which has previously been 
suggested as being the maximum depth to which bone 
can grow in porous structures [10]. Conversely, it is not 
yet clear in literature what the minimum porous depth 
should be to ensure sufficient bone growth for long-
term bony fixation. The Delta TT shell (LimaCorporate, 
Italy) has a reported porous structure depth of between 
1.28 and 1.47 mm and has demonstrated very good long-
term clinical success, rated 10 A* by the UK Orthopaedic 
Device Evaluation Panel (ODEP) [11, 12]. Longer term 
clinical data will help understanding of impact of the 
shallower porous layer of the Trident II with respect to 
bone growth. We found that the porosity however of the 
bone-facing structures of both shell designs was compa-
rable, at approximately 54%. The Trident I porous struc-
ture was composed of repeating mesh units, whilst the 

structure of the Trident II porous layer was irregular in 
its nature, with differing strut thicknesses and pore sizes; 
the manufacturer describes this irregularity as mimick-
ing the structural characteristics of cancellous bone [4]. 
We do not currently know the optimal porous design to 
use in orthopaedic implants to maximise bone ingrowth, 
or indeed if a single optimal design exists. A key factor 
that will influence bone in-growth is the shape and size of 
the pores within these structures (i.e., the available space 
between the struts for bone to grow into). Previous stud-
ies have suggested a broad range of optimal pore sizes of 
between 100 μm and greater than 1000 μm, and similarly 
have reported advantages in using either repeating or 
irregular lattice structures [13–18]. As stated previously, 
the clinical advantages, if any, of utilising an irregular 
porous mesh in the Trident II rather than the repeating 
structure of the Trident I will become clearer through 
long term outcome data.

There was evidence of structural voids within all Tri-
dent II shells in this study and in two of the Trident I 
shells. The impact of the low number of isolated voids 
on the resulting volume fraction in the Trident I shells 
appears to be negligible, with both calculated as 100% at 
5 decimal places. Similarly, the lowest volume fraction in 
the Trident II shells was 99.97% in a shell with 3415 voids. 
The presence of voids in all of Trident II shells is unsur-
prising as this is a known occurrence in additive manu-
facturing, and has been reported in other shell designs 
[5]. All manufacturers carry out post-processing in order 
to eliminate these voids, most commonly through a 
process of hot isostatic pressing (HIP) [19]. It has been 
reported however that these methods may be less effec-
tive in fully removing voids situated close to component 
surfaces [20]; this appears consistent with the location of 
voids in the Trident II shells, which were within a median 
of 0.20 from their surfaces. Interestingly, the majority of 
voids in these shells were situated around the periphery 
of screw holes, which may be due to the change in shape 
in these regions for the printer to adjust to. We do not 
know the impact of these voids on the structural integrity 
of the shells. Evidence from testing of 3D printed tita-
nium parts within the aerospace industry has suggested 
that high cycle loading of components with voids may 
eventually lead to the formation of fatigue cracks, partic-
ularly if these voids are located close to the surface [21]. 
There is however no evidence of a fracture of this design 
of 3D printed shell having occurred, or indeed of any 3D 
printed orthopaedic shell which are also known to con-
tain structural voids.

Obtaining three shells of the same size for both designs 
offered an opportunity to provide preliminary data on the 
potential variability in the two manufacturing methods. 
The Trident II shells appeared to have greater variabil-
ity in their mass and volume compared with the Trident 
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I shells however this difference was comparatively very 
small. Additionally, the Trident I shells were found to 
have a statistically significant variability in (1) the inter-
nal roughness, (2) roundness, and (3) porous layer depth. 
The Trident II shells also showed variability in their 
internal roughness and roundness measures however 
were consistent with porous depth. We also found some 
variability in the strut thickness measurements between 
the three 54 mm Trident II shells however this is unsur-
prising given the irregular porous mesh design used. It 
is difficult at this stage to separate out the source of the 
variability observed within both shell designs; it may be 
such that it is due to a combination of inconsistencies 
introduced both during the manufacturing stage and 
during post-processing.

We acknowledge the relatively small sample size as a 
limitation of this study. The data presented here however 
provides surgeons and researchers with an understand-
ing of the key differences between these two designs 
manufactured using very different methods. Future stud-
ies involving a greater number of samples will help clar-
ify the extent of manufacturing variability, for example 
in the measurement of mass and volume. Additionally, 
future research involving mechanical testing and finite 
element analysis of these shells will help understanding of 
the impact of any differences on their mechanical prop-
erties. Destructive testing may also enable further char-
acterisation of the microstructure of these components, 
including the grain size and orientation.

Conclusions
This is the first study to perform comparative analysis 
between the Trident I and Trident II shells, which had 
been manufactured using conventional and additive (3D 
printed) methods respectively. We have characterised the 
differences between the two designs in their mass, wall 
thickness, porous structure design and depth, as well as 
the surface finish and roundness of the shell-liner inter-
face. There was no difference in the dimensional proper-
ties of the 3D printed Trident II shells of the same size, 
however there was variability in the porous layer within 
the equivalent Trident I shells. Both designs demon-
strated a variability in their surface finish and roundness. 
The wide range of structural voids observed in the Tri-
dent II shells may point to challenges in both the printing 
process itself and the post-processing methods used to 
eliminate these. This study provides data to help interpret 
clinical performance as longer term clinical and registry 
data is generated.
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