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Abstract
The biomechanical effects of acetabular revision with jumbo cups are unclear. This study aimed to compare the biome-
chanical effects of bionic trabecular metal vs. titanium jumbo cups for the revision of acetabular bone defects. We designed 
and reconstructed American Academy of Orthopaedic Surgeons (AAOS) type I–III acetabular bone defect models using 
computed tomography scans of a man without acetabular bone defects. The implantation of titanium and trabecular metal 
jumbo cups was simulated. Stress distribution and relative micromotion between the cup and host bone were assessed using 
finite element analysis. Contact stress on the screws fixing the cups was also analyzed. The contact stress analysis showed 
that the peak contact stress between the titanium jumbo cup and the host bone was 21.7, 20.1, and 23.8 MPa in the AAOS 
I–III models, respectively; the corresponding values for bionic tantalum jumbo cups decreased to 4.7, 6.7, and 11.1 MPa. 
Analysis of the relative micromotion showed that the peak relative micromotion between the host bone and the titanium 
metal cup was 10.2, 9.1, and 11.5 μm in the AAOS I–III models, respectively; the corresponding values for bionic trabecular 
metal cups were 17.2, 18.2, and 31.3 μm. The peak contact stress on the screws was similar for the 2 cup types, and was 
concentrated on the screw rods. Hence, acetabular reconstruction with jumbo cups is biomechanically feasible. We recom-
mend trabecular metal cups due to their superior stress distribution and higher relative micromotion, which is within the 
threshold for adequate bone ingrowth.
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1 Introduction

With the rapid increase in the number of Total Hip Arthro-
plasties (THAs) in recent times, the need for revision THAs 
is gradually increasing [1]. Osteolysis and prosthesis loosen-
ing are the main indications for revision THA, and these are 
often accompanied by acetabular bone defects, which pre-
sent a challenge for orthopedic surgeons [2]. Several surgical 
techniques are available for the reconstruction of acetabular 
bone defects, such as impaction allografting with a mesh 
[3, 4], structural bone grafting [5], and reinforcing rings [6, 
7], but these procedures are complicated, time-consuming, 
and associated with a high risk of postoperative infection. 
In contrast, acetabular revision with jumbo cups is a com-
mon and effective technique for the treatment of extensive 
acetabular defects [8] that greatly simplifies revision surgery 
procedures, avoids extensive bone grafting, and increases 
the Cup Coverage (CC) between the cup and host bone [9].
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Compared with primary THA, acetabular revision surgery 
may carry a greater risk of adverse events, such as peripros-
thetic osteolysis, loosening, and dislocation. Furthermore, as 
acetabular defect reconstruction with jumbo cups changes 
the position of the natural Hip Center of Rotation (HCOR), 
the issue of adverse effects deserves more attention [10]. 
The use of jumbo cups has been reported to quantitatively 
change the HCOR and to yield a CC of more than 70% in 
patients with acetabular bone defects classified as American 
Academy of Orthopaedic Surgeons (AAOS) types I–III [11]. 
Good initial stability and stress distribution are known to be 
essential for bone growth into the cup [12, 13]. Neverthe-
less, no study has yet reported the biomechanical effects of 
acetabular revision surgery using jumbo cups for acetabular 
defects of varying severity.

Conventional titanium jumbo cups can be difficult to use 
in complex surgical procedures, and lead to an increased risk 
of failure [14]. Encouragingly, tantalum metal has particular 
advantages in acetabular revision surgery, and is a promising 
solution to avoid postoperative complications [15]. Tantalum 
has been fabricated into a three-dimensional (3D) macropo-
rous bionic structure very similar to cancellous bone, known 
as trabecular metal. The mechanical properties of bionic 
structures made from trabecular metal include a Young’s 
modulus similar to that of natural cancellous bone, a unique 
combination of high elasticity and a high coefficient of fric-
tion, and a high porosity of 75–85%, which can promote 
bone ingrowth [16, 17].

The aim of this study was to comparatively analyze the 
biomechanical effects of conventional titanium cups vs. 
bionic trabecular metal cups for the reconstruction of acetab-
ular defects of varying severity. For this purpose, we estab-
lished several models of acetabular bone defects of AAOS 
types I–III and simulated acetabular revision surgery with 
jumbo cups. The bone defect model is a universal model 
that summarizes the characteristics of multiple acetabular 
bone defects based on a previous study [11]. We then used 
Finite Element Analysis (FEA) to compare the biomechani-
cal effects of conventional titanium cups and bionic trabecu-
lar metal cups.

2  Materials and Methods

2.1  Geometric Model of Acetabular Bone Defects

This study was approved by the Institutional Review Board 
of our hospital (No: 2020-NSFC-007). A FEA model was 
derived from a de-identified Computed Tomography (CT) 
scan of the pelvis of a healthy 66-year-old male volunteer, 
who had no musculoskeletal disease, no history of hip sur-
gery, and no acetabular bone defect. Prior to the CT study, 
the subject signed an informed consent form. CT images 

were obtained using the Philips iCT 256 CT scanner (iCT 
256, Philips Healthcare), with a resolution of 512 × 512 
pixels and a slice thickness of 0.602 mm at 120 kVp and 
156 mA. CT slices of the volunteer’s pelvis were saved in 
the Digital Imaging and Communications in Medicine for-
mat, imported into Mimics v19.0 software (Materialise NV, 
Leuven, Belgium) to create a 3D pelvic model, and then 
smoothed. The diameter of the volunteer’s native acetabu-
lum was 48 mm.

Acetabular bone defect models were simulated using the 
Boolean operation on the Mimics v19.0 software. Using 
maps of AAOS type I–III acetabular bone defects reported 
in a previous study [11], we designed and reconstructed 3 
acetabular bone defect models (Fig. 1). The specific steps 
were as follows: (1) A sphere with a diameter of 60 mm was 
placed on the native HCOR, and raised upward in the coro-
nal view. (2) The position of the 60-mm sphere was adjusted 
forward or backward, and the Boolean operation was used 
to cut the pelvic bone such that the acetabulum would have 
main segmental or cavity bone defects. (3) Additional bone 
defects on the acetabular ring were created using the Simu-
lation/Cut orthogonal to Screen procedure to conform to 
the bone defect map. (4) An egg-shell cup (with negligi-
ble thickness) was developed to replace the sphere, and its 
HCOR and CC were measured and validated.

2.2  Simulation of Jumbo Cup Implantation

Acetabular component implantation in acetabular revision 
surgery was simulated in a 3D environment. Acetabular 
components with a shell thickness of 4 mm and a diameter of 
60 mm were developed and imported into Mimics software 
in the stereolithography format. Cup inclination of 40° and 
anteversion of 20° relative to the anterior pelvic plane were 
preset to accommodate the structure of the acetabular bone 
defect [18]. The jumbo acetabular components consisted of 
two 60-mm cups, one made of a titanium alloy and the other 
made of bionic trabecular metal (Fig. 2). To obtain sufficient 
initial cup stability, 3 screws measuring 30 mm in length and 
5 mm in diameter were used to fix the acetabular cups. Solid 
models of the cups were assembled in Magics v19.0 software 
(Materialise NV, Leuven, Belgium), and used to simulate 
the reconstruction of the acetabular bone defect models via 
acetabular revision surgery.

2.3  Material Properties

The above model of acetabular revision surgery using 
jumbo cups was imported into Hypermesh 2020 (Altair 
Engineering, Troy, MI, USA) for mesh creation and defini-
tion of material properties based on a previous study [19]. 
Hounsfield Units (HUs) were automatically acquired from 
grayscale CT images, and the properties of the pelvic bone 
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were defined based on the relationship between the elastic 
modulus, density, and CT value of the bone. The specific 
formula [20] was as follows:

For finite element meshing, sensitivity analysis of the 
mesh quality was carried out until mesh refinement resulted 
in a change of < 5% in the maximum principal stress. Finally, 
an average mesh size of 1 mm was set onto the designed 

(1)� = 1.9 × 10
−3
HU + 0.105HU ≤ 816,

(2)𝜌 = 7.69 × 10
−4
HU + 1.028HU > 816,

(3)E = 2875�3.

components. The volume mesh was meshed with 4-node tet-
rahedral elements after two-dimensional meshing, which has 
been verified in previous studies [19]. We constructed three 
3D models of the right pelvis using the aforementioned data, 
namely, AAOS type-I with 802,701 elements, AAOS type-
II with 796,602 elements, and AAOS type-III with 740,022 
elements. The material properties used in the model are 
shown in Table 1 and Fig. 3. Each simulated implanted cup 
was fixed by 3 cancellous screws with an elastic modulus (E) 
of 110,000 Mpa and a Poisson ratio (v) of 0.3. The friction 
coefficient between the titanium cup and the bone was 0.30. 
To fully imitate the mechanical and biological properties 
of human trabecular bone, we set the friction coefficient of 
the trabecular metal cup to 0.88 and the elastic modulus to 

Fig. 1  (a–c) AAOS type I–III 
acetabular bone defect models 
established based on a previous 
study. (d–f) Three-dimensional 
simulation of acetabular revi-
sion surgery with jumbo cup 
implantation, and visualiza-
tion of the distribution of bone 
defects and cup coverage (CC). 
The blue line represents a 5-mm 
shift in the center of acetabu-
lar rotation, and the red line 
represents a 10-mm shift in the 
center of acetabular rotation

Fig. 2  Photographs of acetabu-
lar components in clinical use. 
(a) Bionic trabecular metal cup, 
a highly porous tantalum cup 
with a surface similar to that 
of human cancellous bone. (b) 
Conventional titanium alloy cup 
with a plasma-sprayed titanium 
alloy coating on its surface
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2000 MPa, which are equivalent to a porosity of 80% [21, 
22].

2.4  Boundary and Loading Conditions

The friction coefficient of each contact surface was deter-
mined from published literature [23–25], and all contact 
surfaces were defined as nonlinear. Without considering 
the muscles around the hip joint, we applied the resultant 
equivalent load to the center of the femoral head to simulate 
the force of the hip joint when a person stands on one leg. 
The peak unilateral contact load on the hip joint was meas-
ured as 1948 N, which is consistent with most of the litera-
ture [19, 26]. According to the anatomy of the pelvis, the 
corresponding nodes at the pubic symphysis and sacroiliac 
joint were fully immobilized and constrained against transla-
tion and rotation (Fig. 3). A quasi-static loading nonlinear 
analysis was adopted during the simulation process using 
Optistruct in Hypermesh 2020 (Altair Engineering, Troy, 
MI, USA), and the iterative method was the Newton–Raph-
son method until convergence. Contact stress distribution 
and relative micromotion were used to evaluate the effects 
of stress shielding and bone ingrowth.

3  Results and Discussion

3.1  Characteristics of Acetabular Bone Defect 
Models

Our acetabular bone defect models conformed to previously 
reported characteristics of acetabular reconstruction surgery 
with 60-mm acetabular cups. The results showed that in the 
AAOS type-I model, the CC between the host bone and 
the acetabular cup was 86.8%, and the HCOR was elevated 
5 mm. In the AAOS type-II model, the CC was determined 
to be 85.5%, and the HCOR was elevated 5 mm. In the 
AAOS type-III model, the CC was determined to be 74.0%, 
and the HCOR was elevated 10 mm (Fig. 1). These results 
are consistent with our previous findings (Table 2), confirm-
ing that the acetabular bone defect models we designed were 
appropriate.

3.2  Contact Stress Distribution

The AAOS type I–III acetabular bone defects were recon-
structed with titanium jumbo cups, and the distribution of 
von Mises stress in the 3 FEA models under the applied 
load is shown in Fig. 4. According to the FEA results, the 
acetabular components showed varying degrees of stress 

Table 1  Material properties of components used in the study

Component Material Elastic modulus 
(Mpa)

Poisson ratio

Host bone Non-homogeneous Non-homogeneous 0.3
Conventional 

acetabular 
cup

Titanium 110,000 0.3

Bionic 
trabecu-
lar metal 
acetabular 
cup

Tantalum 2,000 0.3

Metal screws Titanium 110,000 0.3

Fig. 3  Finite element model of reconstruction of acetabular bone defect. (a) Material properties of the inhomogeneous pelvis. (b–d) Models of 
acetabular bone defects of AAOS types I–III used in the present study. � represents bone density; E represents elasticity modulus

Table 2  Parameters described in published literature on revision of 
AAOS type I–III acetabular defects using the jumbo cup technique

Subgroup Parameter Shen et al. Current study

AAOS I Hip center elevation (mm) 5.11 ± 2.14 5.0
Cup coverage (%) 86.47 ± 5.34 86.8

AAOS II Hip center elevation (mm) 5.37 ± 2.05 5.0
Cup coverage (%) 84.78 ± 9.26 85.5

AAOS III Hip center elevation (mm) 11.25 ± 3.46 10.0
Cup coverage (%) 74.51 ± 10.66 74.0
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concentration at the bottom of the acetabulum. Among the 
3 models, the peak pelvic von Mises stress was the highest 
in the AAOS type-I model, reaching 37.6 MPa, followed by 
the AAOS type-III model (32.3 MPa) and the AAOS type-II 
model (30.6 MPa). The peak contact stress between the tita-
nium jumbo cups and the host bone was relatively high in all 
3 models. The peak contact stress was similar in the AAOS 
type-I and type-II models (21.7 vs. 20.1 MPa), and both of 
these were lower than the peak contact stress in the AAOS 
type-III model (23.8 MPa). Analysis of the distribution of 
von Mises stress on the acetabular components showed that 
the contact stress was mainly distributed on the rim of the 
titanium cups (Fig. 5). The stress on the screws was mainly 
concentrated on the full lengths of 2 of the 3 screws (Fig. 6).

Compared with the titanium cups, the trabecular metal 
jumbo cups resulted in slightly higher peak contact stress on 
the acetabulum in all 3 models. This stress was also mainly 
distributed at the bottom of the acetabulum. Among the 3 

models, the peak contact stress was highest in the AAOS 
type-I model, reaching 38.6 MPa. However, the peak contact 
stress of the acetabular component was relatively small, with 
a maximum reduction of 78% in the AAOS type-I model. 
The stress on the screws was higher in the case of the tra-
becular metal jumbo cups than in the case of titanium jumbo 
cups in the AAOS type-I and type-III models, but not in the 
AAOS type-II model (Fig. 7).

3.3  Relative Micromotion

The distribution of the relative micromotion between the 
host bone and titanium jumbo cups is presented in Fig. 8. 
The relative micromotion in the AAOS type I–III mod-
els was 10.2, 9.1, and 11.5 μm, respectively. Compared to 
titanium cups, trabecular metal cups were associated with 
greater relative micromotion between the host bone and the 
acetabular cup in all models, and this micromotion gradually 

Fig. 4  Comparison of the distribution of contact stress on the host bone when using different jumbo cups to reconstruct the acetabular bone 
defect. (a–c) Acetabular reconstruction models with titanium jumbo cups. (d–f) Acetabular reconstruction models with tantalum jumbo cups
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increased with the severity of the acetabular bone defect. 
The peak relative micromotion between the host bone and 
the bionic trabecular metal cups was 17.2, 18.2, and 31.3 μm 
in AAOS type I–III models, respectively (Fig. 7).

3.4  Clinical Relevance

It is well known that acetabular revision surgery with a 
bone defect is a challenge for orthopedic surgeons [27, 28]. 
The jumbo cup technique is widely used for the reconstruc-
tion of acetabular bone defects because of its advantages 
of simplifying the surgery and providing sufficient initial 
cup stability. However, surgeons should be concerned about 
potential complications. The use of the jumbo component 
in acetabular revision surgery will lead to an upward shift 
of the HCOR, leading to biomechanical changes, which 
may increase the risk of muscle imbalance and implant 
dislocation [29, 30]. Studies have reported that upshift-
ing the HCOR will increase the stress on the hip joint, 
which was validated in our FEA model of acetabular bone 
defects. In our study, when a titanium cup was used for 

the reconstruction of AAOS type-I and type-II acetabular 
defects, the HCOR elevation was 5 mm, and the cup stress 
was average 20.9 MPa. In contrast, for AAOS type-III ace-
tabular defects, we noted a 10-mm elevation in HCOR and 
a cup stress of 23.8 MPa. The von Mises stress markedly 
increases due to the upward movement of the HCOR. This 
increase may be attributed to a decrease in the contact area 
caused by the acetabular bone defect. Moreover, the stress 
was concentrated mainly at the edge of the cup assembly, 
which also conforms to the hoop stress of the fixation of 
the jumbo cup [31, 32]. Thus, orthopedic surgeons should 
attempt to reduce stress shielding and surrounding bone 
resorption when reconstructing acetabular bone defects with 
titanium jumbo cups [33].

When bionic trabecular metal cups were used to recon-
struct the acetabular bone defects, the peak stress on the 
cup gradually increased with the severity of the defect, but 
remained lower than the stress observed with the titanium 
jumbo cups for all models. This shows that the tantalum 
jumbo cups have superior and well-distributed contact 
stress, which can better avoid stress shielding and reduce 

Fig. 7  Peak values of 3 components (pelvis, cup, and screws) in different models. (a) Peak contact stress values of the pelvis. (b) Peak contact 
stress values of the cup. (c) Peak contact stress values of the screws. (d) Peak relative micromotion
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bone resorption. We speculated that this finding was 
mainly attributable to the porosity of trabecular metal and 
its similar elastic modulus to cancellous bone, which may 
alleviate stress-increasing effects [34]. In addition, com-
pared with titanium jumbo cups, trabecular metal jumbo 
cups resulted in increased stress distribution on the hip 
bone in all models. This suggested that when the material 
characteristics were changed, the load could be transferred 
to the host bone. Notably, the peak stress remained lower 
than the fatigue strength of the cortical bone (93.4 MPa).

Acetabular cups are often fixed with screws to enhance 
initial cup stability, but screw fracture is a common com-
plication after acetabular reconstruction [35–37]. In our 
study, we found that the stress on the screws was mainly 
concentrated on the screw rods, especially in the AAOS 
type-3 model, and the peak stress was 25.0  MPa and 
30.5 MPa which is much lower than the yield strength of 
titanium. This shows that the screw strength was sufficient 
to withstand the applied load when acetabular revision is 
performed with a titanium or tantalum jumbo cup.

Excessive early micromotion between the acetabular 
cup and the host bone can impede bone ingrowth or bone 
growth. After the acetabular component is implanted, it 
can osseointegrate with the host bone to achieve sufficient 
stability and long-term survival. Relative micromotion is 
an important biomechanical factor affecting bone ingrowth 
at the cup–bone interface [38, 39]. Studies have confirmed 
that relative micromotion of 20–40 μm can significantly pro-
mote bone ingrowth, while micromotion beyond 75–150 μm 
induces fibrous tissue ingrowth, which is unfavorable [40, 
41]. The results of our study showed that the von Mises 
stress on the AAOS type I–III acetabular defect models was 
higher after revision with titanium jumbo cups than after 
revision with tantalum jumbo cups. We speculated that this 
was mainly due to the porosity and lower elastic modulus 
of trabecular metal. However, the relative micromotion for 
both cups was less than 40 μm, indicating that both materi-
als can provide initial stability for bone ingrowth to ensure 
good long-term outcomes. Jumbo cups also have the advan-
tages providing considerable CC for severe acetabular bone 

Fig. 8  Distribution of relative 
micromotion between the cup 
and the host bone in different 
models. (a–c) Acetabular recon-
struction models with titanium 
jumbo cups. (d–f) Acetabular 
reconstruction models with 
tantalum jumbo cups
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defects and creating favorable conditions for long-term 
biological fixation. This finding was verified in a clinical 
study by Gustke et al. [42], who found that the application 
of tantalum metal cups in acetabular reconstruction surgery 
was effective, and no prosthesis loosening occurred 2 years 
after the surgery.

Our study has limitations that need to be acknowledged. 
First, the acetabular bone defect models in this study were 
designed on the basis of a previous study [11], and may not 
exactly replicate the real situation in the clinic. However, the 
acetabular bone defect models based on the proposed acetab-
ular bone defect map can be more generalized. Second, the 
cup surface coating is only one of many factors that affect 
initial cup stability, and we did not consider pathological 
conditions such as osteoporosis, which may seriously affect 
the mechanical properties of the host bone. Third, our results 
confirmed mechanically that the bionic trabecular metal cup 
is superior to the titanium cup for reconstructing acetabular 
defects, but biological factors were not considered, which 
should be evaluated in future studies.

4  Conclusion

In this study, 3D FEA models of AAOS type I–III acetabular 
bone defects were successfully constructed, and the effects 
of acetabular revision with jumbo cups on cup stability were 
quantitatively compared between titanium cups and trabecu-
lar metal cups. The present study revealed 2 principal find-
ings: First, we explored the biomechanics (contact stress and 
relative micromotion) during the revision surgery of AAOS 
type I–III acetabular bone defects using jumbo cups. Second, 
compared with conventional titanium acetabular cups, bionic 
trabecular metal acetabular cups showed better biomechani-
cal characteristics during the reconstruction of acetabular 
bone defects. In conclusion, the reconstruction of acetabu-
lar bone defects using titanium or tantalum jumbo cups are 
both feasible approaches. Compared to the titanium cup, the 
tantalum jumbo cup resulted in higher relative micromotion 
in our model, but this motion was still within the threshold 
of adequate bone ingrowth. In addition, the tantalum cup 
had superior stress distribution, which was biomechanically 
supported. The results gained from this study contribute to 
the optimization of surgical techniques and implant selec-
tion, ultimately enhancing patient outcomes in acetabular 
revision surgeries. Further prospective clinical studies are 
necessary to validate these findings and translate them into 
clinical practice.
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