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Abstract
The study aimed to develop efficient techniques with different novel graft structures to enhance the treatment of acetabular 
bone deficiency. The inhomogeneous material properties Finite Element Analysis (FEA) model was reconstructed according 
to computed tomography images based on a healthy patient without any peri-acetabular bony defect according to the Ameri-
can Academy of Orthopedic Surgeons (AAOS). The FEA model of acetabular bone deficiency was performed to simulate 
and evaluate the mechanical performances of the grafts in different geometric structures, with the use of fixation implants 
(screws), along with the stress distribution and the relative micromotion of graft models. The stress distribution mainly con-
centrated on the region of contact of the screws and superolateral bone. Among the different structures, the mortise–tenone 
structure provided better relative micromotion, with suitable biomechanical property even without the use of screws. The 
novel grafting structures could provide sufficient biomechanical stability and bone remodeling, and the mortise–tenone 
structure is the optimal treatment option for acetabulum reconstruction.

Keywords Segmental defects of the acetabular rim · Bone grafting · Finite element analysis method · Structure 
optimization · Revision total hip arthroplasty

1 Introduction

The treatment of acetabular bone deficiency represents a 
challenging issue in total hip arthroplasty [1, 2]. Various 
techniques for reconstructing large acetabular defects and 
pelvic discontinuity have been developed [3, 4]. Acetabulum 

defects are classified as segmental and cavitary defects 
according to the classification of the American Academy of 
Orthopedic Surgeons (AAOS) [5]. Large acetabular bone 
defects usually involve a combination of cavitary and seg-
mental bone deficiencies that require various reconstruc-
tion strategies. The basic principles of acetabular defect 
reconstruction are to restore bone coverage and hip rotation 
center, preserve bone around the acetabulum and regain 
functional biomechanics, with aims for better stability and 
normal range of movement [6–9]. Several approaches have 
been identified to address the difficulty in acetabular rein-
forcement including bone grafts, reinforcement rings and 
cages [1, 10, 11].

Screw fixation is commonly used during acetabulum 
reconstruction. However, this technique is associated with 
complications, including screw fracture and pull-out, bone 
nonunion and resorption of the bone block [12, 13]. The 
mortise–tenone joint form design originates from ancient 
Chinese architecture and is a structure without a single 
screw; this joint form has been used for thousands of years 
[14, 15]. The mortise–tenone joint features a combination of 
interlocking features and remarkable stiffness. However, this 
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crosslink structure has not been reported as an orthopedic 
implant structural design scheme.

In this study, we developed an integrated method to 
investigate the biomechanical changes in peri-acetabular 
graft structures by employing the biomechanical param-
eters of FEA. We introduced four different graft structures: 
the circular, wedge, square and mortise–tenone structures. 
Finite Element Analysis (FEA) and biomechanical param-
eters such as stress distribution and relative micromotion 
were analyzed. We further examined the mortise–tenone-
shaped FEA models with and without screws to evaluate the 
feasibility of the no-screw concept and reduce the number 
of screws at final implantation. In addition, we analyzed 
the optimal structure for reconstruction aimed at providing 
durable outcome.

2  Materials and Methods

The hip joint inhomogeneous FEA models used in this study 
can represent the geometric native hip model and differenti-
ate cortical and cancellous bone. Four different bone graft 
models were designed based on the typical pelvic model: 
circular, wedge, square and mortise–tenone structures. Seg-
mental acetabular rim defects were incorporated as seen in 
actual practice.

2.1  Bone Grafting Model Reconstruction 
and Surgical Simulation

Computed Tomography (CT) scan data were obtained from 
a healthy individual without any acetabular bone defect. 
The Philips iCT 256 CT scanner was used to obtain a slice 
thickness of 0.602 mm at 156 mA and 120 kVp. Mim-
ics Research 21.0 (Materialise, Belgium) was used to cre-
ate a pelvic three-dimensional (3D) model using the scan 
data. Region growing and contour interpolation method 
was applied to perform semi-automatic segmentation of 
the CT image data and identify the boundary of the hemi-
pelvis. The radiographic density of CT images and cor-
responding Hounsfield Units (HU) were used to represent 
the material properties of the pelvic bone and graft bone. 
Mimics formulas from previous research were used, and 
the relationship of HU and bone density (ρ) (g·cm−3) and 
Young’s modulus (E) (MPa) in pelvic bone were assigned 
as follows [16]:

(1)� = 1.9 × 10
−3
Hu + 0.105Hu ≤ 816

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

(3)E = 2875�
3

In this study, the material properties of graft bone were 
assigned as femoral bone, because femoral head graft is 
commonly used as bulk structural autograft or allograft. 
The relationship of HU and bone density (ρ) (g·cm−3) and 
Young’s modulus (E) (MPa) in graft bone were assigned as 
follows [17]:

The inhomogeneous FEA models were divided into ten 
materials on the premise of the ten HU values in the ace-
tabular bone deficiency models and the graft bone models. 
For cortical and cancellous bone, a density–elastic modulus 
relationship was used to assign material properties for each 
element, which was divided into ten colors. The Poisson’s 
ratio of all models was assigned as 0.30. A schematic plot 
and the properties are shown in Fig. 1.

A type I segmental defect occurring in the superior half 
portion of the acetabulum including the anterior column, 
superior aspect, and posterior column along the acetabu-
lar rim was generated to fit the AAOS classification. One 
acetabular bone deficiency model and four different opera-
tion models and their corresponding graft bone models were 
designed and reconstructed based on a normal integrated 
pelvis 3D model using Magics 24.0 (Materialise, Belgium). 
To better simulate the force state of the acetabulum, a sim-
plified model of an acetabular cup with the femoral head 
was designed as a hemispherical structure. A 60-mm diam-
eter sphere was used to cut the pelvic bone to design and 
simulate acetabulum and acetabular cup after surgery. The 
acetabular cup diameter and the bearing surface diameter 
of the simplified model of the femoral head were 60 mm. 
The acetabular bone deficiency model was constructed 
using another 60-mm diameter sphere; the medial edge of 
the deficiency was re-constructed on the perpendicular line 
from the center of the head. The circle-shaped grafting bone 
was fit to the structure of the acetabular bone deficiency to 
reconstruct the integrated pelvis. The other models of the 
grafting bone were cut diagonally along the shape of the 
edge of the defect at an incline and vertical angle on the 
sagittal sectional image. At the medial edge of the defect, 
the square and mortise–tenone-shaped grafting bone mod-
els were cut perpendicularly, and a 45-degree operative 
incline was applied in the wedge model. At the top edge 
of the defect, a horizontal cutting method was used in the 
wedge and square models and a horizontal dip angle of 
30-degree cutting method was used to construct the mor-
tise–tenone. In the sagittal plane, the rectangular model of 
grafting bone was cut perpendicularly along the edge of the 
defect. The height, width, and depth of the grafting bone 
were 43.00 mm, 53.00 mm, 25.81 mm in the circle model 

(4)� = −1.34 × 10
−5
Hu + 1.017 × 10

−3

(5)E = −0.3888 + 5.925�
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(Fig. 2a), 43.00 mm, 53.00 mm, 32.43 mm in the wedge 
model (Fig. 2b), 43.00 mm, 53.00 mm, 30.59 mm in the 
square model (Fig. 2c) and 55.30 mm, 53.00 mm, 28.89 mm 
in the mortise–tenone model (Fig. 2d). The cup was placed 
in the recovery structure consisting of the acetabulum and 
graft with lateral and anterior angles of 45 degrees and 15 
degrees. For the models with screws, two cancellous screws 
were used to hold the graft in position. A 30-mm and a 
35-mm cancellous screw were advanced to penetrate through 
the appropriate site of bone grafting and the cortical bone of 
pelvis. All of the diameters of the screws were 5 mm. The 
35-mm screw and 30-mm screw were placed in the lateral 
and medial pelvis, respectively. The elasticity modulus and 
Poisson’s ratio of the simplified femoral head model were 

set to 17,000 Mpa and 0.3, respectively. Each graft model 
was fixed by two cortical screws with an elasticity modulus 
of 110,000 Mpa and a Poisson’s ratio of 0.3.

2.2  Boundary and Loading Conditions

The resulting model, in stl and inp file format, was imported 
into HyperMesh 2020 (Altair, USA). The triangle-based sur-
face meshes in pelvis and graft models were set as 2 mm 
using the automatic mesh technique. Because of the small 
screw thread features, the size of screw meshes was 1 mm. 
Volume meshes were made as tetrahedral elements after 2D 
meshing (Table 1). The friction types of each contact surface 
were determined according to the data from our previous 

Fig. 1  The elasticity modulus distribution of grafting bone and pelvic FEA model based on Hounsfield units of CT data. a The model of grafting 
bone; b the model of the pelvis. ρ represents bone density; E represents elasticity modulus

Fig. 2  The components and loading conditions of the four FEA mod-
els. a The model of the circle joint acetabular defect; b the model 
of the wedge joint acetabular defect; c the model of the square joint 
acetabular defect; d the model of the mortise–tenone joint acetabular 

defect. The 35-mm screw was placed in the lateral pelvis and 30-mm 
screw was placed medially. Arrowheads and triangles indicate the 
loads and constraint of FEA models, respectively
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study [18] and the surface of contact was considered to 
behave as a nonlinear contact surface (Table 2). The load 
condition of the static analysis performed in this study was 
the same as that applied by Bergmann et al. [19]. The peak 
load for the unilateral hip joint was 1948 N for the normal 
gait of individuals who undergo total hip arthroplasty. Sac-
roiliac joint and pubic symphysis were assumed as fixed con-
straint boundaries (Fig. 2) [18]. Quasi-static loading nonlin-
ear analysis was employed in the simulation procedure with 
iterate 20 steps until convergence, and the iterative method 
was performed using the Newton–Raphson method. The 
stress distribution and relative micromotion were selected 
as main parameters to verify the effect of stress shielding 
and the effect of bone growth. The results were obtained and 
measured in HyperView (Altair, USA).

3  Results and Discussion

Revision total hip arthroplasty in patients with large ace-
tabular bone defects is a clinical problem on account of the 
loss of acetabular bone stock, and therefore bone grafting is 
required for acetabular augmentation [2, 20]. Defects of the 
acetabulum in complex primary hips are generally caused 
by late presentation in inflammatory arthritis, postoperative 
bone tumor surgery, developmental dysplasia of the hip or 
posttraumatic sequelae [21, 22]. Many techniques have been 
described to address bone defects. Autografts and allografts 

prepared from resected femoral head are widely applied 
[23]. The clinical results of impaction bone grafts in the 
acetabulum have been reported, and survival varies from 
84% at 8 years to 52% at 25 years [24, 25]. This method has 
been accepted because it restores bone stock in preparation 
for future revision surgery and provides support in a bet-
ter anatomic position. However, numerous cases of failure 
due to complications such as graft resorption, collapse, and 
socket have been reported [25, 26]. The use of bulk graft has 
thus been controversial. Some studies have indicated that the 
size of the bone defect is an important factor contributing 
to failure [27, 28]. There is no standard technique for recon-
struction to restore normal hip biomechanics. Therefore, the 
purpose of our study was to design a suitable graft structure 
for repairing acetabular defects. We evaluated mechanical 
performance of grafts using FEA software.

According to Wolff’s law, after failure of structural bone 
grafting, bone tissues are absorbed and result in collapse. A 
higher risk of structural bone graft failure is present if the 
coverage of the cup is less than 50% [10].

Few studies have analyzed the biomechanical FEA of 
the pelvis following defect repair. Fu et al. reconstructed an 
integrated acetabular bone defect and FEA model by the 3D 
printed  Ti6Al4V augment and trabecular metal augment [29] 
and Amirouche et al. analyzed cup insertion and fixation 
in the context of various segmental acetabular defects [1]. 
Levine et al. presented an FEA study of revision total hip 
arthroplasty to explore the influence of defect size and shape 
on periprosthetic bone stress, and trabecular metal implants 
were selected to fill the defects [30]. A simple bone defect 
and metal augment were used in these studies. However, no 
FEA study has been performed for structural optimization 
and biomechanics analysis of graft bone.

3.1  Comparison of Stress Results Among the Four 
Structures

This study focused on the stress distribution of postoperative 
acetabular bone, graft bone and screws for fixing implants 
and examined whether they were greater than the yield 
strength of the corresponding materials. Stresses are gener-
ated in implant and bone and at their interface. Mechanical 
stress is an essential factor to support bone tissue remode-
ling, but excessive load is one of the main inducers of fatigue 
damage [7]. Therefore, it is important for acetabular bone 
and graft bone to attain a proper state of stress distribution. 
By comparing the results from the FEA models shown in 
Fig. 3, the von Mises stress distribution was observed to 
increase on the upside interface of both the pelvis and graft 
bone with the square and mortise–tenone implant. These 
findings showed that implants were in contact with the 
superolateral region of the acetabular cup and had a greater 
stress distribution, which would undergo remodeling from 

Table 1  The parameters of the FE model

Component Material type Element Element type

Circle shaped Pelvis 221,274 Inhomogeneous
Graft bone 29,468

Wedge shaped Pelvis 213,248
Graft bone 38,514

Square shaped Pelvis 206,694
Graft bone 45,580

Mortise–tenone shaped Pelvis 209,184
Graft bone 46,826

35 mm screw Ti-6Al-4 V 14,228 Homogeneous
30 mm screw Ti-6Al-4 V 7976
Acetabular component Cortical bone 26,890

Table 2  Friction types between components

Contact surface A Contact surface B Friction type

Pelvis Acetabular cup Static friction (μ = 0.1)
Pelvis Graft bone Static friction (μ = 0.88)
Pelvis Screw Stick
Graft bone Screw Stick
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sufficient stress stimulation from the main loading region 
[7]. These results indicate that the design of the square and 
mortise–tenone structures are acceptable according to the 
stress results. We observed one difference among the struc-
tures. The maximum principal stress in the mortise–tenone 
pelvis (34.74 MPa) and graft models (7.53 MPa) was lower 
than the fatigue strength of the cortical bone (37–57 MPa) 
(Fig. 4) [31]. Nevertheless, the values measured from the 
pelvis in the circle-shaped (45.66 MPa), wedge-shaped 
(37.82 MPa) and square-shaped models (46.83 MPa) were 
all greater than the lower limit of the fatigue strength. Early 
fatigue failure would occur in the postoperative period under 
the condition of contact stress emerging around the screw 
hole at the superolateral compartment in all structures except 
the mortise–tenone type bone block. Thus, the mortise–ten-
one-shaped implant may be a more suitable treatment design 
for large acetabular bone deficiency.

Cortical screw fracture and pull-out are common com-
plications after acetabular reconstruction. We examined 
the stress distribution and values on screws in each group 
(Fig. 3); the stress distribution on screws showed that stress 

concentrated at the bottom junction part with graft bone. Fig-
ure 4 shows the maximum principal stress value in different 

Fig. 3  Comparison of the stress distribution of different acetabular defects. Three components including pelvis, graft bone and screws were com-
pared; the 35-mm screw and 30-mm screw were placed laterally and medially, respectively

Fig. 4  The maximum principal stress in the four types of acetabular 
defects
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components. A significantly large value (357.49 MPa) at 
the screw was observed in the circle-shaped model. The 
maximum Von Mises peak stress values were 59.17 MPa, 
357.49 MPa and 272.54 MPa for the graft bone, 30 mm 
screw and 35 mm screw in the circle-shaped bone defect 
component, respectively. In these four groups, the maximum 
principal stress values were all lower than the yield strength 
of Ti-6Al-4 V alloy (789–1013 MPa) [31], which indicated 
that the strength of the screws can sustain the static load-
ing requirement. In addition, the long-term survival of the 
screws needs to take into account that the maximum stress 
should be far below the fatigue strength limitation of the 
titanium alloy (310–610 MPa) [32]. As the circular structure 
of bone graft may not provide a better lateral stiffness than 
other structures, the screws in this model have great stress 
values (357.49 MPa, 275.54 MPa), which are even greater 
than the fatigue strength. The circular grafting structure is 
generally used in routine treatment. Therefore, these results 
indicate that traditional acetabular reconstruction techniques 
show a risk of screw-related complications.

3.2  Comparison of Relative Micromotion Results 
Among the Four Structures

To examine the mechanism of stability and the relationship 
of bone formation in different structures, the relative micro-
motion ratio was calculated by counting the percentage of 
the points with micromotion less than 28 μm in the selected 
region at the intersection of pelvis and graft bone. The func-
tion of the selected points in the overall and side edge are 
shown in in Fig. 5. Previous studies showed that a micro-
motion of > 150 μm leads to fibrous tissue formation, while 
adequate osseous contact and fixation minimizes micromo-
tion and prevents fibrous ingrowth; micromotion between 
30 and 150 μm leads to bone and fibrous tissue formation; 
and micromotion < 28 μm results in predominant bone for-
mation [8, 9]. Our results showed that the mortise–tenone 
structure had a larger ratio value and a smaller ratio value 

was observed in the circle structure. In addition, the maxi-
mum micromotions in the circle, wedge, square and mor-
tise–tenone-shaped bone defect models were 81 μm, 143 μm, 
121 μm and 123 μm, respectively, all at the lower inner 
quadrant. The relative micromotion ratio results showed 
micromotion less than 28 μm of the total ratio was 50%, 
49.11%, 45.28%, and 40.91% in the mortise–tenone, square, 
wedge and circle structures, respectively (Fig. 6). Based on 
the results shown in Figs. 5 and 6, the regions of the relative 
micromotion < 28 µm mainly in the upper part of contact 
region. Hence, increasing the contact area of the upper part 
could provide more contact region that the relative micromo-
tion < 28 µm, then may better decrease the micromotion of 
the interface and further improve the performance of bone 
formation. This demonstrated that the grafting structure of 
mortise–tenone could effectively prevent micromotion, pro-
mote bone remodeling and relieve postoperative pain caused 
by interfacial displacement.

Fig. 5  The relative micromo-
tion of the four FEA models. 
The red and blue dotted lines 
indicate the location for the 
measurement of relative micro-
motion between the pelvis and 
grafting bone. Red dotted lines 
indicate the regions of relative 
micromotion < 28 µm. Blue dot-
ted lines indicate the regions of 
relative micromotion > 28 µm. 
Arrowheads indicate the points 
of the maximum micromotions 
in FEA models

Fig. 6  The relative micromotion ratio in the four types of acetabular 
defects
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3.3  Comparison of Models with and Without Screws 
in the Mortise–Tenon Joint Structures

Mortise–tenon joint structures are widely seen in ancient 
timber structures in China [15]. The mechanical behavior of 
mortise–tenon joints is complex and their structural superi-
ority could play an important role in the lateral and rotational 
stiffness, integrality and stability of the whole structure [15]. 
To verify the superiority of this structure, the screw was 
removed to present the integral grafting bone. The FEA 
results in Fig. 7a showed that the structure without screws 
has a wider stress distribution range in superior and medial 
parts. The relative micromotion ratio gradually decreases 
with the stress distribution range increasing in the same parts 
(Fig. 7b). When the screws are inserted into the components, 
the maximum principal stress reduces significantly, leading 
to prosthesis stability. In comparing the models with and 
without screws, more stress distribution was found concen-
trated at the superolateral region of grafting bone and greater 
stress (49.39 MPa) recorded at the cortical bone of pelvis 
(Fig. 7c), which has a greater probability of fatigue damage 
[31]. A possible explanation for this might be the effective 
stress borne by screws. The micromotion results indicated 
that the model without screws had 3more stable regions such 
as in inferior and lateral locations. Therefore, the implants of 
acetabular reconstruction without screws also could provide 
enough biomechanical property to stimulate bone remod-
eling and to increase stability. An increase in the number of 
screws could improve these indicators related to biomechani-
cal characteristics [33]. Overall, this evidence supports the 
ability of absorbable inner fixation screws, so far as to no-
screw applied, in the process of acetabular reconstruction.

Our previous findings suggest that novel designed graft-
ing structure may be beneficial to acetabular bone defect 
patients, and thus the primary goal of structure optimiza-
tion is to reduce postoperative complications, decrease the 

number of screws used for fixation, and provide a refer-
ence for clinical practice. Compared with the novel bone 
grafting design, the classical circular bone grafting design 
was not up to biomechanics characteristics. A striking find-
ing from this study is that traditional mortise–tenon joint 
structures show biomechanical superiority and promote 
better results in terms of stress distribution and relative 
micromotion.

There are a few limitations in this study. First, charac-
teristics specific to patients (bone density, dynamic biome-
chanical properties and surrounding soft tissue) were not 
addressed and the clinical behavior observed in an individual 
during surgery may not correspond to simulated conditions. 
In addition, we only analyzed type 1 AAOS rim defects, 
and future analyses to investigate other AAOS defect types 
and more complicated forms of acetabular bone loss are 
warranted.

4  Conclusion

This FEA-based study was conducted to provide insights 
into the reconstruction of acetabular bone defects during 
total hip arthroplasty revision. The effects of acetabulum 
reconstruction on stress distributions and relative micromo-
tion in the contact surface of the acetabulum and grafting 
bone were investigated. Our results demonstrated that the 
mortise–tenone structure decrease micromotion and pro-
vided better stress distributions. With sufficient biomechani-
cal stability and bone remodeling, the mortise–tenone graft 
structure is recommended for acetabulum segmental defect 
reconstruction. This design can reduce the complications of 
bone fracture, screw fracture and pull-out as well as osteoly-
sis, among other complications. Our results provide refer-
ences for clinical practice and a foundation for subsequent 
application in orthopedic surgery.

Fig. 7  Comparison of the mortise–tenone joint acetabular defects between the models with and without screws. a The results of the stress distri-
bution; b the results of the relative micromotion ratio; c the results of the maximum principal stress
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