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Abstract: Pelvic implants require complex geometrical shapes to reconstruct unusual areas of bone
defects, as well as a high mechanical strength in order to endure high compressive loads. The electron
beam melting (EBM) method is capable of directly fabricating complex metallic structures and
shapes based on digital models. Fixation design is important during the 3D printing of pelvic
implants, given that the fixation secures the pelvic implants to the remaining bones, while also
bearing large amounts of the loads placed on the bone. In this study, a horseshoe-shaped plate
fixation with a bridge component between two straight plates is designed to enhance the mechanical
stability of pelvic implants. The aim of this study is to investigate the biomechanics of the
horseshoe-shaped plate fixation in a 3D-printed pelvic implant using a finite element (FE) simulation.
First, computed tomography (CT) scans were acquired from a patient with periacetabular bone
tumors. Second, 3D FE implant models were created using the patient’s Digital Imaging and
Communications in Medicine (DICOM) data. Third, a FE simulation was conducted and the stress
distribution between a conventional straight-type plate model, and the horseshoe-shaped plate model
was compared. In both of the models, high-stress regions were observed at the iliac fixation area.
In contrast, minimal stress regions were located at the pubic ramus and ischium fixation area. The key
finding of this study was that the maximal stress of the horseshoe-shaped plate model (38.6 MPa) was
21% lower than that of the straight-type plate model (48.9 MPa) in the iliac fixation area. The clinical
potential for the application of the horseshoe-shaped plate fixation model to the pelvic implant has
been demonstrated, although this is a pilot study.
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1. Introduction

Pelvic implants require complex geometrical shapes to reconstruct unusual areas of bone defects,
as well as mechanical strength to endure high compressive loads [1]. For limb salvage procedures,
custom pelvic prostheses have been utilized for reconstruction after the resection of bone tumors [1,2].
Custom pelvic prostheses have been fabricated by machining a solid titanium block, and this requires
intensive labor and a long fabrication time [2]. Electron-beam melting (EBM), a type of 3D printing
technology, can directly fabricate complex metallic structures with excellent material properties
(almost no porosity) [3] and shapes, on the basis of digital models [4]. Thus, the EBM has been
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utilized to fabricate orthopedic components such as knee, hip, and jaw replacements, and maxillofacial
plates [5–8].

For custom pelvic implants, fixation design is important, considering that the fixation secures the
pelvic implants to the remaining bones, and should bear substantial loads as well [9]. A double column
plating or a single column plating combined with lag screws has been commonly utilized to fix pelvic
bones. The double column plating is effective to fix the complex fractures of pelvic bones [10]. However,
the double column plating requires more screws for penetration during surgery, and this often results
in a serious traumatic complication [11,12] that can lead to the development of osteoarthritis [11].
The single column plating combined with lag screws was regarded as the preferred technique, as it
produces minimal exposure and devascularization of the pelvis [13], with comparable stability to the
double column plating [13,14]. Therefore, in pelvic implants, two or three straight column platings
combined with lag screws have been conventionally utilized for fixation [15,16]. These fixation
types reportedly incur high traumatic fracture risks under compressive loading conditions [16,17].
Enhancements of the mechanical stability using spinal rod connectors, which have a bridge component
between two straight connectors, have been reported in spine surgery publications [18,19]. Thus far,
this bridge component design has not been utilized for pelvic implant fixation. We designed a
horseshoe-shaped plate fixation with a bridge component between two straight plates, in an effort to
enhance the mechanical stability of pelvic implants. Several studies have evaluated the strength of a
conventional straight-type plate fixation for the posterior wall or transverse acetabular fractures [20–23].
In pelvic implants, there have been no studies comparing the biomechanical stabilities of the new
horseshoe-shaped plate fixation with the conventional straight-type plate fixation consisting of column
plates and lag screws.

The aim of this study is to investigate the biomechanics of the horseshoe-shaped plate fixation in
a 3D-printed pelvic implant, using a finite element (FE) simulation. First, computed tomography (CT)
scans were acquired from a patient suffering from periacetabular bone tumors. Second, 3D FE implant
models, in this case a conventional straight-type plate model and the horseshoe-shaped plate model,
were created using the patient’s Digital Imaging and Communications in Medicine (DICOM) data.
Third, a FE simulation was performed, and the stress distribution between the straight-type plate and
the horseshoe-shaped plate models was compared.

2. Materials and Methods

2.1. Patient Information

The patient was a 53-year-old woman with a height of 157 cm, weighing 50 kg. She had a recurrent
high-grade spindle cell sarcoma in the left pelvic bone and proximal femur. After a type II resection,
reconstruction surgery was planned using a 3D-printed titanium periacetabular implant.

2.2. 3D-Reconstruction of the Pelvic Implant Model

Figure 1 shows the anterior view of the radiographic (Figure 1a) and 3D CT (Figure 1b) images
obtained from the patient. The sarcoma resection areas were represented in red dashed circles.
The patient’s pelvis model was constructed using Digital Imaging and Communications in Medicine
(DICOM) data based on computerized tomography (CT) scans. The DICOM data comprise a series
of slices through the patient’s left pelvis, each approximately 1.0 mm thick. A 3D model of the intact
pelvis was constructed using a mirror image of the right pelvis, from a series of slices.
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Figure 1. Pre-operative medical images of the pelvis area obtained from the patient: (a) plain 
radiograph and (b) 3D computed tomography (CT) images. 

Figure 2 presents the 3D implant model developed from the pelvic bone model using the offset 
function in the software MIMICS (Version 20.0, Materialise Company, Leuven, Belgium). The pelvic 
bone and implant are shown in grey and light yellow, respectively. For the implant fixation, the 
straight-type plates (Figure 2a) and the horseshoe-shaped plates (Figure 2b) were designed. The sizes 
of the holes in the fixation were designed to fit cannulated screw holes (D = 3.0 mm). The final implant 
design was completed by smoothing the rough surfaces of the implant model using the software 
3-Matic (Version 13.0, Materialise Company, Leuven, Belgium). The design was stored as a Standard 
Triangle Language (STL) file. 

 
Figure 2. 3D model of the periacetabular implant and femur shaft area. The implant fixation models 
with (a) the straight-type plates and (b) the horseshoe-shaped plates. 

2.3. Finite element simulation of a pelvic implant model 

The FE simulation was performed using the software ANSYS (Workbench 18.0, ANSYS Inc., 
Canonsburg, PA, USA). Figure 3 shows the pelvic implant FE models created using the straight-type 
plate fixation (Figure 3a) and the horseshoe-shaped plate fixation (Figure 3b). The volume mesh was 
created on the implant models using the software ANSYS (Workbench 18.0, ANSYS Inc., Canonsburg, 

Figure 1. Pre-operative medical images of the pelvis area obtained from the patient: (a) plain radiograph
and (b) 3D computed tomography (CT) images.

Figure 2 presents the 3D implant model developed from the pelvic bone model using the
offset function in the software MIMICS (Version 20.0, Materialise Company, Leuven, Belgium).
The pelvic bone and implant are shown in grey and light yellow, respectively. For the implant
fixation, the straight-type plates (Figure 2a) and the horseshoe-shaped plates (Figure 2b) were designed.
The sizes of the holes in the fixation were designed to fit cannulated screw holes (D = 3.0 mm). The final
implant design was completed by smoothing the rough surfaces of the implant model using the
software 3-Matic (Version 13.0, Materialise Company, Leuven, Belgium). The design was stored as a
Standard Triangle Language (STL) file.
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Figure 2. 3D model of the periacetabular implant and femur shaft area. The implant fixation models
with (a) the straight-type plates and (b) the horseshoe-shaped plates.

2.3. Finite Element Simulation of a Pelvic Implant Model

The FE simulation was performed using the software ANSYS (Workbench 18.0, ANSYS Inc.,
Canonsburg, PA, USA). Figure 3 shows the pelvic implant FE models created using the straight-type
plate fixation (Figure 3a) and the horseshoe-shaped plate fixation (Figure 3b). The volume mesh was
created on the implant models using the software ANSYS (Workbench 18.0, ANSYS Inc., Canonsburg,
PA, USA). The straight-type plate model and horseshoe-shaped plate model consist of 215,838 and
222,488 tetrahedral elements, respectively. Here, the cortical bone, cancellous bone, straight-type
plate model, and horseshoe-shaped plate model are represented in yellow, blue, purple, and orange,
respectively. Table 1 summarizes the material properties of the cortical bone, cancellous bone, and
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titanium, chosen from previous mechanical measurements [24]. Both the cortical bone and cancellous
bone were assumed to be isotropic and homogeneous. The boundary conditions were defined such
that the hemi-pelvis was fixed in all directions by the pubis symphysis and femoral head, represented
as the green surface laid over the FE models. The contact type between the pelvis and implant was
set to “bonded”, and the contact surface between the femoral head and the acetabulum was set to
“frictionless.” A distributed compressive force of 4.9 kN was applied to the iliac crest, represented by
the red surface laid over the FE models, along the vertical axis of the pelvis, based on the maximal
load exerted by the patient’s weight [25].
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Figure 3. Boundary conditions of finite element (FE) models with (a) the straight-type plate fixation
and (b) the horseshoe-shaped plate fixation.

Table 1. Material properties used for the finite element simulation.

Material Density
(g/cm3)

Young’s Modulus
(MPa)

Poisson’s
Ratio (v)

Tensile Strength
(MPa)

Compressive
Strength (MPa)

Cortical bone 1.64 16,700 0.26 106 157
Cancellous bone 0.16 155 0.30 6 6

Ti-6Al-4V 4.62 96,000 0.36 1070 1070

3. Results

Figure 4 presents the von Mises stress distribution of the FE models with the straight-type
plate fixation and the horseshoe-shaped plate fixation. In the straight-type plate model and the
horseshoe-shaped plate model, a high-stress region was observed at the iliac fixation area. In contrast,
low-stress regions were located at the pubic ramus and ischium fixation areas. For the straight-type
plate model, the proportions of the stress concentration in the ilium, pubic ramus, and ischium were
17.8%, 2.3%, and 0.5%, respectively. For the horseshoe-shaped plate model, the corresponding stress
concentration proportions were 19.8%, 2.3%, and 0.6%. In the iliac fixation area, the maximal stress
of the horseshoe-shaped plate model (38.6 MPa) was 21% lower than that of the straight-type plate
model (48.9 MPa).
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Figure 4. The von Mises stress distribution of the finite element (FE) models with (a) the straight-type
plate fixation and (b) the horseshoe-shaped plate fixation.

The horseshoe-shaped plate model was fabricated for the patient’s reconstruction surgery,
using EBM with the following process parameters: beam power of 3000 W, beam scan speed of
8000 m/s, beam spot size of 0.2 mm, build rate of 55 mm3/h, and a build thickness of 50 µm, on all
sides of the scanning strategy. Figure 5 shows the horseshoe-shaped plate model fabricated with
medical-grade titanium (Ti-6Al-4V-ELI per ASTM 136) using a powder-based EBM 3D printer (model:
ARCAM A1, Arcam AB, Mölndal, Sweden) [26].
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Figure 5. 3D-printed titanium periacetabular implant with the horseshoe-shaped plates.

Figure 6 presents the medical images of the pelvis area obtained from the patient after the
implantation surgery. The post-operative radiograph (Figure 6a) and 3D CT (Figure 6b) images
demonstrated that the pelvis showed a satisfactory implant alignment and no evidence of implant
loosening. In the postoperative evaluation, the patient was allowed to walk with underarm crutches
two weeks after the surgery, and her feedback was positive.
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4. Discussion

The FE simulation results indicated that a high-stress concentration existed in the iliac fixation
area. In contrast, a low-stress region was found at the pubis and ischium fixation area (Figure 4).
This high-stress concentration at the iliac fixation area has been previously reported [27,28]. Based on
this stress distribution, we could conclude that the iliac fixation area bore most of the compressive
load, and thus that the region of the ilium required more stable fixation with the implant than the
pubis and ischium regions after type II tumor resection.

The important finding of this study was that the bridge component in the horseshoe plate model
reduced the stress concentration by as much as 21% at the iliac fixation area (Figure 4). This indicates
that the bridge component dissipated a large portion of the compressive load to the surrounding
bones, and thus reduced the risk of fracture at the iliac fixation area. While this is the FE simulation
result from only one patient’s pelvic implant, this study suggests that the bridge component of the
periacetabular implant fixation would enhance the mechanical stability after type II resection. In future
work, the mechanical stability of the horseshoe-shaped plate model should be evaluated in order to
determine the suitability of this model for periacetabular implants in more patients.

This study demonstrated that the horseshoe-shaped plate model exhibited a more stable fixation
than the conventional straight-type plate model in the pelvic implant fixation. For the fixation of a
pelvic bone fracture, previous investigators have developed various fixation systems by incorporating
screws or another plate into the fixation system with a column plate [13,14,29,30]. In addition to
the pelvic implant fixation, our horseshoe-shaped plate model could be beneficial to enhance the
stabilities of the fixation system in the pelvic bone fracture. In future studies, we will investigate stable
fixation systems for the pelvic bone fracture by comparing the biomechanical stabilities between the
horseshoe-shaped plate model and other conventional fixation systems.

In this study, the porous structure was applied on the surface of the titanium implants in order to
reduce the stress shielding effect. The titanium implant is much stiffer than the surrounding bones,
and the stress transfer between an implant device and a bone is not homogeneous [31]. The surrounding
bone is then stress shielded and experiences abnormally low levels of stress, which can lead to the
resorption of the bone, and again, loosening of the implant [32]. The porous titanium material has
the advantages of enhancing the bone–implant interface strength by promoting bone and soft tissue
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ingrowth, and of reducing the bone–implant strength mismatch [33]. In future studies, the porous
design, such as pores, holes, or lattice structure, should be investigated in order to enhance the
mechanical properties as well as osteointegration.

Our FE simulation approach has several limitations. First, the FE simulation model was created
with a uniform thickness of the cortical bone. In an actual pelvic bone, the thickness of the cortical
bone varies across the pelvic bone in order to adjust to load transfers [28]. This variable thickness of
the cortical bone would affect the stress distribution in the pelvic bone and the implant. Therefore,
the mechanical stability of the horseshoe-shaped plate model should be evaluated further with various
cortical bone thicknesses via FE simulations. Second, in the FE model, the contact type between the
pelvis and implant was set to “bonded”, and the effects of the screws on the stress distribution in the
pelvis bone were not considered. In future research, the stress concentration at the screw holes should
be investigated with the horseshoe-shaped plate model. Third, the FE simulation was performed
while only considering compressive loading conditions. We assumed that the compressive load of the
patient’s weight was the most influential loading condition in the pelvis area. However, pelvic bones
normally experience complex mechanical loading conditions [34]. More in-depth investigations should
be performed while considering complex loading conditions in order to validate the stress distribution
results in this study. Fourth, we undertook an FE simulation using a simplified FE model without
including ligaments. This FE model produced sufficient results for a stress distribution comparison
between the straight-type plate model and the horseshoe-shaped plate model. However, the stress
distribution obtained from this FE model may not fully represent the actual loading conditions.
Fifth, only the von Mises stress results were analyzed to compare the stress distribution between the
conventional model and the horseshoe-shaped plate model within the scope of this study. In future
studies, more parameters, such as principle stresses and strains, should be investigated in order to
validate the mechanical stability of the horseshoe-shaped plate model.

5. Conclusions

The horseshoe-shaped plate fixation demonstrated an enhanced mechanical stability in a
3D-printed titanium periacetabular implant. The horseshoe-shaped plate fixation model may have
clinical potential and thus warrants more extensive clinical investigations.
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