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a b s t r a c t 

In this study, a multi-objective topology optimization method has been formulated and carried out for 

various resection types, with minimization of a weighted sum of the compliance (maximized stiffness) 

under six routine activities of daily life as the objective function and volume reduction as a constraint. 

Unique prosthetic geometries with low weight and remarkable strength closely matching the pelvic bone 

shape were obtained. The strength of the optimized implants was investigated through finite element 

analysis and it has been found that the initial geometries of the optimized implants could withstand 

the static loading conditions of various routine activities having less stress concentration areas. A 3D 

printed patient-specific topology optimized hemi-pelvic prosthesis has been designed based on the pro- 

posed method and implanted successfully in a patient with pelvic sarcoma. Therefore, pelvic prosthe- 

ses can be designed and then manufactured via additive manufacturing technologies with the minimum 

material in less time and having robust mechanical fixation responses. Conclusively, the topology opti- 

mization method used for the design of pelvic prostheses improves the biomechanical performance of 

the implants with reduced weight and higher stiffness than the traditional implants. Including the topol- 

ogy optimization procedure in the phase of designing patient-specific pelvic implants is therefore, highly 

recommended. 

© 2019 IPEM. Published by Elsevier Ltd. All rights reserved. 
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1. Introduction 

Along with the protection of pelvic contents and muscle attach-

ments, the major functions of the pelvic bone are to provide con-

tinuity and to transfer loads between the lower extremities and

the central skeleton by means of articulations at the hip joint and

sacroiliac joints [1] . An outspread tumor at the pelvis can neces-

sitate a resection, which requires a custom implant for the recon-

struction of the pelvis. Resections of the pelvis are classified into

three main types, according to the location of the defect [2] : type

I involves resection of the ilium, type II involves the resection of

the periacetabular region, and type III of the ischium and pubic

rami portions. Patients with a primary malignant periacetabular

sarcoma involving the sacroiliac joint will require an en bloc re-

section of the acetabulum and ilium [3] . This type of resection is
∗ Corresponding author at: State Key Laboratory for Manufacturing Systems Engi- 
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lassified as type I + II. Similarly, type II + III contains the resection

f the acetabulum and obturator foramen, as shown in Fig. 1 . 

Existing pelvic prostheses were usually designed using either

everse engineering methods or an oversimplified beam section.

he former involves overly complex geometry, which leads to long

anufacturing times and surgical complications; the latter might

e oversimplified in terms of strength and stability [4,5] . Both

re based on theoretical support in terms of strength and safety.

oreover, there is a minimal selection of commercially available

tandard prostheses, owing to the high demands of geometrical

daptiveness. Previously designed hemi-pelvic prostheses, for

xample, saddle prosthesis is not recommended for the pelvic

econstruction after the tumor resection due to its increasing

echanical failure rates [6] . The designs of saddle prosthesis and

ce-cream cone prosthesis are unable to rebuild the pelvic ring

tructure which can subsequently result in implant loosening and

an be a reason for morbidity [7,8] . Although the modular pros-

hesis can rebuild the pelvic structure well [3] , the complicated

rosthetic components may rise the surgical complications and

https://doi.org/10.1016/j.medengphy.2019.06.008
http://www.ScienceDirect.com
http://www.elsevier.com/locate/medengphy
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Fig. 1. Anatomy of the human pelvis with three basic resection types. 
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ubsequently instability of the implant [9] . Prostheses designed

or heavy load bearing regions are normally made from alloy

etals such as cobalt-chromium alloys, titanium-based alloys,

16L stainless steel, and tantalum [10] ; hence, they can be signif-

cantly heavier than the replaced bone. Moreover, the increased

eight of a prosthesis can place a strain on the pelvis and can

ncrease mechanical energy expenditure and muscular effort at the

ip [11] . Therefore, a custom design with optimized mechanical

n-situ performance and minimized volume and weight becomes

ecessary. 

Topology optimization (TO) is a design method that proposes

n optimal material layout with maximum stiffness and minimum

olume/weight constraints under given loading and boundary con-

itions [12] . TO integrated with the finite element (FE) method can

e used to optimize the implant material to satisfy particular re-

uirements [13] . This can be achieved by eliminating the material

rom the region associated with the lowest von Mises stress while

etaining the regions of high stress [14] . These topology-optimized

mplants may have a complex geometry. Additive manufacturing

AM) or 3D printing techniques can fabricate complex geometries

hat cannot be created by conventional manufacturing methods

15] . The main advantages of a topology optimized custom pros-

hesis are (1) low cost of material and manufacturing, (2) oppor-

unities to reduce stress shielding [16] , (3) smaller incisions, (4)

mplant can be placed in the optimal position for better ingrowth

f bones, and (5) ensured mechanical functionality. 

TO has been applied to the design of new layouts with op-

imized material allocation in the industry [17,18] , and has been

sed for the customization of bone implants, particularly dental

19–21] , spine [22,23] and hip implants [10,13,16,24–29] . However,

o the best of our knowledge, it has not been applied to the design

f pelvic prostheses. Therefore, this is a novel work presenting the

ptimization for the design of patient-specific pelvic prostheses for

arious resection types. 

This study aims to optimize the design of pelvic replacements

or different resection types by using topological optimization,

hereby, achieving the best performance with respect to sizes,

trength, and long-term stability of the prosthesis. A TO method

s developed and generalized to obtain the optimal geometry of a

emi-pelvic prosthesis for pelvic reconstructions involving type I,

I, I&II, and II&III resections. The strength and feasibility of the op-

imized implants were also inspected through the simulations of

he most strenuous routine activities. 
. Materials and methods 

.1. Finite element model of the natural human pelvis 

This FE model is based on the CT (Computer Tomography) data

f a male patient (64-year-old, weight 6 8 Kg, height 1.6 8 m) [30] .

he CT data was imported in the form of DICOM into Mimics soft-

are (16.0, Materialise Inc., Leuven, Belgium) and the related tools

ere used to construct triangle based surface models of the pelvis.

he right hemi-pelvis was mirrored to the left affected side of the

elvis. The parameters of these surface meshes were optimized in

-matic (8.0, Materialise Inc., Leuven, Belgium) and Geomagic Stu-

io (12, Geomagic, USA) and then converted into 4-node linear

etrahedron elements (C3D4) using Hypermesh (14.0, Altair Engi-

eering Inc., USA). 

Inhomogeneous material properties were rendered to the pelvic

odel according to the corresponding grey scale value. Overall 10

evels of material properties were automatically assigned onto the

one model in Mimics, by using a uniform method for realistic

aterial assignment based on the following relations [31] between

ounsfield units(H.U), ρB (bone density) and E (elastic modulus). 

B = 6 . 9141 exp − 4 × H . U + 1 . 026716 (1)

 = 2017 . 3 × ρB exp2 . 46 (2)

Hence, the assigned Young’s Modulus of left hemi-pelvis,

acrum, and right hemi pelvis ranged from 2.02 to 10.23 GPa, 1.83

o 9.67 GPa and 2.02 to 10.02 GPa respectively, whereas the Pois-

on’s ratio was set to be 0.3 for the whole pelvic bone. The femoral

ead was modeled as a rigid body using a solid sphere with ref-

rence to the patient’s data. Tie (bonded) contact pair was used to

efine interfacing surfaces between the femoral head and acetabu-

um. For simplification purposes, the effects of the ligaments were

eglected in the FE model. 

.1.1. Load and boundary conditions 

The coordinate system of the pelvis was defined as: the x-axis

uns through the centers of femoral heads from right to left, the

-axis was perpendicular to the anterior plane and z-axis was per-

endicular to both x- and y-axes ( Fig. 2 (a)). Centre of mass (COM)

a point where the entire mass of the object is concentrated and

he object can be balanced at this point) of the pelvis was obtained

y using the mass properties in Abaqus(6.14, Abaqus Inc., USA) and

rigin was set at this COM. Resultant of peak contact forces for

he six most occurring activities was obtained from the literature

32] , normalized according to the body weight (BW) of the patient

nd summarized in Table 1 with the number of cycles per year of

ach activity. Nodes on the sacrum S1 superior surface were fully

onstrained for all degree of freedom (DOF), and the component

oads were applied through the spherical centers of both femoral

eads ( Fig. 2 (a)). Each load case was simulated as static explicit

sing Abaqus (6.14, Abaqus Inc., USA). 

.1.2. Model verification and validation 

Mesh refinement tests were conducted to verify the model until

 change of less than 5% in the peak values of Von Mises Stress

as obtained. The model was validated by being compared with

he fixed boundary condition model of ATM Phillips [33] for single

eg standing, and similar stress-strain patterns were observed. 

.2. Topology optimization 

The aims of applying the TO on design of the pelvic prosthe-

is is to reduce the weight/volume of the prosthesis by removing

he unnecessary material from the region with zero loading to bear
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Fig. 2. (a) Finite element model setup of the natural human pelvis for multiple activities (b) von Mises stress distribution in the healthy pelvis during standing up, and (c) 

von Mises stress distribution in left hemi-pelvis during standing up for volume estimation. 

Table 1 

Summary of the hip contact forces and the annual occurrence frequencies for routine activities. 

# Activity F x (N) F y (N) F z (N) 

Number of cycles per year 

(Normal patient)( ×10 0 0) 

1 Normal 

walking 

R CF 325.45 −39.26 446.75 1369.3 

L CF −230.18 −164.39 1495.24 

2 Single leg 

standing 

R CF −136.1 21.71 131.71 63.5 

L CF −296.04 −61.26 1186.6 

3 Standing 

up 

R CF 524.09 804.7 621.62 20.1 

L CF −524.09 804.7 621.62 

4 Sitting 

down 

R CF 4 97.6 8 −675.49 418.19 20.1 

L CF −4 97.6 8 −675.49 418.19 

5 Stair 

ascending 

R CF 340.19 −15.79 650.41 41.4 

L CF −117.98 552.56 1613.16 

6 Stair 

descending 

R CF 177.43 −1.72 427.75 41.4 

L CF −288.89 −615.66 1666.47 

R CF and L CF refer to the right and left centers of femoral heeds respectively. 
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when the pelvis is under the loading conditions of the six most

frequent daily activities, as well as to guarantee the strength and

stability of the prosthesis when under physiological mechanical en-

vironment. 

To accomplish the goal, a multi-objective TO formulation has

been set up with the minimization of weighted sum of the strain

energy (i.e. maximize the stiffness) due to six most frequent daily

activities as the objective function, while constraining the volume

fraction. Density is taken as a design variable, whose values range

from 0 (void) to 1 (solid). Based on the work of Sigmund [34] and

Bendsøe and Sigmund [35] , the mathematical formulation of TO is

expressed as follows: 

Objective function: 

Min 

( 

C = 

6 ∑ 

n =1 

W n . C n 

) 

, 0 < W n < 1 , 

6 ∑ 

n =1 

W n = 1 (3)

Where C is compliance of the region to be optimized and W n 

is the weighing factor for each load case calculated based on the

number of cycles per year i.e. 

 n = 

Number of cycles ( per year ) of act i v it y n ∑ 6 
n =1 ( cycles per years ) 

(4)

Constraints: 

V ( ρ) = 

∫ 
�

ρdV ≤ V max (5)

0 < ρmin ≤ ρe ≤ 1 (6)

Where ρ is the density vector, ρmin ( = 0.001) and ρe are the

minimum relative density and the relative density of element e re-

spectively. V is the volume to be computed, which is a function of

density ( ρ), whereas V max is the volume constraint. 
Instead of using an irregular shape pelvic bone part, the pro-

osed (dissected) area has been replaced by a regularly shaped box

s an initial structure (often referred to as the design domain or

esign space) surrounding the affected part on which the TO has

een applied. To maintain the special features of the bone, Boolean

perations were used to ensure that contact could be accomplished

ithin the remaining pelvic bones. The regions of the interface be-

ween bone and implant were modeled as tied (bonded) and con-

idered “frozen” during the TO process which warrants that no ma-

erial will be removed during the process, so that attachment lo-

ation could be determined ( Fig. 3 ). 

The material properties of titanium alloy (Ti6Al4V) ( E = 110 GPa,

= 0.3) were assigned in Abaqus to the design domain after

eshing in Hypermesh with C3D4 elements. The models for TO

ave been configured with the same load and boundary conditions

s that of the natural pelvic model. The Solid Isotropic Material

ith Penalization (SIMP) [35,36] , -based general optimization tech-

ique has been applied through the Abaqus Topology Optimization

odule (ATOM) to simulate the TO process with a penalization fac-

or P( = 3). 

The volume of design domain for resection types I, II, I + II and

I + III have been constrained to 5%, 7%, 3%, and 3% respectively by

omparing the volumes of the design domain and the effective

tress region that can be subjected to material retention during

he TO process ( Fig. 2 (c)). The optimization results were extracted

nd saved as STL files. These STL files were exported into 3-matic

oftware and discrete geometries were created using split surfaces.

nce the design was achieved, the geometries were remeshed in

ypermesh as a solid (C3D4), and FEA of the reconstructed pelvis

ith optimized implants under the load and boundary conditions

imilar to the natural human pelvis model was performed to de-

ermine the strength of prostheses and their effects on the pelvic

one. 
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Fig. 3. Design domains for various resection types. 

Fig. 4. Topology-optimized extracted surfaces, Optimized implants and virtual assemblies with topology-optimized implants. 
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. Results 

.1. Topology optimization output 

Four patient-specific pelvic prostheses designs were achieved

ased on the TO results. Consequently, unique optimum designs

ith reduced volumes of 19%, 31%, 18% and 22% of the correspond-

ng dissected parts were obtained for optimized implants of resec-

ion types I, II, I + II, and II + III respectively ( Fig. 4 ). 

.2. FEA results with optimized implants 

The results presented here are only for the activity having max-

mum stress values (the worst case) among all six activities. 

.2.1. von Mises stresses in optimized implants and pelvic bone 

The distributions of the von Mises stress observed in the opti-

ized implants are illustrated in Fig. 5 . Peak von Mises stress value

f 74 MPa was observed at the supporting rod in the type-I pros-

hesis ( Fig. 5 (a)) during standing up activity. In the type-II prosthe-

is, the maximum value of von Mises stress of 126 MPa was seen at

he rim of the acetabulum cup during ascending stairs ( Fig. 5 (b)).

he peak von Mises stress of 91 MPa was recorded in the type-

 + II implant during standing up at the connecting rod near the left

acroiliac joint ( Fig. 5 (c)). For the type-II + III prosthetic component

aximum von Mises stress of 112 MPa was observed at the bone-

mplant interface during stair descending ( Fig. 5 (d)). Peak values of

on Mises stress during all six activities in the reconstructed pelvic
one and optimized implants for each resection type are shown in

ig. 6 . 

.2.2. Shear stresses in optimized implants 

Shear stress distributions for optimized implants during the ac-

ivities with maximum stress are shown in Fig. 7 . For type-I and

ype-II + III a small region is under the maximum shear stress at the

mplant-bone interface on left ilium. Whereas peak shear stresses

n type-I + II prosthesis can be seen at the implant-bone interface

n the left sacroiliac joint. In type-II prosthesis, a little part of the

im of cup bears maximum shear. 

.2.3. Principal stresses in natural and reconstructed pelvic bone 

The maximum principal stress distributions in the natural and

econstructed pelvic bones are shown in Fig. 8 . It can be seen that

fter resection type-I and I + II, during standing up activity ( Fig. 8

d, f)) the pelvic bones mostly bear tension stress, whereas for the

esection type-II and II + III, during ascending and descending stairs

 Fig. 8 (e, g)) respectively, the pelvic bones mainly bear compressive

tresses. The peak tensile stress has been observed only at the ar-

icular surfaces of left and right sacroiliac joints and at the surface

f the S1 due to fixed boundary conditions. 

. Discussions 

A multi-objective TO method was established for the designing

f hemi-pelvic prostheses having maximum strength with mini-

um weight/volume under the physiological loadings conditions
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Fig. 5. von Mises stress distributions in (a–d) optimized implants and (e–h) reconstructed pelvic bone during the activities with maximum stress values. 

Fig. 6. von Mises stress distributions in optimized implants and reconstructed pelvic bone during all routine activities for each resection type. 
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Fig. 7. Shear stresses in optimized implants ( S 12 = τ xy , S 13 = τ xz , S 23 = τ yz ). 
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f various routine activities. The generality of the proposed tech-

ique has been demonstrated and vivificated after being applied

o various pelvic resection types. In addition, along with the cus-

omization of patient-specific implant tailoring in respect of the

onnecting interface and fixation system design, this optimization

ethod is expected to provide a general way to design person-

lized pelvic prostheses with significantly reduced weight/volume

nd improved functionality. 

Due to their complicated design components and manufac-

uring process, long-term preoperative planning is required for

ost of the previous custom-designed hemi-pelvic prostheses. The

O methodology presented in this study for the design of hemi-

elvic prostheses for various resection types can accelerate the

urgical planning. Moreover, the prostheses designed by the TO

rocess are exactly matched to the individual patient’s anatomy.

lso, the fixation points can be defined at an early stage of the
esign and perfectly positioned according to the requirements of

he surgery. This can, in turn, help to maintain the pelvic bone

unctionality and reduce the implant loosening. Most of the stan-

ard and custom-designed pelvic prostheses reported in the litera-

ure [3,4,9,37,38] were designed for a specific resection type and/or

or a particular pelvic replacement. However, the TO based design-

ng method presented in this study can be applied to various re-

ection types. Moreover, this method can be extended to any other

elvic replacement according to the need of the patient. 

Both the directions and magnitudes of the forces at hip joint

aries along with different instant of the normal daily activities as

eported from the literature [32] . In addition, TO result is sensi-

ive to the loading direction rather than to the load magnitude.

ence, for the design of pelvic bone replacement prosthesis, it is

ritical to consider the strength of the prosthesis under all sce-

arios of loading environment corresponding to various routine
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Fig. 8. Principal stress distributions in (a–c) natural pelvic bone and (d–g) reconstructed pelvic bone. 

Fig. 9. (a) 3D printed prosthesis in a demo pelvis before implantation and (b) the radiographic image of the prosthesis after implantation. 
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activities. Therefore, six types of the most recurring and strenu-

ous routine activities were incorporated in one single TO through

a multi-objective formulation. To achieve this goal, an individual

weighting factor was determined for each daily activity based on

the occurrence frequency of each activity and utilized in the ob-

jective function of the TO. 

To overcome the convergence difficulties of the TO process due

to the irregular and complex shape of the pelvic model, a regular

shaped box surrounding the resected part has been proposed as

the design domain. Some authors [20,39] used measurement tools

to find the dimensions of the defects and then generate the de-

sign space, which can be complicated and time-consuming. This

method provided a more flexible and straightforward way to per-

form the TO process. By using such a method, novel prosthetic ge-

ometries based on the proposed solution of TO have been designed

corresponding to various resections. 

The strength of optimized implants and their effects on the

host tissue have been determined via FEA. No stress concentra-

tions have been seen at the implant-bone interfaces in all cases ex-

cept type-II + III prosthesis, however, the stress values are below the

threshold to affect the stability. Stress distribution patterns in the

reconstructed pelvis with the optimized prostheses show good re-

semblance with the load transfer path reported by Neumann [40] .

This indicated that the optimized prostheses have the potential

to restore the biomechanical function of the pelvic ring after re-

sections under the loading conditions of the six most strenuous
outine activities. The peak values of von Mises stress ( Fig. 6 ) in

he reconstructed pelvic bone and optimized prostheses are well

elow the yield strength of the cortical bone (150 MPa) [41] and

dditively manufactured Ti6Al4V (822–1188 MPa) [42,43] . Thus, the

trength of the designed prostheses has been proved to fulfill the

equirement of all daily activities. High shear stresses can be ob-

erved at the bone-implant interface in type-I and II + III resec-

ions, mainly caused by the tie (bonded) interface set up, indicating

he potential risk of osteoporosis and implant loosening. Therefore,

pecial treatment such as porous structural biomaterials design or

oating with some biocompatible materials is necessary at such re-

ion. Moreover, the inclusion of screws for fixation might lower the

hear stresses at the implant-bone interface that would be studied

n future work. 

The distribution of the principal stress vectors during the de-

cending stairs activity before and after the resection type-II + III

 Fig. 8 (c, g)) suggests that stress shielding phenomenon is not

rone to occur after the replacement of type-II + III optimized im-

lant. However, a slight decrease in the compressive and tensile

tress values on the pelvic bone after resection types-I, II and

 + II, when compared to those of the natural pelvic bone, indi-

ates potential stress shielding. Nevertheless, overall similarities

n the principal stress distributions in both natural pelvic bone

 Fig. 8 (a–c)) and in the reconstructed pelvic bone ( Fig. 8 (d–g))

anifest that the bone morphology may not change much after

eplacement of implant and the bone can remodel in accordance
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[  
ith the Wolff’s law [44] , which in turn may ensure long-term sta-

ility of the implants. 

A hemi-pelvic prosthesis has been designed by using the pro-

osed TO method for the resection type II + III for a patient with

 pelvic bone tumor. This implant was fabricated using Electron

eam Melting (EBM) technology in Ti6Al4V and successfully im-

lanted at Xijing Hospital Xi’an, China ( Fig. 9 ) about nine months

go. The short-term clinical performance was satisfactory so far. 

All the same, certain limitations still exist in this study. The

roposed method is based on the static loading conditions of six

outine activities rather than dynamic, and the latter might pro-

ide more realistic physiological loading conditions. Muscles and

igaments were not included in the FEA model for simplification

urposes due to their tiny effect on the stress magnitude. However,

he presence of muscle forces will certainly distribute the stresses

ore evenly in the pelvis [33] . Moreover, the contact interfaces at

acroiliac joints, pubic symphysis and between bone and implant

ere modeled with tied (bonded) contact in order to increase the

omputational efficiency, thereby, sacrificing some accuracy with

espect to the physiological environment. Furthermore, the results

elated to the optimized prostheses stability only rely on the FEA

f the developed model and no mechanical test was performed.

dditional mechanical tests to validate the FEA and strength of the

ptimized prostheses should be taken into account. In future stud-

es, mechanical experiments will be conducted in order to probe

he prosthetic strength. 

. Conclusion 

A TO method for the designing of hemi-pelvic prostheses for

arious types of pelvic bone resections is proposed and applied.

o incorporate the mechanical environments of various daily rou-

ine activities, a multi-load objective function has been formulated

or the most occurring activities. Through this process, different

emi-pelvic implant designs were obtained, and the safety of the

mplant structures was validated through FEA. Following the TO

ethod proposed in this article, a pelvic prosthesis for type II + III

esection has been designed, manufactured and implanted, which

hows good short-term clinical outcomes. In conclusion, the TO

ethod developed in this study can provide a reasonable design

f the pelvic prostheses for all types of resection, with optimized

ightweight and strength guaranteed to be safe for all daily activ-

ties. This provides an effective design and functional evaluation

ool for customized pelvic implants design before clinical appli-

ation. Further efforts should contribute to improving the design

sing shape optimization and optimized design of the connecting

art between the implants and the residue bone. 
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