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Abstract

This work proposes a methodology involving stiffness optimization for subject-specific cementless hip implant design

based on finite element analysis for reducing stress-shielding effect. To assess the change in the stress–strain state of the
femur and the resulting stress-shielding effect due to insertion of the implant, a finite element analysis of the resected

femur with implant assembly is carried out for a clinically relevant loading condition. Selecting the von Mises stress as

the criterion for discriminating regions for elastic modulus difference, a stiffness minimization method was employed by
varying the elastic modulus distribution in custom implant stem. The stiffness minimization problem is formulated as

material distribution problem without explicitly penalizing partial volume elements. This formulation enables designs that

could be fabricated using additive manufacturing to make porous implant with varying levels of porosity. Stress-shielding
effect, measured as difference between the von Mises stress in the intact and implanted femur, decreased as the elastic

modulus distribution is optimized.
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Introduction

Cementless femoral stems have been used in preference

to cemented stems in total hip replacements (THR) due

to prevalence of failure of interfacial cement and large

bone loss during surgery in the case of the later.1,2 One

of the predominant modes of failure of cementless pros-

thesis is long-term aseptic loosening of artificial joint

components in bone.3 The main cause for this is due to

the unnatural stress distribution in the bone caused by

the load transfer between a stiff implant and relatively

flexible bone, and the resulting stress-shielding effect,4

followed by bone resorption in areas of the bone–

implant interface. Another major failure mode is

debonding at interface caused by relative micro motions

due to improper implant fitting in the bone cavity.3

Thus, to avoid the failures, the main contributing

factors, that is, stress and motions in bone and implant

that depend mainly on loading conditions and on the

implant design, that is, its mechanical properties and

geometry have to be considered. Custom prostheses

have gained a lot of popularity in today’s world owing

to its adaptability in form and fit to the anatomy of the

patient. They are usually designed pre-operatively using

computed tomography (CT) data.5,6 The earliest

attempt to produce customized implant employing a

computer-aided design (CAD) system taking CT data

as input was made by Viceconti et al.7 The study by

Kawate et al.8 reports that customized implant design

provides appreciable results for patients whose femurs

have significant anatomical deformity. In a related

work, the authors have reported a parametric CAD

framework for custom implant design.9 However, in all

these studies, the main objective has been to create

implant stem profiles with good fit and fill
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characteristics and the same has been demonstrated

with no reports of analysis of stress shielding in the

femur accompanied by these design. When the metallic

prosthesis (with higher stiffness than the bone) is intro-

duced into the femur, it alters the physiological stress

distribution and induces stress shielding and bone

atrophy10 and results in implant loosening. This had

led to research in using flexible implants (with low stiff-

ness) to reduce stress-shielding effect, but a flexible

implant may produce higher stresses along the inter-

face.10 A design scheme which considers both interface

failure as well as bone loss due to stress shielding has

been proposed using optimization of non-homogeneous

elastic modulus distribution.11

However, it is imperative that advances in develop-

ing subject-specific three-dimensional (3D) bone–

implant finite element (FE) models that are capable of

predicting fully 3D stress states accompanied by simula-

tions, accurately capturing the physiological loading

will be necessary for effective optimization of stem

designs. A recent work reports employing heteroge-

neous material distribution in cementless stem for

design optimization considering stress-shielding effect.11

The CAD framework for custom implant design devel-

oped by the authors9,12 has resulted in stem designs

with superior fit and fill with bone, as compared to a

commercial modular implant.12 A fully 3D stress state

analysis using a simplified loading showed that the cus-

tom implant causes less stress shielding in the proximal

femur.

This work envisages a FE-based design optimization

scheme where the femoral stem elastic modulus distri-

bution is optimized over the stem volume. The objective

of the optimization, subject to constraints is to reduce

stress-shielding effect by providing stress as close as

possible to physiological levels in the proximal femur

regions. The optimization problem formulation for

stress shielding in this work differs from the formula-

tion of the problem by Fraldi et al.,11 where topology

optimization is used to minimize the mass of the stem.

In that work, the preference is to have either solid ele-

ments or empty elements and explicitly penalize grey

elements to limit their presence in the final solution.

This formulation enables realizing the optimized design

by introducing holes being drilled in locations of empty

elements.11 On the contrary, in this work the problem is

formulated as material distribution problem and grey

elements (i.e. elements with density in between 0 and 1)

are not penalized. In fact, the elements with grey level

are preferred. This is because the fabrication method

envisaged for such structures is to use additive manu-

facturing techniques which can enable fabrication of

porous structures with varying levels of porosity for

orthopaedic applications.13,14 The article describes the

formulation, the numerical methods and analysis tech-

niques employed and the outcomes of the work.

Methodology

Figure 1 schematically illustrates the complete metho-

dology for custom cementless stem design to obtain

prosthetic stem profile for good form fit and elastic

modulus optimization for reducing the stress-shielding

effect. The methodology involves two phases. The ini-

tial phase consists of subject-specific 3D reconstruction

of femur geometry and extraction of a set of pre-

specified femoral features that are used for generating

custom implant stem profile. A CADmodel of the same

is automatically instantiated from the parametric model

using the developed libraries and associated interface.

The details of these methodologies are described in pre-

vious publications by the present authors.9,12 In phase 2,

Figure 1. Schematic diagram of the proposed methodology.
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the main focus of this article, initial FE analysis with

faithful reproductions of actual geometries of the bone

and implant and accurate mechanical properties of the

materials involved in the analyses with physiological

boundary conditions were used to ascertain stress-

shielding effect caused due to insertion of the designed

implant. A commercially used modular implant design

chosen for the comparison of form fit in the earlier

work12 was used for comparing the stress-shielding

effect, and it was shown that the custom implant

designed using the proposed design methodology fared

well in terms of stress-shielding effect. In this work, FE-

based optimization is done to reduce stress-shielding

effect by reducing the implant stiffness by appropriate

elastic modulus distribution subject to constraints like

implant failure and limiting stresses at the bone–

implant interface. The details of the methodology are

described in subsequent sections.

FE analysis of bone–implant model

The mechanical response of the resected human femur

with implant is assessed non-invasively using FE analy-

sis. As the mechanical properties of femoral bone vary

with the individual and the location,15 in this work the

mechanical properties of the femur are subject- and site

specifically assigned. The generation of the FE models

of the femur from the CT data set is similar to the

method described in detail by Taddei et al.16 The CT

data sets were read in Amira� and segmented for model

generation and exported to Abaqus�. C3D4 tetrahedral

elements were used for meshing as they yield a good

geometrical fit with medical mesh models. The femur

model is resected, and the implant stem is assembled.

The assembly is simulated for combined loading simu-

lating simultaneous single-leg stance and stair climbing.

The hip joint loading during all other common activi-

ties of most hip patients are comparably small (except

during stumbling), thus implants should mainly be

tested with loading conditions that mimic walking and

stair climbing.17 A load jig simulating very closely this

physiological loading on the bone–implant assembly18

is used for the present optimization framework. The

FE model simulating this physiological loading is

shown in Figure 2. To simulate this loading, the femur

is tilted to 12� in valgus, and the distal end is con-

strained, allowing it only to rotate around its own axis.

An axial load acts at the end of a lever arm (simulating

pelvis beam) along the vertical axis (pubic centre line)

and a torsional load at the distal end of femur. A pulley

system (at C1 and C2) simulates the load between the

iliotibial band (C2–C3) and the abductor muscles on

the greater trochanter (E to C1). The contact conditions

between the implant stem surface and femoral canal

surface is formulated as small sliding formulation with

friction. The load acting on the jig was given in two

steps, initially a vertical load of 600N was applied at A,

and in the second step, a torque load of 10Nm is

applied at G. These values correspond to the single-leg

stance while stair climbing for a body weight of 70 kg.18

Implant optimization by elastic modulus distribution

The bone–implant assembly behaves like a composite

structure, and based on the principle of Wolff’s law,

stress shielding occurs in bone when a high-stiffness

implant is introduced in it.10 This ratio of the elastic

moduli plays significant role in defining the interfacial

shear stress as well as the stress shielding happening in

the bone around the prosthesis.17 FE-based optimiza-

tion for implant mass reduction and thus lowering the

Figure 2. FE model of implant–bone assembly with load jig for

simulation.
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implant stiffness has shown reduction in stress concen-

tration at the interfaces and the stress shielding in prox-

imal and distal femur regions.11,19 In these models,

either the material is distributed in the given volumetric

domain as discrete values (presence/absence of holes)

or the material is assumed to have continuous grada-

tion, where the volume fraction distribution in the solid

domain establishes a continuous variation of the appar-

ent density. This mass variation (and thus the elastic

modulus distribution) is optimized for a design goal

and is accomplished by FE model, analysis and associ-

ated numerical code. In this work, the later approach,

that is, a continuous variation of the apparent density

is followed. Note that the external shape of the implant

is retained in the optimization process. The continuous

variation of apparent density can be physically

obtained by fabricating continuously varying porous

structures. Porous metallic constructs can be synthe-

sized by sintering technique,20 and recent advances in

additive manufacturing enable construction of continu-

ously varying porous structures in medical grade tita-

nium alloys.13,14 The mechanical properties of the

resultant implant at a specific site in the design volume

will depend upon the porosity distribution at that loca-

tion. Correlation between the mechanical properties

(like elastic modulus) and the porosity in titanium

alloys are available in the literature,20 and the same is

used in our formulation.

The objective of the optimization is to minimize the

deviation of stress–strain state between an intact and

operated femur. This deviation can be modelled as

stress-shielding increase (SSI) based on the von Mises

stress values11 or von Mises strain values.18 In this

work, SSI is modelled as the relative difference between

volume average of the von Mises stress of the intact

and the implanted femur calculated over a region of

interest (ROI). Since clinical as well as numerical stud-

ies have shown that the proximal femur is the most

affected region due to stress-shielding effect of cement-

less implants,4,21 in this study, the same is considered as

the ROI to monitor stress and strain distribution. The

ROI is chosen consisting of element set spanning the

medial curvature around the lesser Trochanter as

shown in Figure 2. Thus, the objective is formulated as

Minimize SSI=
s
pre�THR
vM � s

post�THR
vM

s
pre�THR
vM

ð1Þ

where s
pre�THR
vM is the volume average of von Mises

stress for the elements in the ROI for the intact femur,

s
pos�THR
vM is the volume average of von Mises stress for

the elements in the ROI for implanted femur, and the

same is computed as, s
pre�THR
vM or s

pre�THR
vM = 1

P

Volelement

P

Volelement
3s

element where Volelement is elemental vol-

ume and s
element is von Mises stress at the centroid of

the element.

This performance increase is subject to various con-

straints such as the limiting stresses in the implant to

prevent its failure, limiting interfacial stresses in the bone–

implant interface and manufacturing constraints on range

of volume fractions obtainable (and thus the correspond-

ing stiffness) in the titanium implant constructs by sinter-

ing process. These are formulated, respectively, as

Subject to

s
i
vM\sy�min, i=1, 2, . . . ,N

t
interface
avg \ tmax

El4Ei
4Eu

ð2Þ

where s
i
vM is the von Mises stress in the implant ele-

ment set i, sy�min is the yield stress for implant material

corresponding to the highest porosity; t
interface
avg is the

average interfacial shear stress at implant and femur

bone interface, tmax is the maximum allowable value of

interfacial shear stress at implant and femur bone inter-

face. El and Eu are lower and upper limits of Young’s

modulus, respectively, for the range of porosity consid-

ered in implant metal. These lower and upper bounds

of Young’s modulus determine the termination criteria

for the optimization process.

The volume of implant stem that will undergo the

elastic modulus optimization is divided into N element

sets. N can be as large as the number of tetrahedral ele-

ments in implant stem, but considering computational

expense, a lower value is chosen. The criterion for form-

ing the element set is based on the von Mises stress dis-

tribution in the design volume. The complete range of

von Mises stress in implant stem is divided into N inter-

vals, and the element groups are specified using those

intervals. The implant stem is assigned the material

property of medical grade titanium (Ti-6Al-4V) with

isotropic Young’s modulus varying as per the volume

fraction in the given element set with Poisson’s ratio

of 0.3. The head and neck regions are not considered

for stiffness optimization and only the stem is consid-

ered (as shown in Figure 3). The local variation in

elastic modulus is assigned to the elements belonging

to the stem by considering the relationship between

volume fraction and modulus as obtained in sintered

titanium with maximum Young’s modulus of 110GPa

and as reported by Oh et al.20 The following relation

is used

E i=� 2:6253(1� r
i)+110, i=1, 2, . . . ,N in GPa

ð3Þ

where r
i is the volume fraction of material in the ele-

ments belonging to the volume of ith element set. The

modulus (E1,E2,E3, . . . ,EN) that are assigned to each

element set are the design variables.

Numerical optimization

The topology optimization formulation is typically

solved using classical variational approach,22 with a

two-step process in each iteration, computing the dis-

placements for a given element stiffness and then updat-

ing the new value of element stiffness by keeping these
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nodal displacements constant. The formulation in this

work is explicit. The element stiffnesses, which are the

variables, are updated using a numerical approach of

finding their sensitivity to SSI.

The algorithm used in the optimization process is

shown in Figure 4(a), and the same is coded as applica-

tion programming using Python in Abaqus. The

numerical optimization method employed in the work

is steepest descent method, and the gradients for objec-

tive function are evaluated using forward difference

method. The FE models for the femur–implant assem-

bly and the intact femur in the load jig are simulated as

described in section ‘FE analysis of bone–implant

model’ for each function evaluation, that is, to compute

the SSI. The design volume considered for elastic mod-

ulus optimization (which is the stem region of the

implant as shown in Figure 3) is divided into N element

groups with material properties corresponding to the

porosity in that particular element set as described in

section ‘Implant optimization by elastic modulus distri-

bution’. Figure 4(b) shows the cross section of an

implant with N material property gradation. The vol-

ume average of von Mises stress distribution in the

ROI is computed for the intact FE model and the

model assembled with bone and implant for small per-

turbations (DEi) in all the components of the design

variables (E1,E2,E3, . . . ,EN). The change in SSI corre-

sponding to each design variables are computed as

∂(SSI)

∂(Ei)
=

f(E1,Ei +DEi,Ei+1,EN)� f(E1,Ei,Ei+1,EN)

DEi

ð4Þ

where DEi is the small perturbation in individual mate-

rial property (Young’s modulus). For this work, the

same is taken as 1% of Young’s modulus. If the objec-

tive function (SSI) reduces, then constraint violations

and termination criteria are checked. If both the condi-

tions are satisfied, then the algorithm proceeds to the

next iteration, with the design variables as

En+1 =En +a3
∂(SSI)

∂(Ei)
ð5Þ

where a is the step length and its initial value is chosen

as 13 1010 for this work. If the objective function does

not reduce, then the design variables are recomputed

by increasing a and using the same set of gradients.

The iterations are continued until the termination cri-

teria are met. The method is computationally stable

and guarantees solution improvements with each itera-

tion, but the limitation is that the search will slow down

with reduction in magnitude of the gradient vector. In

an engineering problem like the one solved here, with

active constraints this is not a serious limitation since

objective function gradients do not vanish at optimal

solution point.

Results and discussions

To demonstrate and validate the methodology of opti-

mizing the implant stem, six sample CT data of adult

Indian male femur taken in vivo were used. Hereafter

in the study, they will be indexed and referred to as S1,

S2,., S6. The femur geometry was reconstructed, and

feature extraction was done for six custom implant

designs. The six custom implant models were generated

and then fitted into the reconstructed specimens of

femur. The FE analysis simulating simultaneous single-

leg stance and stair climbing was performed and the

stress–strain state of the femur and the implant were

analysed. Maximum von Mises stress for the bone–

implant assembly for the six specimens are tabulated in

Table 1. These values for the implant as well as the

femur are in the allowable range.21 The optimization

considering the elastic modulus distribution was

employed with number of element sets (N) as 10 to

limit the computational expense. The lower and upper

limits of stiffness values El and Eu were taken as 40

and 110GPa, respectively, corresponding to volume

fractions of 0.75 (25% porous) and 1 (completely solid)

medical grade titanium alloy.20 The yield stress for

implant metal corresponding to highest porosity, that

is, 25% is 40MPa,20 and the same is taken as the value

for sy�min. The maximum interfacial limiting stress

tmax is fixed as 3MPa as this is the reported limiting

value of interfacial stress that promotes bone in growth

at the interface.23 The numerical optimization code was

run in Abaqus, and convergence was obtained for all

the six femur specimens considered.

The results of minimizing the SSI by optimization

involving elastic modulus distribution with the aim of

Figure 3. Region of custom THR implant considered for

stiffness optimization.
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reducing stress-shielding effect has shown positive

results for all the six samples considered for the study.

Increase in SSI, measured as a ratio between the differ-

ence of von Mises stress in the intact and implanted

femur and von Mises stress within the intact femur,

computed as an average measure over the volume of

elements in ROI show a continuous decrease as the

optimization iteration proceed (shown in Figure 5). The

decrease in SSI ranges from 7% to 11% for the six spe-

cimens (Table 2). The variation in initial SSI among the

specimens can be attributed to the difference in geome-

try of the custom implants and thus the volume of bone

is removed due to implant fixation. Complete reduction

in stress-shielding effect could not be obtained, owing

to constraints put forth by the limiting values of interfa-

cial shear stress and the lower bound of stiffness. The

interfacial shear stresses were always within the limits

throughout the iterations (Table 2). In all the optimiza-

tion runs, the exit criteria for optimization was reaching

the lower bound of stiffness El, thus suggesting that a

relaxation on this value can lead to further reduction in

SSI. This value can be relaxed if possibilities of obtain-

ing higher porosities in sintered titanium constructs

without very low failure stresses are proven feasible by

research. Figure 6 shows the result of the optimization

in terms of the resulting elastic modulus distribution for

all24 the six implants, and the corresponding von Mises

stress distribution for the femur–implant assembly is

shown in Figure 7. The mass reduction in percentage,

after optimization of the six specimens, is presented in

Table 3. It is seen that more than 10% of the weight of

the solid implant was reduced with optimization in all

the six cases.

In order to evaluate the performance of the optimi-

zation in custom implant, the effective strain is moni-

tored in the ROI to study the stress-shielding effect and

resulting bone loss. This is studied using the ‘mechano-

stat’ theory proposed by Frost.25 A window of

Figure 4. (a) Flow chart of the stiffness optimization of custom implant stem and (b) cross section of a stiffness-optimized implant

with elastic modulus distribution.

Table 1. Maximum von Mises stress in implant–bone assembly.

Specimen no. Maximum von Mises stress (MPa)

Implant Femur

S1 468 92
S2 381 31
S3 402 61
S4 392 62
S5 338 73
S6 352 58

Figure 5. Decrease in stress shielding with iterations of

numerical optimization of elastic modulus distribution in custom

implant.
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mechanical usage is considered as physiological that

keeps a normal balance between bone formation and

resorption. The boundary of this window is defined

using effective strain24 defined as

Table 2. Decrease in stress-shielding increase with implant stiffness optimization.

Specimen no. Stress-shielding increase (SSI) (%) Average interfacial shear stress after
optimization (tinterfaceavg ) (MPa)

Before optimization After optimization Change

S1 19.47 8.62 10.85 2.36
S2 15.4 6.42 9 1.66
S3 26.83 19.5 7.33 2.94
S4 41 30.8 10.2 2.32
S5 31.75 22 9.71 2.39
S6 24.6 15.7 8.9 1.42

Figure 6. Stiffness-optimized custom implants showing elastic modulus distribution for six femur specimens.
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e=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

2
((e1 � e2)

2 +(e2 � e3)
2 +(e3 � e1)

2))

r

ð6Þ

where e1, e2 and e3 are the principal strains. The strain

range that promotes bone growth is between 1000 and

4000m-strain.26 The effective strain histograms were

plotted for the elements in the ROI for the intact bone,

bone loaded by custom implant with full elastic modulus

(110GPa) throughout and the bone loaded by custom

implant with optimized elastic modulus distribution.

The strain histograms plotted using a 100m-train win-

dow for all the six specimens considered for the study

are shown in Figure 8. The histograms show that a

greater number of elements or equivalent volume frac-

tion of the femur bone in the ROI is maintained in the

physiological window of strain, that is, between 1000

and 4000m-strain in the femur introduced with the cus-

tom implant with optimized elastic modulus distribu-

tion. Note the shift of the peak value of histogram

towards physiological window of strain for the bone

introduced with optimized custom implant in Figure 8.

Thus, the proximal bone loss will be comparatively less

for the bone introduced with stiffness-optimized custom

implant proposed in this work over the ones without

this customization as well as stiffness optimization.

This work is similar to the THR stem optimization

presented by Fraldi et al.,11 in the sense both the works

aim at reducing SSI caused by the introduction of

implant, but our work differs in the methodology as

well as the outcomes. The stiffness minimization

Figure 7. von Mises stresses in implant–bone assembly for the stiffness-optimized custom implants for six femur specimens.

Table 3. Mass reduction in percentage for six specimens after

stiffness optimization.

Specimen no. Mass reduction (%)

S1 16.10
S2 14.46
S3 13.63
S4 11.50
S5 11.05
S6 14.45
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problem is formulated as material distribution problem

in this work without explicitly penalizing the presence of

partially filled elements, which is not the case in the

method employed by Fraldi et al.11 The final result of

such a method is implant stems that are hollow in the

centre with steep material density gradients to the outer

surface. Whereas, in the design outcome of the proposed

procedure are implant stems that have more uniform

material gradation. The present formulation enables fab-

rication of these designs using additive manufacturing of

porous structures with varying levels of porosity.

Conclusion

A methodology involving elastic modulus distribution

optimization for custom THR implant stem for possi-

ble re-design and analysis specific to patients with the

aim of reducing the stress-shielding effect has been pro-

posed and implemented. A detailed FE model based on

3D reconstruction and bone material properties assign-

ment based on CT data was employed. A physiological

loading condition was chosen to closely replicate the

combined single-leg stance and stair-climbing loading

that are clinically significant. Six sample CT data were

used to demonstrate and validate the methodology.

The implant stem is optimized using a stiffness optimi-

zation involving elastic modulus distribution with an

aim to reduce the SSI due to introduction of implant.

The decrease in SSI is between 7% and 11%, and fur-

ther reduction in stress shielding is limited by con-

straints put forth by the limiting values of interfacial

shear stress and the lower bound of stiffness in implant

stem. The optimized stem also maintains more regions

of the proximal femur around the stem in physiological

window of effective strain that promotes bone growth.

The authors believe that the inferences from this study

can pave ways to optimally design custom implants

and utilize advanced manufacturing techniques like

additive manufacturing to fabricate porous implants

with better prospective.
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Appendix 1

Notation

Eb Young’s modulus of bone

El,Eu lower and upper limits of Young’s

modulus for the range of porosity

considered in implant metal

Ei Young’s modulus of material in the

elements belonging to the volume of ith

element set

N number of element sets considered in

optimization

Volelement element volume

e effective strain

e1, e2, e3 maximum, mid and minimum principal

strain

rapp apparent density of bone

r
i volume fraction of material in the

elements belonging to the volume of ith

element set

sy�min yield point stress for implant metal

corresponding to highest porosity

s
element von Mises stress at the centroid of the

element

158 Proc IMechE Part H: J Engineering in Medicine 231(2)



s
i
vM von Mises stress in the implant element/

element set i

s
pos�THR
vM volume average of von Mises stress for the

elements in the ROI for the resected femur

s
pre�THR
vM volume average of von Mises stress for the

elements in the ROI for the intact femur

t
interface
avg average interfacial shear stress at implant

and femur bone interface

tmax maximum allowable value of interfacial

shear stress at implant and femur bone

interface
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