
 

Abstract— Many types of research were done in the past few 

decades, trying to construct a bio-Mathematical model of 

cellular bone-implant interaction. One of the major aspects of 

bone metal interaction is stress shielding. Stress shielding is one 

of the important design constraints in biomedical implants, 

which cause the mobility of implant after a period. In this 

paper, non-parametric optimization was performed to design 

stress-free implant. The method that used is topology 

optimization. Topology optimization where performed with two 

methodologies first is conformal lattice structure and SIMP 

method function. SIMP method showed superior results. In 

order to increase life expectancy of the 3D printed model, it 

needs to have good surface finished. In this work, 

electrochemical polishing by precipitation was studied. 

Electrochemical polishing simulation has been performed using 

ALE method in the finite element. It showed good smoothing 

using this method of polishing.  

 
Index Terms— Femoral implant, Stress shielding, Topology 

optimization, Conformal lattice structure, Electrochemical 

polishing. 

 

I. INTRODUCTION 

designing artificial body parts to help to heal or replace 

permanently damage organs is a challenge for physician 

and engineers. The way of approaching the problem will 

vary with the designer experience and the way of thinking. 

Mostly there are two ways of thinking on the matter of 

scaffold design; the strictly Engineering aspects, like 

manufacturing aspects, compliance and mechanical failure 

approaches, and simplified models. The other is the strictly 

biological way, post and pre-observation of the problem in 

hand, before and after surgical intervenes on the other hand. 

Bone replacements in some cases considered the best 

treatment. Metal implants are one of the good choices in 

such matter. Such treatment traced to the ancient Egyptian 

4000 years ago[1]. Bone is a connective tissue composed of 

cells, fibers, and ground substance supported by an 

extracellular matrix. For mechanical point of view, this 

matrix aids the major mechanical response for external – 

internal fields. About 70% of the matrix is inorganic matter. 

Mostly hydroxyapatite [Ca10 (PO4)6(OH) 2] and calcium 

Carbonate [Ca CO3]. As a composite, bone density will vary 

around 1.7 gm/cm
3
.  
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The degree of brittleness varies due to age, gender, and 

conditions. Due to age factor, and traumas. The bone may 

suffer a fracture. In order to treat a bone fracture, several 

types been introducing as classification, such that best 

treatment course can easily be selected. One of the 

classifications is a Stress fracture, which happened due to 

abnormal trauma to the bone, usually caused by external 

intense stress field acting on trauma’s area[2].  Fracture 

hematoma, initiate fracture healing process by promoting 

blood capillaries sprouting in clot while fibroblasts, 

macrophage, osteoclasts, and osteogenic cells interstitial 

migrating from periosteal and medullary fracture sides. In 

order to make this process happened, bone sides should be 

aligned to gather in bone fragments are manipulated to 

aligned in natural order and been guarded against external 

fields. Several works were done to study femoral stem effect 

in terms of stress distribution of femoral stem [3, 4].  The 

stem design takes two major tendencies, first one is 

mechanical design aspects based on size optimization 

aspects, and the second view is material bone interaction 

point of view. The optimal size of femoral stem been studied 

by many researchers for the past few decades. Abdellah Ait 

Moussa et al [5] studied stress shielding and femoral stem 

diameter. Von Mises stress was the main characteristic stress 

that was studied. M Reimeringer et al [6] studied the 

mechanical immobility improvement in terms of stem length.  

MY Shishani et al  [7] studied the length factor of the stem 

in the bone. The second design point view gained increasing 

attention in the recent decades. D R Sumner et al [8], studied 

material tissue interaction, the recommendation of porous 

coating of matching material was introduced. van Rietbergen 

et al [4] studied material selection option by introducing 

bone-friendly material coating to the stem surface. F 

schmidutz et al [9] introduced ceramic outer shell as stem 

design. Considering mechanical structure biocompatibilities, 

Stress shielding is an important topic which can be 

controlled by mechanical properties matching. The desired 

mechanical properties can be achieved by structural design 

aspects such as introducing pore within the desired artificial 

structure. Optimization was defined by Snyman [10] as the 

set of scientific methodologies to find the best solution. 

Generally, optimization model consists of variables, 

constraints (if any), and the objective function. Variables 

define the objective function shape, optimization 

methodology, and even the constraints. Constraints have 

been introduced to the optimization process, guide the 

solution to what so-called feasibility area of the solution. 

Constraints state whether it is equality of non-equality types 

will affect the choice of optimization set such as finding the 

necessary and satisfying set of equations to get global 

optima. The objective function (presuming the smoothness 
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of the design period) is the one who took the extremum 

process, which designed and, in some cases, rectify 

extensively according to the desired output. Objective 

function ideally should be convex. The stronger the 

convexity, the more global optimization solution could be 

found. In case of structural optimization, the objective 

function can be constraint such as weight minimization with 

maximizing stiffness. Weight minimization is the condition 

which will lead to feasible design. Stress-based function 

does does not necessitate volume condition. Topology 

optimization (TO) be a mathematical scheme to give a 

suggestion of material representation in design domain 

conditioned by certain constraint and move to reach targeted 

extrema. TO is considered as fast-growing subject 

nowadays. The classical Mechanical design has a general 

view in designer mind which is starting with the objective, 

moving through apply theory, analysis, and material aspect, 

review, and re-assessment. Still, it is based Individuality. 

The computer is an aspect of calculation what designer 

already planned. Beyond that, it is a world of imagination 

and wonders govern by engineer’s good knowledge and 

conception. Topology optimization has been introducing a 

confinement on the main physical aspect to be addressed 

within the design. Topology optimization has been 

developed rapidly in last decades, and still a considerable 

attractive topic to be addressed due to free computer design. 

It is based on the auto design in order to find the optimal 

shape of the designed part based on updating the status of 

subdomain within the design domain, such that the 

subdomain will take the optimal spatial configuration to 

construct the final optimal domain. Topology optimization 

[11] generally divided into:  layout optimization and 

generalized shape optimization. The discretization of the 

domain into finite pates with distinctive relation of the parts 

based on spatial configuration (as finite difference, boxes, 

element and volumes). Topology optimization started as a 

layout problem.  The fundamentals of layout optimization is 

doing the design of specific region (design domain), with 

fixed traction and support in a point belong to that design 

space  [12]. Maxwell in 1869[13] studied in detail the 

traction effect in frame structure in several papers. Deriving 

virtual energy formulation to evaluate displacement and 

applied forces for deterministic and non-deterministic 

problems. He gave a bound which is the difference of 

compressive and tensile stress within frame members. 

Michell[14] used Maxwell lemma, and did exact analysis  

formulation and optimization. Feasible optimal design can 

be achieved due to conditioning based optimization.  

Hegemier et al[15] review Michell’s structure problem for 

optimal stiffness, creep resistance and natural frequency.  

Drucker et al [16] applied constant dissipation per unit 

volume as their study to stress-strain fields and strain energy. 

Chan [17] study the optimization of static stability of truss 

structure by developing a technique to determine 

topographic based strain filed. Dorn et introduced numerical 

discretization in layout optimization. Bartel[18] in his report, 

minimized structure weight using sequential unconstrained 

minimization and Constrained Steepest Descent techniques. 

Charrett and Rozvany [19] adopted Prager – shield 

implementation in order to find optimal design criterion 

considering rigid-perfectly plastic systems under multiple 

loading. Rozvany and Prager [20]studied optimal design of 

grillage like continua. Their approach was spatial 

distribution within confined grillage units. Rossow and 

Taylor[21] used finite element method as a numerical 

solution to find the optimum thickness of variable thickness 

sheets. Potential energy for the elastic sheet in-plane stress 

assumption was addressed. By introducing holes into plate 

structure, this work founded shape optimization. Cheng and 

Olhoff[22] implement finite element method as a numerical 

solution to optimize the thickness of annual plate with 

stiffened like approach. Homogenization as averaging 

method was being adopted in topology optimization a target 

of the discretized continuous optimality criterion (DCOC) by 

Bendson et al [23]. This work led to adopt the concept of 

fictitious material by Bendsoe [24] which then derived the 

famous  Solid Isotropic Material with Penalization method 

(SIMP). In this work, topology optimization of stem was 

done based on stress function in order to reduce stress 

shielding. Because of shape complexity of prosthesis 

designed by topology optimization; rapid prototyping 

expected to be used in machining of such structure. Additive 

manufacturing using Laser 3D printing gives rather 

acceptable surface finish with metal constancy due to unique 

characteristics of laser welding. Surface finish is very 

important to determine life printed peace. Associated with 

microstructure. Residual stresses due to laser thermal 

processing is in minima, because rapid heat dissipation of 

the localized heat. 

 

II. IMPLANT DESIGNING CHALLENGES  

         Implants may face the following major failure criterion 

[25-27], biocompatibility issues, and mechanical Issues.   

Biocompatibility for the implant is very important. Implant 

material should not be toxic for short and long-term.  

Corrosion as much as it is physical phenomenon affect 

mechanical stability directly, but it affects the biological 

environment leading to series of serious life-threatening 

problems. Less severe corrosion issue, which is Ion release 

also should be considered as undesired property which can 

lead to cellular abnormality problem. Material allergy is a 

unique property for living body, in such case the implant 

trigger white blood cells to attack it.  Mechanical stability, 

static and dynamic load resistance, fatigue and crack 

initiation and propagation, and wear are the major 

mechanical design aspects. Another problem raised which 

are stress shielding. Stress shielding is the tendency of bone 

to dissolve in favor of the strongest forge body “the 

implant”. Some surgeons like to say, “there is a density 

incompatibility”. Because mechanical compliance of the 

implant is much higher than for the surrounding bone, stress 

shielding phenomenon happened and taking into 

consideration the dynamic response and biological 

optimization of living tissue. Accurate measurement needed 

to identify critical stress difference to start stress shielding 

[8]. One of the discussed solutions is to design composite 

implant to match mechanical properties represented majorly 

by the Young modulus of elasticity. The major problem of 

stress shielding is implant mobility, causing implant failure 

[28]. Bone remodeling under loading is been done by Cowin 

and Hegedus 1976[29]. By establishing mathematical 

formulations based on Wolffs law. Blankevoort, L et al 1991 

[30] studied contact stresses within contact bone surfaces. 

Husikes et al 1992 [31] studied hip replacements and stress 
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shielding effect. Stress shielding was defined according to 

their work is represented by threshold average elastic energy 

per unit mass (energy density). The compatibility within 

living structures, in usual conditions, keep the stress 

distribution below the threshold.  Introducing high stiffness 

difference leads to increase the stress that being applied to 

the bone, especially if contact stresses are taken into 

consideration. Contact stresses are a vital key to understand 

the phenomenon of bone density reduction around the 

implant, such that, the contact stresses are high.  

     Total hip arthroplasty and stress shielding were studied 

by Makarand et al [32] evaluated von Mises stress around 

the implant, as a criterion for bone implant interface failure. 

Localized stimulus stress is adopted in this paper. Stimulus 

octahedral stress. Stress stimulus approach of stress 

shielding propose  that a threshold strain energy density can 

trigger bone dissolving process[33, 34] as in (1) 
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  Where c is an empirical rate constant, is the half-width of 

the central, normal activity region, the local stress stimulus 

provided by metal bone contact, is the maximum stress 

distribution within the same case of the healthy bone (before 

damage and implant), if the difference was smaller enough, 

it was assumed that no remodeling response would occur. 

According to that, topology optimization target should be set 

to minimize maximum strain energy of the bone surrounded 

by the implant.   

  

III. STRESS-BASED TOPOLOGY OPTIMIZATION  

       Stress is sensitive toward confined topography. In case 

of sharp corners within the structure, stress increase 

dramatically with corner sharpness. To address stress issue 

in a general view, finite elements should be chosen for the 

highly susceptible parts. In case of topology optimization; 

theoretically, the design should be done by the chosen 

optimization algorithm. In such case, the prior identification 

of susceptible parts is not a practice issue. to establish 

topology optimization process, considering SIMP; the Initial 

gray area is necessitating to establish stress distribution of 

designed domain. However, stress tensor is not giving an 

estimation of stress state that makes a failure. Theories of 

elastic failure are the key to determine stress states that 

permitted for maximum estimated structural life. Yield 

criterion is the envelope that design domain stays within 

(Fig.1). The maximum allowable stress could be identifying 

for certain material. Singularity is problem face topology 

optimization[35]. In order to establish stress criterion as a 

valid objective function to be extremum, the relationship of 

scaled stress should be formed satisfying the following; 

simplicity to decrease unnecessary commotions, physical 

coherence, and address material discretization directly.  

Aggregative methods such as p-norm are used to introduce a 

global stress objective function. To solve stress state, finite 

element method is the common effective way. Discretization 

using FEM is adopted in topology optimization to get the 

design [36].  Stress arises vast constraint number, which 

degrades solution with increasing resolution of it (i.e. 

increase element numbers). Such partial differential equation 

set with a vast number of constraint can be considered within 

Lebesgue space[37] as in (2)  
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Fig.1. Yield Criteria based on maximum stress (maximum strain energy 

theory) 
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       Optimization will consider the first part of the norm (3). 

, which consider as stress norm parameter controls the 

tendency of converging for the optimization process.  the 

effect can be shown in Fig. 2 

 

 

 
Fig. 2. Topology representative of p-norm function with various normative 

powers 

 

This will lead to magnifying maximum stress of the 

system and then it is addressed intensively in the 

optimization process. The objective function that used is in 

(4). Sensitivity analysis plays a major role in achieving 

converging results while minimizing computational and time 

input. First order sensitivity analysis is required to be 

performed for each iteration. The adjoint variable method is 

used to develop a unified formulation for representing 

response variation in terms of variation design. Considering 

stress based objective function, Cascade function [35, 

38] )),(( f  
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Using Adjoint operator such that   
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The final derivative is 
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Here, K is the stiffness matrix depending on the density 

function ρ. u is the nodal displacement vector, and F is the 

nodal force vector. 

 

IV. MATHEMATICAL MEDDLING AND OPTIMIZATION 

  Total hip replacement is performing due to hip 

deterioration [39, 40]. Hip replacement divided into two 

major mechanical structures, the femoral head which 

concerned more with the tribological aspect is the drive of 

the design, and the femoral stem, which supports the body 

load on the femur and distributed within inner space of 

femoral cavity.  Figure 3 shows the model used in this study. 

The first step is applying topology optimization to design the 

stem for minimizing bone stress induced by the stem bone 

interaction according to the objective function in (4). 

Topology optimization design is done using the following 

design strategy- 

A. Conformal lattice structure (CLS)   

        In this method, topology optimization is performed 

using SIMP method. Density ρ is lower- penalization (i.e. 

ρ
1~1.5

) to allow the existence of gray areas. Gray area is no 

desired aspect of traditional topology optimization caused it 

gives the undetermined status of the design; so, it will be 

difficult to determine whether there is or there is not 

material. However, in CLS method, ray areas are translated 

to truss shape by replacing the element edges with truss 

members. After identifying the truss locations, another 

optimization is performed to find out individually, the best 

truss cross-section in the overall design. The problem is 

simulated using tetrahedral, first-order mesh using 

OptiStruct solver. (Fig.3). The material in use is Titanium 

alloy (Ti-6Al-7Nb). 

B. SIMP topology optimization  

      Topology optimization will be performed directly for the 

density function which is penalized to power 3. The p-norm 

function is used as shown in (4). The volume fraction is set 

to be 40% of the original volume. This is to reduce the 

weight of the implant.   

 

  
Fig. 3.  Femoral implant simulation 

 

V. ELECTROCHEMICAL POLISHING SIMULATION 

 

        Surface finish plays important role in mechanical 

stability and life expectations. Small inclusions lead to 

maximize stress filed within small size leading to localized 

deformations, crack propagation till final failure. Although, 

implants surface roughness is used to intersect within 

surrounding tissue, making better fixation in order to speed 

up healing process; some researchers show some desired 

characteristics of the smooth surface implant [41]. One of 

the cheap and considerably stress-free methods is an 

electrochemical polishing process. Electrochemical is the 

process of surface modification to reduce surface roughness, 

by dissipation of metals within design electrochemical cell.  

The unit cell is usually consisting of three major parts, which 

are, the workpiece, the precipitation source and the transfer 

media (electrolyte). Electrolyte composition plays an 

important role in the speed of playing, purity, and 

homogeneity [42]. An electric source is needed to extract the 

molecules from the source to the substrate. The speed of this 

process control mainly by current density. Current density 

value should be applied carefully, so for high values, 

inhomogeneous precipitation and in severe cases, the 

undesired chemical reaction can happen, which damage the 

substrate. The arbitrary Lagrangian-Eulerian (ALE)  [43, 

44]finite element formulation is used to simulate the 

problem. Underestimation of current density value could not 

give the desired results making the process inefficient. 

Determining material precipitation rate can be modeled by 

acquiring the depletion redelegation rate is been considered 

as the proportional relation between material freed from the 

anode and the current density, which is the characteristic of 

electrolyte and chemical cell design configuration. The 

updated velocity U of ALE is proportional to the normal 

current density of the cell ( .I n ).  
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. .U C I n                                                                        (9) 

The coefficient of proportionality C can be calculated from 

m
C

N
                                                                      (10) 

Here, m is atomic mass of the targeted material. is 

Faraday’s constant, ρ is the targeted material density, and N 

is valence number of the targeted material. The simulation 

was done for the simple 2D case in order to evaluate the 

effectiveness of electrochemical polishing by adding layers 

of materials. The additive process is being anticipated to 

decrease the severity of sharps inclusions which is done by 

3d printing process. The domain is shown in Fig. 4. Two 

holes were cut in the domain, circular shape with two depths, 

0.15mm and 0.3 mm. is being calculated as 1.69x10
-10

 

m
3
/A.s.. The test domain is chosen to be as shown in fig. 4 

because it is addressing the possibility of polishing the 

highly anticipated complex design which is. CLS design. 

 

VI. RESULTS 

The numerical example as the following. Femoral loading is 

600 newtons. CLS- topology optimization is performed in 

two stages, the first trail is to identify the gray area elements, 

then followed by the second trail which is optimizing truss 

links cross-section. Fig 5. Showed the objective history of 

the optimization processes (First Stage of CLS). Fig. 5 also 

is the final design objective history of CLS. The p-norm 

method is also performed to achieve an optimal design. 

Table 1 shows the stress in the bone for the designed 

methodologies.   Simulation of electrochemical processing is 

shown in Fig.6.  

VII. CONCLUSION 

Table 1 showed the prevailing of p-norm optimization 

comparing to CLS design. SIMP design showed better 

results regarding inducing stress shielding. Stress shielding 

is being anticipated for the higher stress of the bone that was 

imposed by the implant. However, the tribological aspects 

are not been addressed in the optimization process, but the 

results showed the tendency of averaging stress method (p-

norm, functions) to produce good results, due to function 

convexity. Chemical polishing by plating is promising post 

processing for 3D printed implants. Fatigue life is sensitive 

for surface Finnish, and because there is no possibility of 

repairing the implant inside the body (as the natural bone 

does to itself). Fig. 6 showed that the additive layer 

smoothens the edges of the surface deficit. 
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Fig. 4.  A case study of electropolishing model using ALE.  

 

 
Fig.5. Objective function history of pre-CLS based topology optimization, 

final CLS stage, and p-norm topology optimization 
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Fig.6 Electropolishing simulation. 

 

  

TABLE I 

BONE STRESS FOR THE DESIGN METHODOLOGIES 

Model 
Maximum octahedral stress in the 

bone (N/mm3) 

Non-optimized case 

 

7.103e2 

CLS optimized case 

 

1e3 

p-norm optimized case 1.533e2 
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