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Rapid and stable osseointegration signifies a major concern in design of implantable

prostheses, which stimulates continuous development of new implant materials and

structures. This study aims to develop a graded configuration of a bead/particle coated

porous surface for implants by exploring how its micromechanical features determine

osseointegration through multiscale modeling and remodeling techniques. A typical dental

implantation setting was exemplified for investigation by using the remodeling parameters

determined from a systematic review of bone-implant-contact (BIC) ratio published in

literature. The global responses of a macroscale model were obtained through 48 month

remodeling simulation, which forms the basis for the 27 microscopic models created with

different particle gradients ranging from 30 to 70 mm. The osseointegration responses are

evaluated in terms of the BIC ratio and the averaged 10% peak Tresca shear stress (PTS).

Within the sampling designs considered, the configuration with 50-30-30 mm particle sizes

provides the best outcome, counting 20% more BIC ratio and 0.17 MPa less PTS compared

with the worst case scenario, also outperforming the best uniform morphology of 70 mm

particles. Furthermore, the response surface method (RSM) was utilized to formulate the

bone remodeling responses in terms of gradient parameters across three layers. Gradient

30.0-30.0-32.1 is found an optimal gradient for BIC ratio, and 70-45.4-40.8 the best for the

minimum PTS. The multiobjective optimization was finally performed to simultaneously

maximize BIC ratio and minimize PTS for achieving the best possible overall outcome. Due

to strong competition between these two design objectives, a Pareto front is generated. To

make a proper trade-off, the minimum distance selection criterion is considered and the

gradient of 37.1-70.0-67.7 appears an optimal solution. This study provides a novel surface

configuration and design methodology for individual patient that allow optimizing topo-

graphical gradient for a desirable patient-specific biomechanical environment to promote

osseointegration.
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1. Introduction

Over the last two decades, titanium endosseous implants have

been well accepted as effective management tool for restoring

oral functions in the orofacial structures (Dewidar and Lim,

2008; Morra et al., 2003). Titanium and its alloys are of proven

mechanical properties and biocompatibility favored by

osseointegration that is the key for implant to anchor onto

the host bone (Kunzler et al., 2007; Morra et al., 2003;

Rungsiyakull et al., 2010; Li et al., 2011). Nevertheless, there

are still some biomechanical drawbacks for titanium implants,

such as limited or delayed bone growth into or around the

implant surface (Rungsiyakull et al., 2010; Vaillancourt et al.,

1995). In order to enhance osseointegration, various physical

and chemical surface treatment technologies have been devel-

oped to achieve desirable surface morphologies (Esposito et al.,

1998; Kunzler et al., 2007; Rungsiyakull et al., 2010). A porous

implant surface provides considerably more space to promote

cell attachment and tissue ingrowth, thereby facilitating a

higher level of bone-implant interaction for cell migration and

osteoblast adhesion to the implant surfaces (Anil et al., 2011;

Esposito et al., 1998; Morra et al., 2003; Okazaki et al., 1991; Xue

et al., 2007). As a result, a more even shear stress can be

transferred across the interface, leading to a more uniform

stimulation to the surrounding tissues for the establishment

of osseointegration and biomechanical binding. The perfor-

mance of porous surface relies on a number of topographical

features, including porosity, pore/particle size, pore

orientation, etc.

Various in vivo empirical studies have been carried out to

determine the effects of these factors (Itala et al., 2001; Morra

et al., 2003; Suzuki et al., 1997; Vaillancourt et al., 1995). In

general, increasing porosity to a certain extent can provide a

greater space to enable more efficient nutrient delivery and

metabolite removal for cellular activities, thereby better

promoting bone mineralization and stabilization over a

shorter period (Morra et al., 2003; Vaillancourt et al., 1995).

Shen et al. (2008) developed computational models to deter-

mine the effects of porosity and particle sizes of porous

titanium and their further study modeled the bone’s

responses to surface morphology (Shen and Brinson, 2011).

Rungsiyakull et al., (2010) found the combinations of particle

sizes and porosities at 100 mm, 65% and 38 mm, 82.5% could be

favored for cortical and cancellous bone remodeling under

the uniform surface morphology settings, respectively.

Nevertheless, these existing studies have considered nearly

uniform morphology across the porous thickness, in which

there is no systematic variation in pore or particle size and

porosity except for microscopic randomness. On the other

hand, there is a new opportunity to improve bone osseointe-

gration and remodeling by adopting graded surface morphol-

ogy that has been proposed as a potential upgrade to existing

uniform coated implants (Kim et al., 2010; Yang and Xiang,

2007; Yang et al., 2002, 2000). Over the past decade, material

scientists and engineers have been attempting to develop

different morphological gradients to lower the mismatching

of mechanical properties and improve osseointegration

between bone and implant (Kunzler et al., 2007; Yang and

Xiang, 2007). A few empirical studies have been carried out to
evaluate biocompatibilities and advantages of graded sur-

faces in promoting bone ingrowth (Chen et al., 2006; Kunzler

et al., 2007; Yang et al., 2002, 2000). Computational models of

axially graded hydroxyapatite-titanium solid implants were

proposed by Lin et al., (2010b) for a macroscopic level of

material design, and some rather indicative results were

generated to seek optimal gradient for osseointegration

(Yang and Xiang, 2007; Lin et al., 2009b). However, all these

studies focused on macroscopic responses and considered

only the axial gradients with solid composites. Very few

reports have been available to model a graded porous surface

morphology in radial direction through examining micro-

scopic responses and none has genuinely searched for an

optimal radial gradient to date.

This paper aims to provide a multiscale study for bone

remodeling responses and provide a new approach to exam-

ining the effects of different combinations of particles/beads

for a graded surface morphology, with sizes varying from 30

to 70 mm. As one of the most critical indicators to implant

success, osseointegration is measured in terms of ongoing

bone-implant contact (BIC) ratio and an average of top 10%

Tresca shear stress (PTS) in the peri-implant regions. Based

on the remodeling results obtained, the response surface

method is adopted to formulate the osseointegration out-

comes in terms of gradient parameters, thereby determining an

optimal gradient configuration for particle coating.
2. Material & methods

2.1. Multiscale finite element (FE) modeling

With rapid development of fabrication technologies for

micro- and/or nanostructured materials, traditional mono-

scale finite element analysis (FEA) became inadequate to

capture detailed interaction between biomaterials and tis-

sues effectively. In order to tackle this problem, multiscale

analysis techniques have been developed by bridging macro-

scale (global) homogenized materials to microscale (local)

heterogeneous structures, enabling more insightful analysis

(Podshivalov et al., 2011a, 2011b; Rungsiyakull et al. 2010).

Multiscale modeling has been used to simulate how bone is

related to internal structures and implant compositions

(Fritsch et al., 2009), how trabecular bone remodels for

correlating to empirical data (Buti et al., 2010), and how

surface morphology affects local cancellous and cortical

osseointegration (Rungsiyakull et al., 2010).

This paper concerns a non-threaded implant to better

restrict our attention on the specific effect of surface mor-

phology gradient rather than other geometric features on

osseointegration. To avoid the structural complexity of the

3D multiscale model and associative high computational

costs for remodeling analyses (Romeed et al., 2006),

a 2D model capable of capturing the major biomechanical

features in the occlusal loading scenario of mandible section

is adopted in this study (Rungsiyakull et al., 2010). As a

preliminary study on topographical gradients, the 2D model

facilitates capturing many randomly-located particles/beads

and pores in a reasonably dense mesh, requiring relatively

lower computational cost for iterative remodeling simulations



Fig. 1 – Remodeling algorithm with the adjusted Wolff’s Law as the major governing equation.
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compared to the 3D version of multiscale models. Other

computational pros and cons between 2D and 3D models

can be consulted from literature (Romeed et al., 2006).

The implant considered herein is coated through sintering

beads and has a 5 degree taper angle (Vaillancourt et al., 1995)

(Fig. 1). This global model comprised an abutment and

a ceramic crown as typical dental implantation setting.

A 202.23 N load was applied vertically to the crown cusp with

2 mm horizontal offset from the center to the buccal side (Lin

et al., 2010b; Rungsiyakull et al., 2010). Note that the details of

microscopic morphology were not considered in the

global model.

Microscale models were created by selecting a representa-

tive region of 1 mm�1 mm in the cortical region, consisting

of bone, implant, and a 300 mm transitional region between

them, which presents a mixture of pores due to the bead

morphology and connective tissues growing from host bone

(Rungsiyakull et al., 2010). To explore the effect of the coating

gradient on osseointegration, this transitional area was sepa-

rated into three layers with different combinations of particle

sizes (specifically, 30, 50, and 70 mm in diameter (Bobyn et al.,

1980; Rungsiyakull et al., 2010)) to form a graded surface

morphology. Each layer has 3 candidate particle sizes, leading

to 3�3�3¼27 different surface morphologies, including 24

graded and 3 uniform configurations. Note that current

fabrication technologies have been capable of providing

various porosities across a range from 30% to 70%, with

which these implants can still have adequate mechanical

properties for loading-bearing and other biomechanical

requirements (Dewidar and Lim, 2008; Traini et al., 2008;

Xue et al., 2007). Thereby, the volume fraction (counted as

area fraction in 2D) of implant beads was kept constant at

30% (highest available porosity) to focus more on the effects
due to particle sizes and morphological gradient. Thus, 27

microscopic sample models were created to represent all

possible gradients determined by the given design para-

meters. Linear triangular element was chosen to mesh

macroscale and microscale models after a convergence test

by using total strain energy (Li et al., 2005).
2.2. Material properties

In the macroscale model, the implant core adopted the

properties of commercial titanium alloy, Ti6A14V (O’Brien,

2008), and the abutment and crown are zirconia (Lin et al.,

2010b). The initial properties of the cortical and cancellous

bones follow the empirical data (Carr and Carr, 1995; O’Brien,

2008). Here comes the first assumption that the Poisson’s

ratio of the same type of tissue does not vary with changing

Young’s modulus to simplify the analysis. Similarly in the

micro models, the implant region and the cortical bone

region adopt the same properties as those in the macro

models, and the second assumption is that the transitional

region is fully filled by blood clot after 30 min of implantation

(Riha et al., 1999) as its initial status. All the material proper-

ties used in this simulation are summarized in Table 1, and

were assumed to be linearly elastic and isotropic to simplify

the remodeling analysis (Rungsiyakull et al., 2010). The

minimum Young’s modulus was set as 870 MPa and mini-

mum density as 0.85 g/cm3 to allow remodeling to low

density tissues (Rungsiyakull et al., 2010). Following the

previous studies, the average density of cortical bone is

allowed to approach its upper limit of 2.0 g/cm3 (Lin et al.,

2009a; 2010a; Rungsiyakull et al., 2010).



Table 1 – Initial properties of multiscale models for remodeling simulation.

Macroscale model

Implant core Abutment & crown Cortical bone Cancellous bone

Young’s Modulus (MPa) 110,000 (Chen et al., 2011) 201,000 (O’Brien, 2008) 1970 (Lin et al., 2010) 14.8 (Carr and Carr, 1995)

Poisson Ratio 0.35 (O’Brien, 2008) 0.28 (O’Brien, 2008) 0.33 (Lin et al., 2010) 0.33 (Carr and Carr, 1995)

Microscale model

Native bone

(cortical)

Implant core &

beads

Hosting tissue

(blood clots)

Mature bone Immature bone Soft tissues

Young’s

Modulus

(MPa)

1970 (O’Brien,

2008)

110,000 (Carr and

Carr, 1995)

0.001 (O’Brien,

2008)

6000 (Riha

et al., 1999)

1000 (Liu and

Niebur, 2008)

1 (Liu and

Niebur, 2008)

Poisson Ratio 0.33 (Liu and

Niebur, 2008)

0.3 (Carr and

Carr, 1995)

0.33 (O’Brien,

2008)

0.33 (Carr and

Carr, 1995)

0.33 (Carr and

Carr, 1995)

0.167 (Carr and

Carr, 1995)
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2.3. Multiscale remodeling

The Wolff’s rule forms the major governing equations for

modeling the turnovers of cortical, cancellous bone, and

connective tissues (Frost, 2003; Keaveny, 2001; Lin et al.,

2009a; Rungsiyakull et al., 2010). In this simulation, the

time increment was set to be a month, and the mechanical

stimuli is the difference between an instant strain energy

density (SED) per unit mass ðUðiÞ ¼ se=2rÞ and either upper or

lower reference SED per unit mass (Ul, Uu), which are 10%

offset from their mean (Keaveny, 2001; Lin et al., 2010a,

2009b). The rates of bone apposition and resorption were

presented by Ca and Cr, respectively (Lin et al., 2010a,

2009b). Mechanical overload is also taken into account in

this study, which can induce bone loss by presenting

osteolysis if it exceeds the physiological limit (Esposito

et al., 1998; Noble and Reeve, 2000; Wernig and Xu, 2000;

Xie et al., 2010). A quadratic term is added to the remodel-

ing equation for such an adjusted Wolff’s rule (see Fig. 1)

(Field et al., 2010; Field et al., 2012; Lin et al., 2009a; Li et al.,

2007; Tanaka et al., 1999; Field et al., 2010; 2012).

The upper and lower reference SED per unit mass were

set at 0.000021 and 0.000033 J cm3/g, respectively (Rungsiyakull

et al., 2010). The remodeling rate coefficients, Ca, Co, and Cr

(see Fig. 1), were determined by matching the simulation

results to the in-vivo data in terms of bone-implant-contact

(BIC) ratios from literature. The new bone density determined

by the Wolff’s rule updated Young’s modulus of bony tissues.

In this study, the connective tissue will follow the cancellous

remodeling equation because its Young’s modulus is much

lower than the threshold of cortical bone (6 GPa). Displace-

ment fields generated in the macroscale remodeling is

mapped to the microscale models as the inputs. Both macro-

scale and microscale remodeling procedures were implemen-

ted in FORTRAN code through the ABAQUS user subroutine.
2.4. Design optimization

First, the bone-implant-contact (BIC) ratio is considered one

of the primary measures to osseointegration, which mea-

sures the degree how the bone ingrows into and becomes

mature in the pore space of the transitional region (Liu and
Niebur, 2008; Sollazzo et al., 2008). The BIC ratio can be

determined by the proportion of elemental areas with

Young’s modulus higher than the threshold of mature bone

(MB) to the total element volume (or area in 2D models as in

this paper) of connecting tissues as follows:

f BIC ¼%BIC¼
Mature Bone Area

Total Elemental Areas
� 100%¼

PMB
j ¼ 1 AjPAE
i ¼ 1 Ai

� 100%

ð1Þ

The other concern lies in whether implant-bone inter-

face can withstand mechanical loading without debonding

failure. Indeed, the pull-out test has been an important

method to test the extent of osseointegration in terms of

shear resistance (Abron et al., 2001; Anderson et al., 1984;

Bobyn et al., 1980; Feighan et al., 1995). For this reason,

Tresca stress is adopted as another key measure to implant

topography, assessing how well the surface morphological

gradient alleviates the shear stress concentration. Note

that the maximum Tresca stress in a single element may

not be appropriate to determine the shear failure for entire

region, and to make it more statistically meaningful, the

elemental Tresca stresses averaged out over 10% of the

total volume (area in 2D models) with the highest stress

concentration is adopted. Therefore the overall risk of

shear failure is measured as

f PTS ¼

Pn
e ¼ 1 Peak Tresca Stress ðTop 10%Þ � Elemental Area
Total Elemental Area of Top 10% Tresca Stress

¼

Pn
e ¼ 1 s

e
Tre � Ae

TrePn
e ¼ 1 Ae

Tre

ð2Þ

where n is the number of elements giving a sum of 10% the

total area.

To seek an optimal design, the particle sizes in the three

layers, a1, a2, and a3, will be varied to see if an optimal

outcome of osseointegration can be attained. To do so we

introduce multiobjective optimization technique to maximize

BIC and minimize PTS by using linearly weighted average

(LWA) and multiple objective particle swarm optimization

(MOPSO) approaches, respectively.

The LWA method (Hou et al., 2008; Lin et al., 2009b;

Rungsiyakull et al., 2010) formulates a cost function by

comprising the individual objectives in terms of the selected
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weighting factors o1 and o2 as

min FLWAða1,a2,a3Þ ¼o1
f o

BIC

fBIC

þ o2
f PTS

f o
PTS

s:t: o1 þ o2 ¼ 1, ðo1Z0, o2Z0Þ

30 mmra1,a2,a3r70 mm

8>>><
>>>:

ð3Þ

To eliminate the dimensional difference in combining

these two individual objective functions, the normalization

was applied by using minimum eo
BIC and maximum eo

PTS in

the design domain.

The particle swarm optimization (PSO) (Raquel and Naval,

2005) method incorporates the mechanism of crowding dis-

tance, which is specifically benefited on global best selection

of dominated solutions from an external archive. This

method allows a fast convergence, and has been successfully

applied in a broad range of problems (Hou et al., 2008; Padhye

et al., 2009; Raquel and Naval, 2005; Rungsiyakull et al., 2010).

min FMOPSOða1,a2,a3Þ ¼ ½f
�1
BIC, f PTS�

T

s:t: 30 mmra1,a2,a3r70 mm

(
ð4Þ

2.5. Response Surface Method (RSM)

It is by no means easy to establish the objective functions

mentioned above. Such surrogate modeling techniques as

RSM is considered an effective, and sometimes unique,

alternative (Hou et al., 2008; Lin et al., 2009b; Rungsiyakull

et al., 2010). Since the knowledge of the objective functions is

rather limited; we attempted several different polynomial

models to capture sophisticated mutual effects from multiple

variables (Bradley, 2007). As such, the most suitable response

surface (RS) function was finally determined.
3. Results

In this study, bone remodeling response was simulated by

using different surface morphological gradients over the 48

months of healing, in which the host bone can ingrow into
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Fig. 2 – Five representative bone-implant contact ratios (a) and h

over 48 month period.
the void space and the corresponding osseointegration

performance is measured by the BIC ratios and averaged

peak Tresca stress (10% volume), respectively. After a certain

period of initial healing, bone could gradually achieve a

dynamic equilibrium with both apposition and resorption

occurring to a similar extent, in which the design parameters

are considered less significant. The results in Month 6 and

Month 48 were chosen as two critical indications to measure

short-term and long-term performances, respectively.
3.1. Bone-implant-contact (BIC) ratio

The porosities of each layer in the graded surfaces were kept

constant at 70% in this study. In other words, all the models

in different layers had the same void space to allow tissue

ingrowth. The BIC ratios are presented in a unit of %. All

gradient configurations are presented in a form of (a1–a2–a3),

representing the particle sizes in different layers in which a1

is the layer closet to the implant core and a3 is next to the

host bone.

Fig. 2(a) compares the two gradients having the highest and

the lowest BIC ratios to the three uniform surface morphol-

ogies consisting of 30, 50 and 70 mm particles, and obviously

they demonstrate the evident effect of gradients on osseoin-

tegration rate. Gradient 50-30-30 shows superior bone mass

gain over the entire simulation period than others, and it has

6.41% more bone-implant contact ratio than configuration 70-

70-70 by Month 48, which is the best performer of all three

uniform ones. However, it is noted that not all graded surface

morphologies increase the extent of osseointegration. Gradi-

ent 70-30-50 shows a reverse effect on osseous tissue

ingrowth, although its initial gain over the first 8 months is

higher than uniform configuration 50-50-50, which has the

worst outcome in the uniform morphologies.

As shown in Fig. 2(a), all five surface morphologies pre-

sented have similar rates of mature bone deposition during

the first three months of acute healing. However, there has

been a significant difference in BIC outcomes after Month 6.

Gradient 50-30-30 maintained a steep growth rate till the end

of the first year and started to level off more quickly, while
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the growth in Gradient 70-30-50, on the other hand, has a

delayed take-off and an earlier drop-off, but its growth is

more gradual and smoother than Gradient 50-30-30, which

lasts for more than 3 years till the mature bone apposition

becomes equilibrium. At the end of 48 months, the best and

worst gradients ended up with around 20% difference in the

BIC ratios.

3.2. Averaged peak Tresca stress (PTS)

The averaged PTS (10% of the total volume) is adopted as the

other important indicator to measure the success of implan-

tation in this study. Fig. 2(b) plots the overall highest and

lowest Tresca stress evolutions of all the 27 gradients com-

pared to those induced by the three uniform morphologies.

It is reasonable to see Gradient 70-30-30 delivers the lowest

stress concentration over the 48 months. Note that the

highest shear failure possibility appears to be in Gradient

50-30-30.

Along the overall trend, the quick drops of PTS in the first 6

months indicate the rapid growth of osseous tissues, and the

reductions are 86.9% for Gradient 70-30-30 and 58.5% for

Gradient 50-30-30. After that, these two gradients gradually

converge towards Month 48. A similar pattern occurs in the

uniform surface morphologies which fall between the best and

worst. The final difference between Gradients 70-30-30 and 50-

30-30 at Month 48 is 0.17 MPa, approximately 10% of the initial

stress concentration.

Different to the BIC outcomes, all gradients show a slower

and more gradual convergence for PTS. From Fig. 2(b), the PTS

bumps back after the quick drop and then levels off to

equilibrium over the time, instead of approaching to a steady

state straightway as in BIC (Fig. 2(a)). Based on the monthly

data obtained, however, it seems unclear to draw a direct

relationship between BIC and PTS.
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simulation outcomes in the two surface gradients.
4. Discussion

4.1. Bone remodeling responses

Previous in vivo studies have been carried out to explore

bone-implant contact problems, and these empirical data can

provide an approximate guide to determinate the bone

remodeling ratio, by interpreting the solid bone deposition

through the object lifespan. Kim et al. (2010) performed an

in vivo study on 30 implants in dog mandibles with three

groups of different surface finishing. In the roughest surface

group, BIC reached 81.2% over 10 weeks. Since the tested

subjects were dogs, ten weeks can be interpreted to human

life roughly a year and an half in their study. Similarly,

Deporter et al. (1990) adopted a porous-coated dental implant

showed 50% and 65% BIC in the buccal and lingual sides of

dog mandible after 18 weeks of functional loading (or 2.5 year

human life). Beside dogs, rabbits are also a popular animal

subject. Suzuki et al., (1997) conducted a time-dependent

study on rabbit femur by separating them into smooth and

rough surface groups. BIC in the rough surface group reached

37%, 62%, and 78% in 6, 16, and 42 weeks, corresponding to

human life approximately 1, 2.5, and 7 years, respectively.
Abron et al., (2001) also performed a study on rat tibiae and

indicated an averaged BIC of 54% in 3 weeks, corresponding

to 1.5 year human life. Morra et al.’s in vivo study on rabbits’

femoral diaphysis presented an averaged BIC of 62.75% in 12

weeks (2 year human life) (Morra et al., 2003). BIC has also

been considered in computational remodeling, for example,

Lian et al. (2010) tested four different initial BICs (25, 50, 75

and 100%) without surface morphology. After equilibrium,

the final outcomes all fell into a range from 58 to 60% BIC.

By summarising all these data points, a graphic plot of BIC

ratios from literature against time (Fig. 3) can show a rough

progression trend for human osseointegration, in which a

logarithm curve is fitted. It is noted that with the same set of

correlated bone remodeling parameters, the comparison

between individual graded and uniform surface morpholo-

gies becomes valid and meaningful. The BIC outcomes for

Gradients 50-30-30 and 70-30-50 have shown reasonable

consistencies to the literature data; the former (best) exhibits

improved performance above the fitting line and the latter

(worst) fall below it for most of time as expected.

The bone conditions of individual patients may vary

considerably from one to another, and the corresponding

remodeling parameters will certainly affect the simulation

outcomes. However, the main interests of this paper reside

in establishing a new computational procedure and revealing

a fact that different surface gradients lead to different

osseointegration outcomes under the same bone and remo-

deling condition. By using the design protocol established

here, a private case study can be performed to create a

patient-specific surface gradient, meeting individual needs.

Meanwhile, this approach can be extended to a 3D model by

including a peripheral gradient for an implant with more

sophisticated coating variables.
4.2. Response surface functions

The sample data provides the essential information to extra-

polate design analysis and optimization. Based on the above

remodeling results, the assessment criteria, BIC and PTS, are

related to the design variables of coating parameters in each



Table 2 – Response surface models (Polynomial) for Month 6 and 48.

Time RS Model R-sqr Max RSM� Max Min RSM� Min RMSE��

BIC (%) Month 6 Linear 0.8828 60.59 45.79 21.51 27.33 8.69

Quadratic 0.9035 50.54 23.02 6.21

Cubic 0.9536 59.15 21.83 4.30

Month 48 Linear 0.9950 77.25 71.92 58.36 63.23 4.88

Quadratic 0.9968 73.69 57.90 3.88

Cubic 0.9983 76.95 56.66 2.88

PTS (105 Pa) Month 6 Linear 0.9417 9.14 6.50 2.38 4.09 1.35

Quadratic 0.9572 8.05 3.15 1.16

Cubic 0.9647 8.89 2.84 1.06

Month 48 Linear 0.9810 4.96 4.03 2.85 3.64 0.54

Quadratic 0.9888 4.55 3.21 0.42

Cubic 0.9942 4.83 3.04 0.31

n Response surface method result.
nn Root mean square error.

Fig. 4 – Response surfaces showing the effects of gradient input a1 and a2 when a3 is set to 50 lm on BIC and averaged peak

Tresca stress at Months 6 and 48, respectively.
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layer as (a1, a2, a3,). In order to evaluate the fitness of response

surface (RS) models, 3 different orders (linear, quadratic, and

cubic) of polynomials were attempted by the least-square

method. The R2 and root mean square error (RMSE) between
simulation and RS functions (Max & Min) are used to assess

which polynomial is most accurate. As summarized in

Table 2, the cubic polynomial functions provide the best fits

to both BIC and PTS in these two selected time points for the
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short and long term osseointegration (Months 6 and 48,

respectively).

To clearly show the response surfaces, a3 is set to 50 um

representing an intermediate size of particles as an example

for RSM. Fig. 4a-d plots the BIC and PTS for Months 6 and 48,

respectively. From the BIC perspective, the combinations of

medium particles in the inner layer (a1) with large sizes in the

mid layer (a2) shows their advantages over the other config-

urations in both short term (Month 6 as in Fig. 4a) and long

term (Month 48 as in Fig. 4b). Also the trend is affected by a2

(mid layer) more significantly than a1 (inner layer), and it

drops dramatically along the reverse direction of a2 axis, with

a short level-off at the medium size range. The benefit of

using a medium-large combination is being amplified in BIC

as healing time progresses. Fig. 4a and b also reflects that

Gradient 70-30-50 (right bottom corner in the plots) is the

worst performer in the design range over the simulation time.

On the other hand, PTS shows more distinct patterns

than BIC. From Fig. 4c, a2 plays a more important role in the

short term osseointegration than a1; however, this is

reversed in the long term as in Fig. 4d. The minimum PTS

appears in the case when small particles in the inner layer

are combined with the large ones in the mid layer in Month

6, while it occurs at large-medium combinations at month

48. Similarly to BIC, the lowest PTS occurs around Gradient

70-30-50 which is close to Gradient 70-30-30 having the

least failure chance.

Based on the RS functions obtained, we can determine the

gradients for either maximum BIC or minimum PTS out-

comes in both Month 6 and 48, respectively. It is noted that

gradient 61.8-70.0-49.9 has the highest BIC ratio as 61.35% in

Month 6, but at the same time with a high PTS of 0.54 MPa. In

contrast, Gradient 70.0-30.1-70.0 has the lowest PTS of

0.29 MPa accompanied by a lower bone mass gain, leading

to a BIC ratio of 29.81%. In Month 48, Gradient 30.0-30.0-32.1

leads to the maximum BIC ratio of 76.92% (0.34 MPa PTS),
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than the LWA method to depict the Pareto fronts. Knee point ha
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while Gradient 70-45.4-40.8 provides with the lowest PTS of

0.28 MPa (40.71% BIC). It appears that these two design

criteria cannot be achieved concurrently.
4.3. Multiobjective optimization

Here we attempt to adopt multiobjective optimization for

maximizing BIC and minimizing PTS by using both linearly

weighted average (LWA) and direct multiple objective particle

swarm optimization (MOPSO) methods.

In the LWA method, one of the weighting factors rises by a

small increment of 0.0005 in order to obtain the Pareto

frontier, resulting in 80, 000 Pareto points. 80 of them with

uniform intervals are selected to plot Pareto fronts in Fig. 5(a)

and (b) for Month 6 and Month 48, respectively. The Pareto set

is supposed to span the entire optimal solution space. It is

observed, however, that highly concentrated regions appear

in both Month 6 and Month 48 solutions, with a few isolated

aggregates.

To tackle the non-uniform distribution problem occurred in

the LWA solutions, the multiobjective Particle Swarm Opti-

mization (MOPSO) method is adopted in line with its special

features in generating a well-distributing Pareto solution

(Rungsiyakull et al., 2010). 2, 000 Pareto points are generated

through 1, 000 iterations, and 80 of them with uniform

intervals are plotted in the same graph as that from the

LWA method. Obviously, MOPSO is more effective than LWA

in terms of the smoothness of Pareto frontier and extent of

uniformity in this design problem. As expected, MOPSO is

much more widely distributed and all the LWA results are

well located in the MOPSO Pareto frontier, which also reflects

the effectiveness of these two approaches, although they

differ in integrity of outcomes.

From the Pareto frontier generated by MOPSO, the max-

imum BIC ratio and the minimum PTS cannot be achieved
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on two multiobjective optimization schemes at month 6 and

feasible solution, and the MOPSO method is more effective

s the shortest distance to the Utopia point which is selected
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simultaneously. It is noted that further improving either BIC

or PTS must sacrifice the corresponding counterpart along

the Pareto frontier. For example, acuter and faster bone

growth in early stages will be accompanied by a higher peak

stress, and vice versa.

There is a Utopia point where the maximum BIC ratio and

the minimum PTS occur at the same time; however this

point cannot be achieved in most design cases presented

(Rungsiyakull et al., 2010). In theory, any point in the Pareto

frontier can be a solution to a specific morphological design

providing different BIC ratio and PTS, and a full range of

optima provides multiple choices on various balances

between BIC ratio and PTS for clinical decision. Based on

the given selection criteria, a decision can be made for

the most ‘‘satisfactory’’ solution, known as a knee point, in

the Pareto set (Sun et al., 2011). In this paper, the minimum

distance selection method (MDSM) is adopted for an optimal

selection, as stated in the following equation:

minD¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f BIC�f L

BIC

fU
BIC�f L

BIC

 !2

þ
f PTS�f L

PTS

fU
PTS�f L

PTS

 !2
vuut : ð5Þ

In this equation, fBIC and fPTS are the objective functions, while fL

and fU are their corresponding upper and lower thresholds in the

design space concerned. An optimal gradient can thus be

selected by minimizing the distance between the point itself

and the Utopia point. Within the limitation of this study, it is

found that the coating with a moderate gradient near the largest

particle size (70.0-70.0-61.6) represents an optimal solution to

initial healing up to Month 6, giving a BIC outcome of 41.53% and

PTS of 0.40 MPa. But for the long term healing, a graded coating

with a combination of particle size of 37.1-70.0-67.7 is preferred,

leading to a BIC ratio of 54.35% and PTS of 0.31 MPa. Note that

with other selection criteria, such as ‘‘the maximum BIC

ratio within a tolerated PTS range’’, it can lead to a different

conclusion on the optimal choice.

4.4. Patient-specific design and future applications

Osseointegration process can be affected by both implant surface

morphology and physiological conditions. For the latter, age, sex,

race, genetics and other biomedical factors all contribute on

bone responses to the implantation, leading to different osseoin-

tegration outcomes. This paper considers a particular set of

remodeling parameters derived from literature to demonstrate

how the surface topographical gradient of implant can be

optimized for the same given mechanical and biological condi-

tions. With sufficient patient data (e.g. from interval CT/MRI

scans), this approach can be used to individual subject with their

own remodeling parameters, aiming for a patient-specific design.

To each patient, the predicted Pareto optima consist of a series of

solutions at different balancing points between BIC ratio and

PTS, and a clinic decision can be made based upon individual

needs of a patient and clinical expectation.

Although this study takes dental implant as an example, the

graded topographical configuration and corresponding design

procedure can be extended to other applications of prosthetic

fixation, such as orthopedic osseointegration. Recent study has

examined the macroscopic remodeling outcomes in terms of

bone mass density and failure possibility of different prosthetic
designs in hip replacements (Tomaszewski et al., 2012). By

applying the design procedure for graded topography proposed

in this paper, the microscopic surface morphology can be

optimized for the hip prosthesis to meet individual

patient needs.

Topology optimization has proven an effective tool for

microstructural design aiming to regulate effective mate-

rial properties for bone remodeling applications (Adachi

et al., 2006; Chen et al., 2011, 2009; Sturm et al., 2010).

Recent study by Arabnejad Khanoki and Pasini (2012) demon-

strated how to optimize microstructural gradient of hip

replacement implant for achieving minimum bone resorption

and failure probability. Nevertheless, this technique is

restricted to periodic microstructures and may be of limited

implication to random morphology as shown in this paper.
5. Conclusion

A novel application of multiscale modeling and remodeling

analyses has been implemented in this study to optimize a

graded porous surface morphology, by evaluating osseointegra-

tion outcomes in terms of bone-implant-contact (BIC) and

averaged peak Tresca stress (PTS). The simulation results sug-

gested that particles sizes in each surface layer determine bone

ingrowth and shear stress distribution, and the optimized sur-

face gradient can outperform the uniform surface morphologies

that were adopted in most of traditional implants. A cubic

surrogate model is found the best to correlate BIC and PTS to

gradient parameters in this problem, and the RS plots fall into a

good agreement with the sample simulation results, leading to

different gradient optima for the highest BIC ratio or the

minimum PTS in Month 6 and 48, respectively. Since the

maximization of BIC and minimization of PTS cannot be

achieved simultaneously, the multiobjective optimization was

adopted here. Two different approaches, namely LWA and

MOPSO, were used to generate Pareto solutions, where MOPSO

demonstrates its capability of dealing with concentrated regions

of optimal solutions. By adopting the minimum distance selec-

tion method (TMDSM), Gradients 70.0-70.0-61.6 and 37.1-70.0-

67.7 are selected by minimizing the distance to the Utopia point

as the most ‘‘satisfactory’’ solutions for short term and long term

healing, respectively. With sufficient patient information, a

private case study can be conducted by following this procedure

to generate a range of optimal solutions, allowing the material

engineers to choose patient-specific surface morphology for

clinic application. With different optimum selection criteria, a

different solution might be obtained. Further animal studies

can be performed to verify the multiscale model and graded

porous implant surface. The future investigation can also be to

optimize porosity gradients under other design criteria (Natali

et al., 1997) or with other materials, thereby providing different

implant-tissue interaction (e.g. (Chen et al., 2011)).
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