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ABSTRACT

Gradient porous structure made by additive manufacturing (AM) technology is potential to

improve the long-term stability of orthopaedic implants through bone ingrowth while maintain-
ing mechanical safety. In this study, a parametrical optimization methodology for the custom-
ized gradient porous implants was developed based on a stress-dependent design algorithm.
Clinical requirements and manufacturing capabilities of AM were considered in the design pro-
cedure. A femoral stem with a minimum bone loss proportion of 2.4% by optimizing the control
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parameters. This study provided a feasible and flexible design approach for the customized
implant with gradient porous structure or material components.

1. Introduction

Prosthesis with gradient porous structure could offer
combined mechanical and biological properties, there-
fore, it was widely used in orthopaedic fields (Han
et al. 2019; Zadpoor 2019; Murr 2020). Additive
Manufacturing (AM) allows the production of con-
trollable porous structures with features that are con-
ducive to bone ingrowth and has become the most
applicable manufacturing method for gradient porous
implants. The design of the porous structure determines
the success of the prosthesis and has become one of
the most popular topics in the applications of gradient
porous prosthesis. In the design, gradient porous
prosthesis is regarded as functional gradient material
(FGM) whose composition and/or microstructure vary
smoothly in space (Sola et al. 2016). The basic idea
of FGM parts is to optimize the material properties
instead of the design of material components or
microstructure based on understanding the relationship
between the microstructure/material components and
the macroscopic mechanical properties.

In the optimization of mechanical properties of
FGM implants, reduction of stress shielding, reduction
of shear stress on the bone-implant interface,
prevention of bone absorption and wear resistance of

articular surface were selectively used as the optimiza-
tion objectives. The works from the literature on the
design of FGM implants in recent years are summarized
in Table 1. The application of functional gradient
design in orthopaedic implants was first proposed by
Huiskes et al. (Kuiper and Huiskes 1997), by whom
the stress conduction of implant was increased by dis-
tributing different materials in different locations. In
the early stage, the two-dimensional conceptual finite
element (FE) model was commonly used due to the
limitation of computing power. As such, Hedia et al.
(Hedia et al. 2014, 2019) carried out lots of research
on designing artificial hip joints to reduce the shear
stress on the bone-prosthesis interface and stress
shielding. Three-dimensional (3 D) FE models had to
be used in the design of prostheses with complex geo-
metries. For example, the elastic modulus of the fem-
oral condyle in the artificial knee joint was optimized
by 3 D finite element analysis (FEA) to improve the
wear resistance of the articular surface and lower the
stress shielding effects according to Bahraminasab
et al. (2014). However, the geometry-dependent distri-
bution pattern of elastic modulus or relative density
in FGM design was an essential limitation of these
studies. For example, the elastic modulus of the



Table 1. Recent literature on the design of FGM prosthesis.

Distribution Pattern of

Application Reference Benefits from FGM Elastic Modulus
Cementless Femoral Stem Wang et al. (2018); Arabnejad a) Minimizing bone resorption Implant was discretized with 75
et al. (2017) b) Mechanical Safety sampling points on the medical-

Cement Femoral Stem Moussa et al. (2017)

Cervical fusion cage
Cementless Femoral Stem

Moussa et al. (2018)
Wang et al. (2020)

Intervertebral Disc Prosthesis Jiang et al. (2019)

Cementless Femoral Stem Alkhatib et al. (2019)

¢) Interface failure

a) Minimizing bone resorption
b) Cement damage

a) Minimizing subsidence
a) Minimizing bone resorption
b) Micro-motion on the interface

a) Motion range of Intervertebral disc

b) Stress of implant

a) Minimizing bone resorption
b) Micro-motion on the interface

lateral plane of the
femoral stem.

Implant was partitioned along
proximal-distal and medial-
lateral axes.

Global stiffness matrix.

Implant was partitioned along the
proximal-distal axis and radially.

Disc prosthesis was modeled as a
graded shell structure divided
into 50 layers radially.

Implant was partitioned along the
proximal-distal axis.

femoral stem was optimized along the stem axis, the
relative density of the acetabulum cup was defined as
a function of its radius. The predefined distribution
pattern was proved to be effective in designing
implants with simple geometry but might be limited
in the implants with complex geometry such as pelvic
reconstruction prosthesis and mandibular implant.
Therefore, novel optimization methods to get rid of
the geometry-dependent distribution pattern of
material properties were studied. Pasini et al
(Arabnejad et al. 2017; Wang et al. 2018) developed a
gradient-free algorithm that considered bone resorption,
fatigue safety and interface failure to optimize the
relative density distribution of a femur stem. (Ait
Moussa and Yadav 2017; Arabnejad et al. 2017;
Moussa et al. 2018; Alkhatib et al. 2019; Jiang et al.
2019; Wang et al. 2020).

The following criteria should be considered in the
design of gradient porous implants, including the
strength safety, suitable porosity and pore size for
the bone ingrowth, avoiding stress shielding, manu-
facturing constraints and time spent on the designing.
However, different criteria were embodied as contra-
dictory requirements in the design of the porous
implant, typically the implant with suitable porosity
and pore size was lack of strength(Liu et al. 2021),
and the fine microstructure also challenged the capa-
bilities of AM technology. In order to resolve the
contradictory requirements, design algorithms that
can comprehensively concern clinical requirements
and manufacturing constraints needed to be developed.
In addition, the design algorithm would be expected to
be adaptive so that it can be employed in customized
prostheses.

Focusing on the design of gradient porous implant,
an adaptive design algorithm of gradient -elastic
modulus was reported by a previous study (Sun et al.
2018) and demonstrated in the design of the femoral

stem. Safety and stress shielding were quantified in a
FE model and set as design criteria in the optimization
algorithm. In the optimization, a stress-depend-ent
distribution was first used in the gradient elastic
modulus design, breaking through the limitation of
the geometry-dependent  distribution  pattern.
However, the shortcoming was that the elastic modulus
of the implant was defined as linearly correlated with
the stress distribution. Thus, the distribution of elastic
modulus of the implant could not be adjusted accurately
to obtain quality results. Therefore, the investigation of
the modulus-stress relationship in the design algorithm
becomes necessary to obtain an implant with a
gradient porous structure that is more in line with the
biomechanical requirements.

This study aims to investigate the effect of the
modulus-stress relationship in the adaptive design
algorithm of the gradient elastic modulus on the bio-
mechanical performance of the implant. A parametric
control methodology of the modulus-stress relationship
was established by taking a femoral stem as a typical
example. Control parameters were optimized based on
the design criteria of implant safety, early-stage bone-
implant healing, and long-term stability of the implant.
The study provided an adaptable and flexible design
methodology for gradient porous implants.

2. Materials and methods

2.1. Design methodology of elastic modulus
distribution

The multi-scale design methodology that led to the
development of gradient implant with a controllable
porous structure that minimizes stress shielding and
guarantees safety was summarized in Figure 1. A
patient-specific FE model consisting of a typical
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Figure 1. Multi-scale design framework of gradient porous implant. (a) Three-dimensional finite element model. F,—hip joint
force; Fa, Ftp, Fta, F——muscle forces. (b) Initial setting in the design procedure of elastic modulus distribution of implant. (c)
Gradient elastic modulus distribution of femoral stem. (d) 3D model of the gradient porous implant constructed from the gradient
elastic modulus distribution .
Note™: The 3D model of the femoral stem of Figure 1d was an example of porous gradient femoral stem with another RVEs instead of BCC to demonstrate
the design framework of the porous implant but not the real photo of the product.

uncemented femoral stem and proximal femur was
established, and the details of the modeling are
described in the Supplemental File 1. Algorithms were
introduced into the model (Figure 1(a)) to adjust the
elastic modulus distribution of the femoral stem(Sun
et al. 2018). In the beginning, the elastic modulus of
the design domain was set as similar as cortical bone
(Figure 1(b)). The modulus of elements in the design
domain was changed during the iterations to meet the
safety requirement. Gradient porous implant with
controllable structure was then constructed on the
foundation of the relationship(Wang et al. 2017)
between mechanical properties (equivalent elastic
modulus and yield strength) and microstructure of a
type of representative volume elements (RVEs). RVEs
with body-centered cubic (BCC) structure were
employed as a demonstration, and the mechanical
properties and the corresponding geometry parameters
of the BCC structure were detailed in Supplemental
File 2.

2.2. Univariate analysis

The above-mentioned femoral stem was composed of
FGMs with variable mechanical properties based on
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the stress itself. During the iterations in the design
procedures of the mechanical properties of the
implant, a stress-based algorithm was developed to
assign elastic modulus for the implant according to
the follozving Equation (1):

' 9
_riy —b ]
- 1 > rl_,j>b, Element [e Element,,,
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El+ 1, r;; <b, Element; [ Elements.s
= Esur , Element; € Elementsy,y

()
where i denotes iteration cycle; j denotes element
number; Eiv1; denotes the relative elastic modulus of
element j in the next iteration; r;;’ denotes the rela-
tive von Mises stress of element j in the iteration i; g
denotes relative modulus-stress gradient exponent; b
denotes relative stress threshold of porous element
(%); E; denotes the elastic modulus of element j in
every iteration; Es,s denotes the elastic modulus of
the elements near the surface, i.e. the element set
named Elements,,.

The definitions of relative von Mises stress and
elastic modulus are as following Equations (2) and
G):

ri, i Ii:min

= )
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Figure 2. Relationship between Element elastic modulus and stress (a) Different values of g =0.1, 0.2, 0.5, 0.8, 1, 2, 5, 8 and 10
When b = 0%; (b) Different values of b = 1%, 2%, 5%, 10%, 30%, 50%, 70%, and 90% when g = 1.
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where r;; denotes the stress of element j from iteration
i; Fimax and r;u, denote the maximum and minimum
value of the stress at the regions of interest of the
prosthesis; E;+;; denotes the elastic modulus of element
j in iteration i + 1; Eyax and Eyin denote the maximum
and minimum limits of usable elastic modulus, for
titanium alloy Enee = 110GPa and E,in = 15 GPa.
Relative elastic modulus E;41; varying with relative
stress I;; are presented in Figure 2 for different g
and b. The variation of relative modulus-stress gradient
exponents (g) affected the relationship between
the relative elastic modulus in the next iteration and
the relative stress of each element in current iterations.
For example, an element whose relative stress is 0.5,
would be given a new relative modulus of 0.07,
0.5 and 0.99 with different g of 0.1, 1 and 10, respect-

ively. b was a threshold that controlled the proportion
of solid elements during the iterations. Elements
whose relative stress is lower than b % would be
assigned a relative modulus of 100% which meat the
elastic modulus of solid material. Elements belonging
to the set {Elements.s} were assigned with a constant
elastic modulus of Ey,s but not influenced by other
parameters. As presented in Figure 2, univariate
research was carried out without the consideration of
surface elements to investigate the effect of g and b
on the processes and results in the designing of elastic
modulus distribution. Es.y was changed from 1 GPa
to 110 GPa when g =1 and b = 0%, to study the effect
of surface modulus on the designing processes
and results.

2.3. Multivariate analysis

To search for the optimal parameters of designing the
elastic modulus distribution of implant, a multi-
objective optimization problem was formulated as:

find b= g, b, Esuy ;
min : f(b)= X; + Var(b)+ X: -
S.t.: N>10

), “)

where the vector b denotes the design variables which
consisted of g, b and Es.ys, each parameter in vector b
had seven available values (see Table 2); f (v) is the
multi-objective function; Vpr(b) denotes the volume
fraction of bone with density loss which was assessed
by the comparison of strain tensor of host bone
before and after implantation on the foundation of
Huiskes’ bone adaptation law; 7(b) denotes the total
iteration times which reflects the design efficiency; X;
and X; denote the weight of Vg, and T, X;+X: =1;
N denotes the global safety of the implant. Refer to
the previous study of the authors for the numerical
calculation method of N and Vs;(Sun et al. 2018).

In this optimization problem, the remodeling of
surrounding bone and design efficiency were integrated
as one objective function by different weight ratios X;

and X;. The global safety factor, calculated by the
minimum value of local safety factors of all
elements, was set as a constraint to guarantee that
any gradient elastic modulus or porous structure
obtained by the optimization algorithm meets the
safety requirements. Furthermore, the global safety
factor was applied as the termination condition to
guarantee the safety of the implant.



Table 2. The value of parameters in design variables b=(g,
b1 ESUT!)'

Relative Stress
Threshold of
Porous Element

Elastic Modulus of the

Relative Modulus-Stress Elements Near the

Gradient Exponent (g) (b/%) Surface (Esu/GPa)
0.1 1 1
0.2 2 2
0.5 5 5
1 10 8
2 30 11
5 50 14
10 90 17

3. Results
3.1. Univariate analysis

The final global safety factors (N), solid volume pro-
portions (Psoia/%), modulus of surface elements in
the design domain (£,/GPa), the volume of bone with
density loss (Vpr/%) along with the iteration times
(7) required to the design procedure of elastic modulus
distribution, were all affected by the controlling
parameters namely relative modulus-stress gradient
exponent (g), relative stress threshold of porous elem-
ent (b/%) and elastic modulus of surface elements
(Esury) as presented in Figure 3.

The variation of relative modulus-stress gradient
exponent (g) had a significant influence on the solid
volume proportions and iteration times but did not
affect the final global safety factors (Figure 3(a)). The
increased g reduced the iteration times when g = 0.8,
but only one or two iterations were demanded when
g < 0.8. Solid elements were the elements whose elas-
tic modulus was larger than 100 GPa in the design
domain. The volume proportion of solid elements
(Psoiia) increased with g. The modulus of surface ele-
ments (Es) as well as bone loss proportion (Vpr)
shows a similar tendency (Pearson correlation coeffi-
cient R’=0.9981) with the variation of g as presented
in Figure 3(b). The volume of bone with density was
2.8% when g = 0.1 and rose to 13.2% when g = 10,
the corresponding modulus of surface elements was
26.3+17.5GPa and 105.8 £4.4 GPa, respectively.

As shown in Figure 3(c), the required iterations
times were lower with the larger relative stress thresh-
old of porous element (b), especially when b = 50%,
70% and 90%, the design procedures were terminated
at the first iterative calculation. The global safety fac-
tors of the designed gradient implant were just above
10 when b < 50%. The terminal condition of the
design procedures for the elastic modulus distribution
was that the global safety factor of the implant at a
certain iteration met the requirement of allowable
safety factor [N]=10. Even so, the global safety of

the designed femoral stem was approximately 20

when b =70% and 90%, in which cases the implant
was almost solid. Solid proportion (Psyiq) increased
after fell firstly along with the raise of b and the min-
imum value was 25% appeared at b =5%. Similar
trends were found in modulus of surface elements
(Es) and bone loss proportion (Vpz) (Figure 3(d))
with solid proportion in the design domain.

An obvious difference in iteration times and solid
proportion was obtained by the design with Eg,yr
larger or less than 15 GPa. The solid proportion was
0% and iteration times was 0 when 20 < Eg,s
<90GPa, while Pspig =26~34% and T=8~10
when Es,r < 15 GPa (Figure 3(e)). The implant
model under initial condition met the safety require-
ment of Ny> [NV], so the iteration times were 0 when
Esuy 220 GPa. The solid proportion was 32% when
Eswy =110 GPa but all the solid elements were near
the surface, and the global safety factor was 24.2. The
elastic modulus of the elements below the outer layer
surface (Es) were all set to be 15 GPa when Es,r >
15 GPa before the iteration starts, but the bone loss
proportions (Vpr) were increased to 6.3% under these
conditions. And when Es.,r < 15 GPa, the values of
Egand Vp; were similar.

The elastic modulus distributions on a sagittal sec-
tion of femoral stem designed by different g, b and
Es.r are presented in Figures 4—6, respectively. The
modulus distribution in Figures 4 and 5 shows similar
feature that the regions with higher modulus was in
funnel-shaped and elastic modulus reduced gradually
from the inside out. In Figure 6, elastic modulus dis-
tribution in the non-surface region in the design
domain is gradient when Es,s < 15 GPa but are
homogeneous when Es,r > 15GPa. Conversely, the
elastic modulus in the surface region was constant
depending on input values.

3.2. Multivariate analysis

The three controlling parameters of elastic modulus
distribution were optimized via an orthogonal test in
seven levels. Analysis of variance (ANOVA) and F-

test were performed under different weight ratios of
the objective functions. When X;=1 and X,=0, i.e.

f(b)=Vs1(), the F-value of g, b and Es.; were Fg=
16.92, Fpb= 5.02 and Fr=0.10, respectively. Thus g
and b had significant impacts (Fo.00s=3.95) on the

volume of bone with density loss of gradient implant.
Conversely, when X;=0 and X;=1, ie. f(b)=T(b),

Fg= 3.43, Fpb= 13.81 and Fr=1.35, which reflected
that only b had significant impact on iteration times.
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Figure 3. The influence of g, b and E,s on the processes and results in the designing of elastic modulus distribution. The effect
of exponent of the relationship between modulus and relative element stress (g) on: (a) iteration times, final global safety factor
and solid proportion, (b) surface modulus and bone loss proportion. The effect of relative stress threshold of porous element
(b/%) on (c) iteration times, final global safety factor and solid proportion, (d) surface modulus and bone loss proportion. The
effect of elastic modulus of surface elements (Es.s) on: (e) iteration times, final global safety factor and solid proportion, (f) surface

modulus and bone loss proportion.

The relationships between bone loss proportion (Vpr)
and iteration times (7) corresponding significant factors
were presented in Figure 7. Smaller values of g

and b were beneficial to reducing bone loss propor-
tion while a higher value of b could contribute to
shorting iteration times required by the design of
elastic modulus distribution.

The optimal design variable b= (g, b, Es.y) was set
by=(0.2, 5%, 5GPa) and br=(0.1, 30%, 8 GPa) for
the objective function of f{b)=Vp.(b) and f(b)=T(b).
Results were obtained by performing the multi-scale
design procedure of gradient implant using both
parameters. There is a great difference between the
calculated elastic modulus of the two gradient femoral
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Figure 5. The elastic modulus distributions of femoral stem on different relative stress threshold of porous element (b/%).
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Figure 6. The elastic modulus distributions of femoral stem on different Elastic Modulus of Surface Elements (s, /GPa).

stems as shown in Figure 8(a) and 8(c). As presented
in Figure 8(b) and 8(d), the stress at the implant
designed by variable by is much less than those
designed by br.

The von Mises stress at the surrounding femur of
the two femoral stems are presented in Figure 9(a).
The stress on the internal surface of the medullary
cavity were counted and the frequency chart were
shown in Figure 9(b), the overall stress of the
medullary cavity of stem by were larger than those
of br. The level of the bone loss was assessed by .S/
Srer, where S was the strain tensor of the element in
the femoral model with implant and S, was the
strain tensor of a completely healthy femur. The
smaller the S/S,..s becomes, the more bone loss was
expected at a certain location. The bone loss of the

femur with femoral stem by was 2.4%, less than half
of the femur with stem b7 (Figure 9(c)). The major
difference was the bone loss near the proximal
femur was relieved by stem by comparing to those
of stem br

4. Discussion

In the present study, a parametric control method of
the modulus-stress relationship was established based
on the adaptive design methodology of the elastic
modulus of gradient porous implant. The optimal
control parameters were obtained by employing the
bone loss proportion and iteration times as objective
functions in the optimization procedure. Results indi-
cated that the modulus-stress gradient exponent (g)
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has the most significant impact on the bone loss pro-
portion while the relative stress threshold of porous
element (b) affected the iteration times and subse-

quently determined the processing time required for

the optimizing design. The bone loss proportion of
the surrounding bone of the femoral stem was
reduced to 2.4% through the parametric optimization
developed in the present study.
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femurs for different gradient stem.

Clinical and engineering requirements of porous
implants were translated to quantifiable design criteria
in the numerical simulation and optimization
as follows:

a) Global safety factor (N) was applied to quantified
the safety of the implant with gradient porous
structure and was set as a boundary condition of
the optimization. It depended on the understanding
of constitutive equations relating microstructure to
macro mechanical properties, including elastic
modulus and yield stress or failure stress, as well
as an accurate stress distribution of FGM implants.
As it was difficult to measure the stress or strain
field of an FGM implant, FEA was used to predict
the stress distribution of the optimized FGM
femoral stem, while the mechanical properties
were driven by experimental results from a
previous study. This prediction of the safety of the
optimized femoral stem may not be entirely
accurate, as the stress

obtained by FEA was not validated by the
experiment. Therefore, a large allowable global
safety factor was used to alleviate the uncertainty
in the safety of the implant caused by the potential
errors in the FEA.

It is hard to quantify the safety of implants due to
the lack of constitutive equations in the design of
FGM implants from early research. Safety could be
quantified based on understanding the constitutive
equations of porous structure so that FGM implant
could be truly realized.

Bone ingrowth is the key to the osseointegration of
the porous implants. Porosity and pore size were
believed to play important roles in the bone
ingrowth of the metal porous structure. The porosity
and pore size near the surface should be in the
proper range to achieve the early-stage healing
between bone and porous implant by bone
ingrowth. The suitable porosity is 50%~80% and the



applicable pore size is in the range of 200 ~ 500 Im
(Bose et al. 2013; Taniguchi et al. 2016; Wang et al.
2016; Kapat et al. 2017; Zhu et al. 2020). The elastic
modulus close to the interface between implant and
bone was limited to 1 ~ 17 GPa, which is similar to
that of the bone. The corresponding porosity was
about 40—90% if it is made of Ti6Al4V (Yanez et al.
2018; Kang et al. 2020), and is consistent with the
demand of bone ingrowth into the porous
structure(Sobral et al. 2011; Wang et al. 2018; Li
et al. 2020).

Bone loss proportion is one of the objective functions
of the optimization procedure in this study. Aseptic
loosening induced by bone loss is the primary failure
reason of metal orthopaedic implants (Li et al. 2018).
The enormous stiffness incompatibility ini-tialed the
stress shielding and eventually caused the
periprosthetic bone loss. Porous structure was an
effective way to decrease the stiffness of metal
implants but would cause loss of strength incidentally.
The loss of surrounding bone was minimized by
optimizing gradient porous structure with the premise
of safety as the boundary condition (Wang et al.
2021; Zhang et al. 2021).

Manufacturing feasibility was usually disregarded in
many studies of the design of FGM implants.
Currently, Powder-Bed Fusion (PBF), also known as
Selective Laser Melting or Electronic Beam Melting,
was one of the mainstream methods to manufacture
metal parts in AM technology. PBF manufactured
the parts by selectively melting the metal powder on
the powder bed using a laser or electron beam as a
heat source. There were two constraints from PBF
for the manufacture of porous structures: on the one
hand, RVEs with structs dimensions were too small
to be accurately formed, which was influenced by
different factors represented by the laser spot size
(Sing et al. 2018). On the other hand, the pore size
must not be too small so that the residual unmelted
powder cannot be effectively removed. In order to
meet both constraints, the minimum elastic modulus
was set to 15 GPa in the optimization algorithm,
which allows the corresponding diameter of the
struct to be no less than 480 Im, based on the
Equation (S2-6). On the other hand, the relative
stress threshold of the porous elements (b/%) was
set as a control parameter setting the elements
whose relative elastic modulus was higher than b as
solid to avoid the difficulty of powder removal with
minor porosity or high relative elastic modulus.

In the reconstruction surgery of bone defects caused
by trauma or tumors, which were the main

applications of AM prosthesis, the time spent on the
design process should be limited to meet the timeli-
ness of the surgery. Therefore, the iteration times
representing the time spent was used as one of the
objective functions.

Three control parameters, g, b, and E.; were
used to acquire the optimal elastic modulus distribution
of the femoral stem. Among them, g decided the
relationship between elastic modulus of each element
and its relative stress in the implant, thus showing the
most significant effect on the elastic modulus distribu-
tion of the target implant and directly affected the
biomechanical performance of bone and implant.
Optimization with lower g acquired an implant with
smoother gradient distribution of elastic modulus, in
which maximum stress is lower since the stress con-
centration caused by the large gradient of elastic
modulus was eased. b mainly controlled the volume
of the solid elements in the implant during the itera-
tions. These solid elements with high elastic modulus
and strength were the key to the bearing capacity of
the implant, thus the increase of b resulted in higher
global safety factors and a decrease in iteration times.
A large value of b should be avoided because of the
low porosity, redundant safety factors and high bone
loss volume of the designed implant. Ej,,r showed nei-
ther effect on the stress of bone and implant, nor
contributed to the stress conduction of implant to the
bone. Therefore, the determination of the surface elastic
modulus and geometric features of the porous structure
near the surface should follow the factors required for
bone ingrowth such as porosity, pore size and structs
size, instead of the influence on the stress distribution
of the bone and implant. It is worth noting that the
elastic modulus of the elements below the outer layer
surface was all optimized to the minimum value of 15
GPa, which produced a hollow hip stem that was
comparable in the inhibition of the bone loss to that the
gradient porous implant with high internal modulus and
low surface modulus. This hollow-like implant was
very similar to the topological optimized hollow
implant obtained by Tan et al. (Tan and van Arkel
2021), which also found that the hollow femoral stem
obtained a weaker stress shielding effect and sufficient
strength. A hollow-like femoral stem was obtained by
both gradient porous optimization of this paper and
topological optimization from Tan et al. (Tan and van
Arkel 2021), which may suggest that a

hollow femoral stem could be an option in the future.

Optimal parameters of g, b and Es., were selected
with different weight ratios of Vz and T by



multivariate analysis. The dilemma from different
design criteria was compromised by using an objective
function with variable weight ratios. However, it should
be noted that these optimal parameters were only
applicable to one type of implant, thus for other
implants, similar optimization procedures would be
required to determine the corresponding optimal
parameters.

There remain several limitations in this study.
First, instead of carrying out experimental tests on
the manufactured gradient porous femoral stem, the
stress distribution and the safety of the optimized
femoral stem was assessed based on the understanding
of the mechanical properties of RVEs obtained from
experiments results of published work. Lacking of the
direct experimental validation is one of the limitations
of this study. Second, the manufacturabil-ity of
optimized femoral stem with gradient porous structure
need to be confirmed in the future study. Third, only a
RVEs of BCC and femoral stem were employed as a
demonstration of the optimization method, the potential
of the method for other prostheses and RVEs was not
demonstrated.

In future perspective, the stress-dependent opti-
mization procedure developed in this study needs to
be used in other prostheses and be validated by physical
experiments. Another essential prospect is developing
the design software or programs based on the
optimization methodology in this study to make it
more clinic accessible.

5. Conclusion

A design methodology of implants with gradient
mechanical property and its parametrical optimization
procedure was developed in this study. The conflicting
requirements of different design criteria for porous
prosthesis were taken into account in the design of
implant with gradient mechanical properties through
the rational arrangement of control parameters,
boundary conditions and objective function. A femoral
stem was taken as an example, a minimum bone loss
proportion of 2.4% was aimed for by the optimal
control parameters. Compared with current research on
gradient design of orthopaedic implants, the clinical
requirements were considered more comprehensively in
the optimization and design algorithm in this study,
thus providing a feasible and flexible design approach
for the customized implant with gradient porous
structure.
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