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This study presents a computational framework for optimising a hip implant through a functionally
graded biomimetic lattice structure, designed to reduce stress shielding. The optimisation technique,
inspired by an inverse bone remodelling algorithm, promotes even stress distribution by reducing
density and stiffness in regions with high strain energy compared to a reference level. The resulting
non-uniform density distribution showed lower density levels along the implant stem’s sides and
higher density around itsmedial axis. This optimisedmaterial distributionwascapturedusingmapping
of a triply periodic minimal surface lattice structure on the implant, creating porous lattice surfaces
within the solid structure. Theporous implant’sperformancewasevaluatedusinga finite element bone
remodelling algorithm, comparing its bone response to a femur with a fully solid implant model, in
terms of stress distribution and mass change. Results demonstrated improved bone formation at the
bone-implant interface and enhanced stress transmission to the surrounding bone.

Joint replacement surgeries, such as total hip replacement, are one of the
successful interventions among orthopaedic treatments, enhancing patient
quality of life and relieving pain in the long term. However, in some cases,
the orthopaedic implants fail, and a revision surgery is required. Aseptic
loosening is one of the main causes of implant failures, whereby local bone
resorption takes place at the bone-implant interface1,2. The vast majority of
orthopaedic implants are made of solid metals, such as cobalt chromium
alloys, 316L stainless steel, and titanium-based alloys. However, the stiffness
of thesematerials is orders ofmagnitude higher than that of the surrounding
bone2–4. The large stiffnessmismatch at the implant-bone interface results in
stress shielding,wherebymost of the load is carried by the implant insteadof
the bone tissue itself 4,5. As bone is an adaptive tissue, the reduced
mechanical loading on the bone results in local bone resorption and loss of
bone mineral density in the region, which leads to contact loosening in the
interface2,6 and ultimately implant failure.

Several approaches have been used to address the issue of stress
shielding, with the aim of reducing the stiffness of the hip implant stem.
These approaches have targeted the geometric design of the stem region,
material propertiesof the implant, or a combinationof both geometrical and

material changes2,4. Geometric design modifications include alterations to
cross-section geometry design7, addition of holes and ridges to the stem8,9,
and femoral stem length10,11, although it remains challenging to resolve the
stiffness mismatch or achieve optimum load distributions with macro-level
changes to implant design. On the other hand, micro-level design mod-
ifications included applications of biomimetic polymer-composite
materials12. With advances in additive manufacturing techniques, a novel
category of materials has recently emerged that are referred to as meta-
biomaterials, that is, an intermediate concept that lies betweenmaterial and
structure13. The application of meta-materials in addressing the stress
shielding problem includes using different functionally graded (FG) lattice
structures in porous hip implant designs5,14,15, and novel meta-biomaterials
in orthopaedic device design, such as auxetic and deployable meta-
implants1,16.

Porous lattice structures have been used both as surface coatings in
implants to address issues with fixation by promoting bone ingrowth2,17,18,
and to address the stiffness mismatch between implant and bone using a
more lightweight implant design4,5,15,19–21. This advantage has been clinically
approved by evidence of enhanced bone regeneration using optimised 3D
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titanium-mesh scaffolds in sheep22, with a computational optimisation
framework developed accordingly23. However, many current hip implant
designs with FG structures are limited to uniform lattices5,20, or simple
gradient lattice structures24–26. Although several more advanced lattice
models have been suggested based on hybrid lattice designs5,19, and opti-
mised material distribution throughout the implant, using tetrahedron-
based cells3,4, and body centric cubic (BCC) structures14,21. The compatibility
of neighbouring unit cells in FG materials in hip implant design has been
optimised through connectivity between adjacent microstructural unit cells
in two dimensions27.While these studies have introduced novel FG implant
structures, it is notable that many have not achieved true optimisation as
their design process has not considered the long-term remodelling process
of the bone3,21,27, which is highly dependent on the dynamic loading con-
ditions experienced at the bone-implant interface. Furthermore, certain
approaches have not been able tomap the density distribution to small sub-
domains in a continuous manner4. Porous implant designs have also been
proposed using triply periodic minimal surface (TPMS) structures25,28,
which have been mechanically investigated29,30. Such approaches have used
simple uniform TPMS lattices24,25, or multi-morphology lattice structures31,
representing graded mechanical requirements. However, while TPMS lat-
tice structures offer morphological and mechanical properties that mimic
trabecular bone, current approaches in hip implant design have not yet
sought to map optimised material distribution using TPMS.

The objective of this study is to develop a FG biomimetic lattice-based
hip implant design that is structurally optimised to limit stress shielding to
the surrounding bone. The study develops and implements a new optimi-
sation algorithm based on an inverse bone remodelling logic, whereby the
optimised density distribution for the orthopaedic implants could be
determined. Using the element-by-element density mapping lattice tech-
nique developed in LatticeWorks32, a non-uniform FG TPMS gyroid
structure was mapped to the implant geometry to produce the optimised
structure,with a solid shell surrounding theporous structure. The long-term
adaptive response of the bone tissue was evaluated using a strain energy
density-based bone remodelling scheme, and the performance of the solid

and FG porous implant was compared. Also, this study includes an addi-
tively manufactured prototype of the implant, demonstrating its
manufacturability.

Results
Bone remodelling in solid implant
Figure 1 shows the temporal evolution of VonMises stress distribution, and
subsequently bone density, in the femur following implantation of the bone
remodelling algorithm on a fully solid implant design. Stress values at the
outer layers of the cortical region triggered a positive remodelling scheme,
and the bone density increased in these regions. As shown in Fig. 1b, the
density distribution started from a homogenous state of
ρinitial ¼ 1:65g=cm3, which is notable that this state was not a homeostatic
condition. Thismeans that the bone remodelling algorithm showeddistinct
changes in the early iterations, with high bone density remaining in high
stress regions and regions of bone resorption detected in non-load carrying
regions in the proximal femur.

Figure 1c shows the VonMises stress distribution in the assembly of a
femur with a fully solid implant, following the bone remodelling algorithm,
is converged. Figure 1c shows that at the bone-implant interface, the solid
implant elements are under higher stress levels compared to the sur-
rounding bone. In the bone section in Fig. 1d, the circumferential cortical
region carriesmore stress compared to the concentric bone elements within
the bone canal, and stress reduces as getting closer to the near-the-implant
trabecular region. The implant section, on the other hand, in Fig. 1e, shows
anuneven stress distribution throughout the stemregion,with concentrated
stress in the bone-implant interface. Maximum stress in the implant was
359MPa, in the neck region of the implant.

Optimisation of density distribution and functionally graded lat-
tice mapping
Figure 2 shows how the bone density distribution and Von Mises stress
evolved over time, as a result of the optimisation algorithm. Here, the
element density was originally 4:06g=cm3 throughout the entire structure.

Fig. 1 | Bone remodelling results on femur with fully solid implant.
a Development of Von Mises stress distribution, and b bone density variation over
time, for the femur with a fully solid implant, under the remodelling algorithm. Final

VonMises stress distribution within c cut view of the femur with fully solid implant
assembly, d bone part and e solid implant part.
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During the optimisation process, the density and stiffness started to reduce
on the sides of the proximal region of the stem. Low-density regions evolved
horizontally and vertically over time. On the other hand, the density in the
distal region did not reduce over the analysis time. The final density dis-
tribution is shown at time t ¼ 6:16, where the total mass reduction within
the structure reached 20%.

Figure 3a, b shows the resulting non-uniform density distribution in
the design region of the implant, as a result of the optimisation algorithmon
the solid implant. In this suggested material distribution, the core of the
implant had greater density, whereas the density ofmaterial was reduced on
the sides of themedial axis in the implant. The reduced density regionswere
under higher stresses, as shown in Fig. 2b and went under the reducing
stiffness loop in the inverse remodelling algorithm. A minimum allowable
density of 1:36 g=cm3 corresponds to the volume fraction of 30% in ele-
ments. The narrow bottom part of the stem also maintained higher density
values, as it was not under high stress values. The density distribution was
translated to a relative density distribution, and according to the gyroid
power law equations and using Eq. (10), and Young’s modulus distribution
map over the design region was calculated, as shown in Fig. 3b.

The results of themapping techniques are shownas step-by-step inFig.
4. The binarized grid, shown in Fig. 4a, divides the domain into points that
are inside the implant surface and the outside points. The interpolated
element density data, as the results of FE optimisation, calculated for the

inner grids, is shown in Fig. 4b. Based on the relative density vs. levelset
equation in the gyroid structure inFig. 4, the gyroid levelset distributionfield
was calculated, shown in Fig. 4c, and the density distribution field was
mapped into a gyroid levelset field. The equivalent gyroid levelset variation
was calculated to be [−1.5, 0.75], for volume fraction variation of [0.3, 1].
The normalised mapped gyroid field by the levelset values was rendered at
an isovalue of one and is shown in Fig. 4d. This new gyroid field is non-
uniformly graded, and captures the same gradient map, as shown in the
density distributionfield inFig. 3, enabling todraw the gyroid isosurface and
create the porous structure.

The resulting graded gyroid lattice surface with optimised density
distribution is shown in Fig. 4e. The gyroid surface, shown in grey in Fig. 4e,
represents a porous region that was needed to be removed to capture the
derived density distribution map within the implant region. The other
surface is the implant original boundary surface, which is shown in pink in
Fig. 4e. To construct the implant, the area between the two surfaces was
solidified that the porous gyroid was deducted from it.

The generated the field for the coating shell (R) is shown in Fig. 5a, in
which the coating shell is shown as negative field values. This shell field
overwrites the gyroid field function (φ) on the surface boundary with
thickness, t. The combinedfield functionof these twofieldswere renderedat
isovalue of one, and the resultant surfaces is shown inFig. 5b. The inner grey
surface is generated based on the gyroid field function, and the surrounding

Fig. 2 | Results of the optimisation algorithm on the implant design region. a Density distribution, and b Von Mises stress in the design region of implant as a function
of time.

https://doi.org/10.1038/s44455-025-00003-8 Article

npj Metamaterials |             (2025) 1:3 3

www.nature.com/npjmetamat


pink surface is generated based on the original implant boundary surface,
and the thickness gap is applied in between these two surfaces. With the
gyroid voids surface inside, and a cover surface on the boundaries, the space
between the two surfaces was solidified, and slice images of the final design
are shown in Fig. 5c.

Bone remodelling in functionally graded porous implant
The results of the bone remodelling algorithm following implantation of the
FG porous implant were compared to the femur with a fully solid implant.
Figure 6 shows the density and elastic modulus of the surrounding bone for
the femur with porous and fully solid implants, following the bone remo-
delling algorithm.According toFig. 6a, thedensity of elementswashigher in
the bone-implant interfacewhen implantedwith the FGporous design.As a
result, the elastic modulus of the elements was higher in these regions, as
shown in Fig. 6b, for the porous implant case compared to the solid implant.

The bonemass of element sets in the two cases of femurwith fully solid
and porous implant is summarised in Fig. 6c. The percentage of change in
bone mass with the porous design implant, compared to the solid implant
design, is reported for Gruen zones and bone-implant interface elements, as
shown in Fig. 6d, e. According to these results, the bone mass particularly
increased in Gruen zones 3 and 5. However, Gruen zones 6 and 7 showed
mass reduction, and Gruen zones 1, 2 and 4 did not show any considerable
mass change, comparing the porous implant with the solid implant design.
Although, the total bone mass with the two implant cases were almost
similar, the local changes of bone mass on the bone-implant interface ele-
ments, showed an overall mass increase of 33%, based on Fig. 6e. According
to the results, reducing the implant elastic modulus created a local increase
in bone mass for the surrounding bone, although not changing the overall
bone mass.

Figure 7 shows theVonMises stress distribution on the bone, implants,
and assembled systems for both implant designs. In the case of the FG
porous implant, as shown in Fig. 7a, b, bone elements experienced higher
stress at the bone-implant interface region. Subsequently, in the high-stress
regions, positive remodelling was triggered in those elements, and higher
density was reported, as shown in Fig. 6a.

According to Fig. 7c, in the FG porous implant design, the stress has
increased on the solid shell region to compensate for thematerial reduction.
The stress distributionhas also been shiftedmore towards themedial axes of
the implant in the porous implant design. The middle section of the FG

porous implant, shown in red window in Fig. 7c, had lower porosity in and
was also under higher stress levels compared to the same regions in the fully
solid implant design. However, in the lower parts of the FG porous implant,
shown in the green window in Fig. 7c, elements were not in direct surface
contact with the surrounding bone. Therefore, they showed lower stress
values. There is a small region on the porous implant with high stress
concentration, which is due to the contact with the geometrical artefacts in
the bone marrow. Moreover, the neck region of the FG porous implant, as
the critical region, still maintained a safety factor of 2 SF ¼ σyield

σmax

2, con-
sidering the yield stress of the material.

Prototype printing of functionally graded porous implant
To demonstrate the internal porous structure of the implant design, it was
printed in two sections, cut from the medial plane, as shown in Fig. 8a, b
shows theprintedprototype.Due to the fact that componentsmanufactured
by DMLS typically have as-fabricated surface defects33, the inner pore sur-
faces include particles of unmelted metal powder or have pores created as a
result of weld pool collapses. However, the resolution of the model, the
minimumpore size in themodel, and theparticle size affect thefinal product
quality.

Discussion
This study developed a FG hip implant design using a gyroid lattice-based
structure that was structurally optimised through an inverse bone remo-
delling algorithm. The FG gyroid lattice structure was mapped on an
optimised density distribution field in the implant stem region. The density
optimisation technique was based on an inverse bone remodelling logic,
which produced a structure that had low density regions on the sides of the
medial axis of the stem and in the proximal region, while having a higher
density at distal part of the stem (Fig. 3). The performance of the FG porous
implant design was evaluated using a bone remodelling algorithm. Local
increases in thebonemassdistributionwere found for theFGporousdesign,
with higher stress successfully transferred to the bone elements at the bone-
implant interface following implantation.

The optimised porous implant design that was developed in this study
represents a novel design, with notable differences to existing commercially
available porous implant designs that have not been optimised based on
loading distribution. For example, the Arcos one-piece34 femoral revision
system (Zimmer Biomet, USA, 2016) simply uses a randomly distributed

Fig. 3 | Translating density distribution field into an elastic modulus distribution field. a Optimised density distribution in the design region of the implant, b a cross
section of the density distribution, c corresponding elastic modulus distribution on the design region.
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porous structure throughout the component. Other devices tend to only
include porosity on surface35, as shown in Fig. 9. Considering new additively
manufactured designs of FGporous implants, very fewof themare basedon
an optimised material distribution3,4,36, and in most cases, the gradient
structure is a uniformor simple linear graded lattice structure25,37, or else use
hybrid designs, including multi-material lattice structures1,5,19,38. However,
the graded lattice pattern that was produced in the current study is non-
uniform and dictated by a material optimisation algorithm, and it cannot
simply be described by a linear gradient lattice. Here, the density mapping
technique was used in the graded lattice design that follows an element-by-
element tailored structural properties, instead of using a multi-morphology
lattice design.

While the resulting distribution map was aligned with other studies
that have used alternative optimisation algorithms3,4, the element-by-
element density mapping approach outlined here enabled a higher

resolution grid point, which locally mapped continuous porous structure.
This is in contrast to other methods4,15 that limited the number of sampling
points to reduce computational cost, with these distributed through the
structure tomap thedensitydistribution. In addition, this studyprovides the
option to cover the porous implant using a solid shell, to offer the oppor-
tunity for applying an optimised porous coating on the surface, whereas in
most gradient porous implant designs, the body of the implant consists of
lattice structures. This generated a porous implant with gradient cell sizes
and porosity on its surface4,14,27. Although the porosity might address the
fixation by promoting bone growth in these implant designs, it needs
more invasive techniques in case of a revision surgery39,40. The coated
design was applied on the graded porous implant design, whereas in
another study it was considered on a uniform BCC lattice structure37.
Density-mapping lattices used in other studies were strut-based lat-
tices, including BC lattices41, or tetrahedron lattices3,4. Although

Fig. 4 | Step-by-step process of mapping a graded lattice structure on the opti-
mised density distribution field. Mapping density lattice generation, a binarized
grid over the bounding box of the implant stem, b element density distribution
interpolated on the grid, c equivalent gyroid levelset field to the density distribution,

d gyroid function values created on the levelset field, e isosurfaces on the generated
mapping gyroid field in grey, and outer face boundary surface of the implant shown
in pink.
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TPMS-based lattices have been used in hybrid lattice-based implant
designs5, however as a density-based lattice structure, they have not
been investigated before. Using the density mapping technique,
introduced in LatticeWorks32, the results of the optimisation section
were used to generate a FG lattice structure in the implant surface
that had the optimised material distribution mapped.

The new implant design was evaluated and compared to the fully solid
implant design, using a bone remodelling algorithm on the surrounding
bone. The quantified stress levels and bone density showed locally higher
stress and higher density on the surrounding bone elements, in the case of
the porous implant design. The increased interface stresswas anundesirable
effect of the new design, which might increase the probability of failure in
bone4,15. However, in this study, the resulting stresses in the optimised
implant upon loading were safe when evaluated and compared to the yield
strength of the material. Also, the increased stress value in the bone tissue
served as a positive remodelling stimulus for the interface elements. Bone
mass results showed a 33% increase on the bone-implant interface elements
in the femur with porous implant, compared to the femur with a fully solid
implant. Although the results did not show a considerable bone mass
increase in the wider bone regions. The high stress regions in the implant
and bone assemblywere due to the geometry artefact and the step generated
in the bone canal while excavating the implant hole. This study also has
several limitations that should be considered. After THA, a patient’s most
common dynamic activity is walking. Therefore, to calculate the changes in
the physiological strain distribution following THA or bone remodelling,
researchers typically looked at static load situations of the gait cycle42.
However, in normal life, the femur is under other loading conditions as well
that incorporates all themuscle loads. Therefore, the design canbe evaluated
inmore loading conditions, to capture amore inclusive bone response, that
incorporates the upper region of the femur bone as well, whereas in this

design was shown to be under resorption and reduced in density. Also,
the stress shielding effect can be quantified using the stress shielding
increase (SSI) indicator2 that evaluates the response of the implanted
femur with the intact femur response. For further assessment of the
stress shielding effect, the SSI factor can also be calculated to compare
the two solid and porous implant designs. However, in this work, the
change of bone mass has been reported to assess the performance of
the new implant, with reference to the femur with a solid implant.
Furthermore, the sectioned prototype of the implant design was also
3D printed to demonstrate the manufacturability of the design, as well
as additive manufacturing challenges. In this prototype, the sample
was printed as two sides of the whole model. However, with the full
model design, using powder bed technology, removing the remaining
powder within the closed porous surface is not accessible as it is in the
cut model. The additive manufacturing experience in this study
showed that for future similar designs, a vent or powder removal
channel needs to be considered at the design stage, to facilitate pro-
totyping with the DMLS technique. Also, aluminium is not bio-
compatible within human body, and the real implants are available in
other biocompatible materials43–45. In this demonstration of metal
additive manufacturing, the material itself was not a matter of study.
However, in future studies, it is recommended that the implant be
printed in biocompatible materials. With the full implant model
additively manufactures, the mechanical performance of the implant
can be experimentally tested in terms of yield strength or fatigue in
future works. However, this study is an inclusive package from
modelling, optimisation, analysis, and prototyping that establishes the
key aspects of the FG porous implant design. The process can be
modified and customised in each step according to the specific
application.

Fig. 5 | Shell coating. a Shell thickness t, on the boundary of the implant stem surface, b gyroid surface (in grey), and coating surface (in pink) for generating the porous
implant, c slicers of the designed porous implant.
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This study developed an optimised FG porous implant design,
equipped with a solid shell coating, that showed improved long-term bone
response. The optimisation technique was inspired by an inverse bone
remodelling logic that promoted an even stress distribution throughout the
design region by reducing the density and consequently the stiffness in
regions where strain energy was higher than the reference level. The results
of the optimisation technique were a density distribution field, that showed
lower density on the sides of the implant stem, and higher material density
around the medial axis and distal regions of the implant. The performance
of the optimised FG porous implant design showed improved bone for-
mation on the bone-implant interface. This study demonstrates how the
computational frameworks developed in this work can be utilised to create
FG lattice structures, incorporating structural optimisation techniques to
facilitate customised implant design.

Methods
Model framework
A three-dimensionalmodelwas prepared using a hip implant and a femoral
bone geometry. The implant model was created based on an identical
configuration to a ZimmerM/L Taper implants (Zimmer Inc., USA, 2010).
The bone was generated as a surface using a cloud point of a femur model
from a previous study46. The generated parts with their dimensions are
shown in Fig. 10, with the design domain in the hip stem region shown in
green. To assemble the two parts, the implant stem surface was subtracted
from the bone part, enabling the implant to be virtually inserted into the
bone. The two parts, with linear elastic material properties (see section
“Bone remodelling in solid implant”), were assembled as shown in Fig. 10c.
Contact at the bone-implant interface was modelled as a node-to-surface
interaction, with hard contact defined in the normal direction while the

Fig. 6 | Bone remodelling results on femur with fully solid implant vs. porous implant. a Density and b elastic modulus distribution on the femur with fully solid vs.
porous. c Bone mass results in femur with fully solid vs. porous implant, categorised by d Gruen zones, and e interface bone elements.
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Fig. 7 | Changes inVonMises stress distribution on the system, comparing the systemwith a solid implant and the porous implant design.VonMises stress distribution
of the porous-implant compared to the solid-implanted femur in a the assembly, b bone parts, and c implant parts.

Fig. 8 | Computer aided design (CAD) model vs additively manufactured prototype of the porous implant design. a An implant specimen model and its cross-section,
b fabricated using direct metal laser sintering (DMLS). Material: Aluminium, with particle size of 40 µm. Machine: EOS M290, LPE Company, Belfast, UK.
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tangential direction was defined by a friction coefficient of 0.4547,48. The two
generated parts were meshed using linear tetrahedral elements (C3D4),
using TetGen49,50 algorithm, as shown in Fig. 10c. The FEmodel of the solid
implant and bone parts consisted of 3812 nodes and a total of 17,700
elements, and 13,295 nodes and 54,784 elements, respectively.

This study considered four distinct steps in developing a FG porous
implant. Firstly, an existing bone remodelling algorithm51,52 was imple-
mented on the bone section to predict the bone tissue response to the
implanted femoral implant and identify any instances of stress shielding. A
second algorithm was developed to determine the optimised material dis-
tribution within the implant part, with the formulation of this algorithm
based on the principle of an inverse remodelling logic. Subsequently, this
optimised density distribution was mapped to a tailored density lattice
structure on the implant through the appropriate mapping technique using
the recently developed LatticeWorks toolbox32. LatticeWorks is an open-
source MATLAB toolbox for lattice generation, facilitating the creation of
nonuniform and density mapping lattice structures, and infill lattice gen-
eration. A new implant design was suggested through mapping the opti-
mised material distribution. Finally, the bone remodelling algorithm was
applied once again on the femur with porous implant and the performance
in termsof stress shieldingwas evaluated and compared to the solid implant.
The following sections describe the methods applied in each step in more
detail.

Bone remodelling algorithm
A bone remodelling algorithm, inspired by Wolff’s Law, where the strain
energy density (SED) is used as a feedback control variable, was imple-
mented to determine the bone density distribution51,52. The algorithm
adjusts density to balance SED around a reference value, triggering (1)
positive remodelling (bone apposition), (2) negative remodelling (bone

resorption), or (3) no change (lazy zone). The strain energy per unit ofmass,
S, was based on the physiological loads applied andwas calculated as Eq. (1):

S ¼ 1
2ρ

� σT � ε ð1Þ

inwhich ρ represents the density, σ is the tissue level stress based on element
VonMises stress, and ε is the strain tensor from the FE analysis. The average
strain energy density per unit of mass is calculated over the integration
points of each element. The applied remodelling algorithm updated the
material properties of elements, according to their average strain energy per
unit of mass S, compared with a reference value, Sref . The reference strain
energy (Sref ) was calculated based on the initial state of bone, as the
homoeostatic stress and elastic modulus were σ initial ¼ 68MPa, and
Einitial ¼ 17GPa. The bone remodelling stimulus was the difference
between the Sref , and bone remodelling flag was defined as:

S� Sref

> 0;

¼ 0;

< 0;

8
><

>:

Positive Remodelling

No Remodelling

Negative Remodelling

ð2Þ

Based on the remodelling flag, the change an element’s apparent
density was calculated according to,

Δρ ¼ S� Sref
� �

� τ � A ρ
� � � dt ð3Þ

in which dt is the time of the increment, τ is a time constant and assumed to
be 130

28 gmm�2Jg�1 per day, andAðρÞ is the free surface area, and a function

Fig. 9 | Commercially available porous design of a hip implant compared to the optimised porous implant design in this study. a VerSys HA/TCP Fibre Metal Taper
stem porous coated implant [from ref. 35] vs. b the new graded porous implant design.
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of density, defined as53:

A ρ
� � ¼ �0:8165 ρ6 þ 2:7247ρ5 � 4:7325ρ4

þ 5:8881 ρ3 � 7:6906ρ2 þ 8:6563ρþ 0:1318
ð4Þ

The elements density is updated according to the remodelling flag,
which was defined as:

ρtþ dt ¼
ρt þ Δρ

�
�

�
�;

ρt ;

ρt � Δρ
�
�

�
�;

8
><

>:

Positive Remodelling

No Remodelling

Negative Remodelling

ð5Þ

Theupper and lowerdensity for the cortical bone elementswas set tobe
0:01; 1:73½ � g cm�3.When the densitywas calculated, theYoung’smodulus
of an element was updated using Eq. (6)42,51.

E ¼ 3790 ρ3 ð6Þ

Using the updatedmaterial properties at each increment, the FE solver
updates the response of the system based on the boundary conditions. The
maximumallowable density change in each iteration ðΔρmaxÞwas limited to
0:175
28 g=cm�3 per day. The bone remodelling algorithm was considered
converged when the change in density among the elements was lower than

0.002 in successive increments. The bone remodelling parameters are
summarised in Table 1.

The bone remodelling algorithm is summarised in a schematic flow-
chart shown in Fig. 11, with the model implemented in the Abaqus/
Standard54 solver, through a user-defined field Subroutine (USDFLD).

Density optimisation algorithm
An optimisation algorithmwas developed based on an inverse-remodelling
scheme to achieve a more homogenous stress distribution within an
implant, by iteratively reducing stiffness via density adjustments in high-
SED regions, promoting load redistribution.

The objective of the optimisationmethod was to reduce the total mass
of the implant stem by 20%, while optimising SED distribution. This

Fig. 10 | Developed FEmodel of a femur, with a solid implant. a Implant part with neck and stem regions, b femur cortical bone section, hollowed with the implant stem,
c mesh intensity of implant and bone assembly.

Table 1 | Summary of bone remodelling parameters

Remodelling parameter value

Homoeostatic/Initial stress (σ initial ) 68Mpa

Remodelling time constant (τ)51 130
28 gmm�1Jg�1per day

Max. cortical bone density51 1:73g � cm�3

Min. cortical bone density51 0:01 g � cm�3

Max allowable change in density (Δρmax) 0:175
28 g � cm�3
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topological objective, targeting material reduction in the final design, was
addressed by tuning the strain energy per unit of mass (S) of the elements,
calculated using Eq. (1), compared to a reference strain energy (Sref ).
Mathematically, this is expressed as reducing the total mass (M) subject to
the balanced SED (S� Sref ), where SED drives the optimisation, aligning
with bone remodelling principles. The optimisation logic is governed by Eq.
(7), in which the reference strain energy is considered Sref ¼ 1e� 5J=g,
based on the original strain energy of the elements to initiate the optimi-
sation.

M ¼ sum ρiVi

� �
; subject to : S� Sref

< 0;

¼ 0;

> 0;

8
><

>:

Increase stiffness

No stiffness change

Reduce stiffness

ð7Þ

inwhichρi andVi denote the apparent density and volumeof the individual
elements, respectively. The density change in each iteration was calculated
as:

Δρ ¼ S� Sref
� �

� τ � dt ð8Þ

In the optimisation process, the density change was not a function of the
surface free area. Therefore, AðρÞ the factor was considered as 1 in this
algorithm. Based on the strain energy difference and the stiffness optimi-
sation scheme, the elements' density was updated according to the

remodelling flag:

ρtþ dt ¼
ρt þ Δρ

�
�

�
�;

ρt ;

ρt � Δρ
�
�

�
�;

8
><

>:

Increase stiffness

No stiffness change

Reduce stiffness

ð9Þ

The lower and upper bounds for the implant element density were set
between 1:36; 4:5½ � g � cm�3, which corresponds to the relative density of
[30%–100%], using implant material properties55. When the density was
calculated, an element’s Young’s modulus was updated based on the gyroid
power law equation29,30, using Eq. (10).

E ¼ 8120:2 ρ1:79 ð10Þ

The flowchart of the optimisation scheme is shown in Fig. 12. While
the optimisation targets a 20% mass reduction, the ultimate goal is to
mitigate stress shielding, assessed post-optimisation via the bone remo-
delling algorithm (as per Section “Bone remodelling algorithm”).

Functionally gradedbiomimetic lattice structure tailoring density
distribution
The LatticeWorks toolbox32, was used to map the optimised density dis-
tribution to a graded lattice structure. Using this toolbox, a grid was first
generated in the bounding box enclosing the structure.An imagematrix (D)
was created using the grids to calculate the distance of individual grids from

Fig. 11 | Bone remodelling algorithm, based on
strain energy density, applied on the implanted
femur section.
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the nearest boundary face of the implant. This distancematrixwas binarized
to inside (D < 0) and outside (D > 0) of the design region. The FE model
density data was then interpolated to the inner grids, using barycentric
coordinates of the elements. The grid relative density data was then trans-
lated to the gyroid levelset (l) data using the gyroid relative density vs.
levelset relationship and shown inFig. 13.The gyroidfield function (φ)29was
evaluated on the grid points (X;Y ;Z), based on Eq. (11), with the isotropic
frequencyof 70π, that corresponded to thewavelength of 3:5 cm, in all three
directions. Gyroid strut-based lattice choice with lower stiffness compared
to sheet-based lattice56 aligns with the goals of reducing the stress shielding
effect. The generated uniform gyroid field (φuniform) was then normalised
using the gradient levelset field (l), using Eq. (12). The new gyroid field
(φmap) became non-uniform, mapping the graded density distribution.

φuniform ¼ sinX cosY þ sinY cosZ þ sinZ cosX ð11Þ

φmap ¼
φuniform

l
ð12Þ

Finally, the mapping gyroid field (φmap) was rendered at isovalue of
one, where the uniform gyroid field (φuniform) was equal to the levelset value
(l), mapping the required relative density distribution.

The generated gyroid field was enclosed in a shell with a thickness of
t ¼ 4mm, in terms of the distance value from the boundary surface of the
implant stem in the image matrix. This step was done using density map-
pingwith the shell technique inLatticeWorks32.According to this technique,

a copyof thedistancematrix (D)was adopted to categorise the gridswithin a
certain distance from the boundary face. The gyroid mapping field (φmap)
within the boundary region grids was replaced by the thickness field. With
the new combined mapping and thickness field (φt;map), inner porous
surface and boundary shells were drawn using isolevel value at zero.

Bone remodelling in solid implant
With the FE model of the femur with a fully solid implant prepared in the
section “Model framework”, the bone remodelling algorithmwas applied to
the surrounding bone part. The material properties and the boundary
conditions that were applied are described in the following sections.

Fig. 12 | Stiffness optimisation algorithm, based on
the inverse-remodelling algorithm, applied on the
implant section.
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Fig. 13 | Gyroid relative density vs. levelset relationship.
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In thefirst section for the analysis, the implantmaterial was considered
as a titanium alloy, as an isotropic linear elastic material, with the
mechanical properties reported in Table 242,48. The cortical bone section
undergoes a remodelling algorithm, in which the material properties are
updated in each solver increment. However, the allowed upper and lower
limits of its Young’smodulus in the algorithmand considered yield strength
are reported in Table 257,58.

The boundary conditions and applied loading for this case considered
the static forces of a 700N person walking at normal speed19,59,60. The bone-
implant assembly was subjected to the maximum muscle forces acting on
the bone at node P2, and stem head contact force at node P1, as shown in
Fig. 14. A reduced muscle system was considered with a combination of
abductors, the tensor fascia latae, and the vastus lateralis muscles, as sum-
marised in Table 3. The bottom ends of the femoral bone were defined as
fixed support, considering the contact surfaces of the knee joint. The applied
boundary conditions are visualised in Fig. 14.

To evaluate the stress shielding effect in thebone-implant assembly, the
FE model results were studied after convergence criteria were achieved, in
ten iterations of remodelling, and the bone mass was analysed on the bone
elements. The femur bone was segmented into seven Gruen zones2,4, which
are often used in clinical settings to evaluate THA performance. Also, to

study the local effects of the implant, a bone-implant interface element set
was defined on the bone section. These element groups are shown in Fig. 15,
for Gruen zones and bone-implant interface elements.

Bone element density and element volume were exported from the
results, and bone mass was calculated for the element sets defined. The
change in elements bone mass was compared for the porous FG implant
design with the solid implant design, and the percentage of change in bone
mass was reported based on,

Δm %ð Þ ¼
mPorous implanted femur �m

Solid implanted femur

mSolid implanted femur
× 100 ð13Þ

Optimisation of density distribution and functionally graded lat-
tice mapping
The optimisation algorithmwas applied to the implant design section in the
bone-implant assembly, as shown in Fig. 10c. In this assembly, the bone
section was defined as an isotropic linear elastic material, with a constant
Young’s modulus of 17GPa, and Poisson ratio of 0:3. All boundary con-
ditions and applied loads were the same as those described in the bone
remodelling model, as presented in Table 3 and Fig. 14. The implant opti-
misation algorithm was considered converged when the mass reduction
among the elements reached lower than 20% of the original mass. The
optimisation algorithmwas only applied to the design region of the implant,
as shown in Fig. 10a, and the neck region maintained solid with material
properties stated in Table 2.

Bone remodelling in functionally graded porous implant
To evaluate stress shielding in the newly designed porous implant model, a
FE model similar to the model in Section “Model framework” was devel-
oped, with this implementation using the porous implant, instead of the
solid implant. Following the generation of the porous stem in LatticeWorks,
it was merged with the neck region. The assembled implant was meshed
using TetGen algorithm49,50. However, to mesh the solid section of the
implant, hollowed gyroid voxels needed to be recognised by the meshing
algorithm, otherwise it would automatically fill them up. To this end, the
individual continuous holes were introduced to the algorithm by an inner
point. However, due to resolution limitations, the mapped gyroid surfaces
were not continuous, and there were groups of them throughout the stem
region. To address this, continuous groups of gyroid surfaces were sorted
based on their volumes. The largest regions, with a volume threshold of
500mm3 were selected, and any remaining sections or tiny gyroid surfaces
were removed. With introducing an inner point of the maintained gyroid
surfaces, the new implant model was meshed, and the mesh data was
converted to Abaqus input parameters. With the two FE models of the

Table 2 | Mechanical properties of human cortical bone tissue, and the implant

Material properties Elastic modulus (GPa) Poisson’s ratio Yield strength (MPa)

Implant (Ti-6AL-4V) 110 0.3 900

Cortical bone 17 0.3 Compression [130–200]

Tension [50–151]

Fig. 14 | FE model with relevant physiological loadings and boundary conditions.

Table 3 | Loading components applied to the FE model

Force name (applied location) Force components (N)

Fx Fy Fz

Hip joint (P1) 378 −1603 230

Abductors (P2) −406 605.5 30.1

Vastus lateralis (P2) 6.3 −650.3 129.5

Tensor fasciae latae distal part (P2) 3.5 −133 4.9

Tensor fasciae latae proximal part (P2) −50.4 92.4 −81.2
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implanted femur, one with a fully solid implant, and the other with the new
porous design, the remodelling algorithm was applied to the surrounding
bone part.

With the new implant design, the stress shielding effect was evaluated
through bone mass in different element groups, through the method dis-
cussed in Section “Bone remodelling in solid implant”. The new implant
design was assessed through comparing the results with the case of a femur
with a fully solid implant.

Prototype printing of functionally graded porous implant
The resulting optimised FG porous implant design was manufactured with
theDirectMetal Laser Sintering (DMLS)method, using aluminium, by LPE
company (Laser Prototypes Europe Ltd., UK), using EOS M290 printer.
DMLS is a very efficient sort of additivemanufacturingprocedure that uses a
layer-by-layer manufacturing technique to produce any complex design.
Themain benefits of this technique are its adaptability to differentmaterials
and shapes, its vast potential for producing intricate 3D parts61.

A high-resolution stereolithography (STL) model of the designed
implant was generated for 3D printing. The printing parameters are

summarised in Table 4, in which for different printing directions, laser
power and speed are specified.

Data availability
All relevant data and figures supporting the main conclusions of the
document are available on request. Please refer to M.V. at
mahtab.vafaeefar@universityofgalway.ie.

Code availability
The codes generated and/or analysed during the current study are available
in the Zenodo repository under an MIT license (https://doi.org/10.5281/
zenodo.14906052).
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