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Abstract

This study advances orthopaedic implant design by examining the impact of lattice structures
on gait cycles and integrating biomimicry principles for superior patient outcomes. Using Finite
Element Analysis (FEA), three lattice designs; Face Centred Cubic (FCC), Body Centred Cubic
(BCC), and a hybrid Face-Body Centred Cubic (FBCE)ywere evaluated with materials
including Ni-Ti Shape Memory Alloy, TNTZ Alloy, and.AZ91D Alloy. AZ91D emerged as the
optimal material, offering the best balance of strength ‘and weight. Tibia bone implants made
from AZ91D were tested under various gait.cycle conditions, including loading-level knee
bending, 20% bending, and 30% bending, where the FBCC structure outperformed others due
to its enhanced load transfer capabilities. Porosity effects were analysed by varying strut
diameters between 0.3 mm and 0°6 mm; resulting in a 40% stiffness difference compared to
natural bone, affirming its suitability for biomimetic applications. This innovative approach
achieves an 86% weight reduction compared to titanium-based implants, significantly
enhancing comfort, reducing physical strain, and improving mobility for amputees. By
leveraging advanced topology optimisation and material science, this research provides

valuable insights into lightweight and high-performance orthopaedic implant development.
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Introduction

The successful long-term implantation of orthopaedic devices relies on a crucial aspect of
ensuring compatibility between the mechanical and structural characteristics of the implant and
the human body [1]. However, a noteworthy challenge, aseptic late failure poses a significant
threat with stress shielding (or stress protection) emerging as a primary biomechanical
contributor to this hurdle. This phenomenon happens when the implant's stiffness substantially
surpasses that of the surrounding bone, resulting in periprosthetic bone resorption.due to
decreased loading on the adjacent bone [2, 3]. This underscores the imperative for achieving
precise biomechanical conformity to ensure the enduring resilience of. orthopaedic

interventions.

To address similar phenomena, cellular or lattice structures have attracted considerable
attention due to their unique characteristics, including an extremely lightweight nature, high
specific strength, and robust energy absorption capabilities«[4, 55:6, 7]. These qualities make
lattice structures highly promising for applications_in diverse fields such as acoustics,
aerospace, and machinery industries [8, 9, 10]. Furthermore, the outstanding design flexibility
of lattice structures in optimizing parametess.like strut'size, pore morphology, and macroscopic
apparent density holds the potential to accelerate bone tissue regeneration or simulate stress
stimuli in specific regions of primary, bones [11]. These versatile features make them
particularly valuable in the fields-of orthopaedics and bioengineering [12]. For instance, Van
Bael et al. investigated the impact of factors such as pore size, shape, porosity, and permeability
on the mechanical responses and in vitro biological performances of scaffolds. Their study
demonstrated that spécific morphological modifications were deemed beneficial in enhancing

cell seeding [13].

The strength of fixation for biological attachment relies significantly on the initial stability of
the fixation, as excessive relative motion between bone and prosthesis can impede the
osseointegration process [14]. In-vivo observations in a study conducted by Jasty et.al
disclosed bone ingrowth at the bone—prosthesis interface with micromotion ranging from 20 to
50 um [15]. However, when the micromotion exceeded 50—150 um, formation of fibrocartilage
or fibrous tissues occurred instead, compromising the fixation strength, and potentially leading
to component loosening [15, 16]. Various factors can generate loading on an implant, leading
to micromotion characterized by the displacement of the implant in relation to the surrounding

bone. These factors include the physical attributes of bone tissues, such as elastic moduli and



the strength of attachment between the implant and tissue, the mechanical interplay between
the implant and tissue, and the geometric features of the implants [17]. To evaluate
micromotion, these factors have been simulated using finite element (FE) investigations. The
analysis explores component characteristics, including the stem and fixation pegs/screws,
along with material and geometry considerations that could impact the interfacial conditions
for osseointegration. [18, 19]. For instance, Wazen ef al. demonstrated that in stable implants,
bone formation consistently occurred around the implants. However, in implants subjected to
micromotion, bone regeneration was disrupted in areas with high strain concentrations, while
lower strain values facilitated bone formation [17]. Numerous efforts have béen undertaken to
mitigate bone resorption and enhance the stability of the bone-implant interface during
micromotion. These endeavours involve integrating multiscale mechanics and topology
optimization techniques to design porous architected biomaterials [20, 21]. In this context,
engineering scaffolds play a crucial role, addressing segmental bone defects within a
surrounding bone tissue environment characterized by diverse structures and biomechanical
performances [22]. Various studies have explored the«nfluence of materials, pore size, pore
diameter, and permeability, and a direct correlation with bone growth has been indicated,

displaying some asymptotic trends [11, 23424;.25].

However, the correlation between pore.size and diameter with micromechanics has not been
well-established, necessitating additional ‘analysis. This research aims to bring a heightened
understanding to the intricacies Of micromotion during the gait cycle, focusing on lattice
structures composed of three distinct evolving materials, with variations in pore sizes and

diameters.

Design & Methodology

Material Selection

The material selection towards research was grounded in the utilization of three major alloys
commonly employed in biomedical and orthopaedic applications. Careful considerations were
given to essential factors including biocompatibility, mechanical strength, and manufacturing
ease. According to literature, selected alloys include TNTZ alloy, with a composition as
reported in [26], AZ91D magnesium alloy with a composition detailed in [27] and a Nickel
Titanium-based shape memory alloy with a composition obtained from [28]. These alloys were
chosen based on specific criteria encompassing biocompatibility, mechanical strength, and ease

of manufacturing. The mechanical properties of these alloys are detailed in Table 1.



Table 1. Mechanical properties of selected alloys for the orthopedic applications.

Alloys Young’s | Density Poisson’s Average Average
Modulus | (g/cm?) Ratio Tensile Compressive
(GPa) Strength Strength
(MPa) (MPa)
TNTZ Alloy 80 5.7 0.375 650 750
AZ91D 45 1.8 0.35 347 390
Ni-Ti SMA 40.1 6.45 0.3 745 790
Design of Unit Cell & Lattices
Unit cell- | Unit Cell — Structure Strut Strut Lattice Lattice
Type Diameter | Dimensions Dimension
(mm) (1x b x h) (1% b x h)
(mm) (mm)
0.8 S5x5x%x5 30 x 30 x 30
BCC
0.8 5x5x%x5 30 x 30 % 30
FCC
0.8 S5x5x%x5 30 x 30 x 30
FBCC

Figure 1. Designed unit cell and its associated lattice structure with its dimensions.




Three different unit cells i.e., face centred cubic (FCC), body centred cubic (BCC), and face-
body centred cubic (FBCC) were designed and developed via SolidWorks 2019. The design as
based on two key factors i.e., strut thickness (t) and unit cell size (a) which govern the overall
geometry allowing the cell to be modified based on scale, porosity and pore size resulting in
lattice structures. The unit cells were designed with same edge length, circular cross-section,
and strut diameter. The developed units were generated into uniform lattices to evaluate the
mechanical characteristics based on design and materials using Creo Parametric 9.0. The

dimensions of unit cell and lattices are reported in Fig. 1.

Design of Bones & Orthopaedic Implants

(@) (b)

b —

4 cm 4 cm 4 cm

Figure 2. Designed tibia bone components (a) trabecular bone, (b) cortical bone and (c¢)
final tibia bone for FEA with implant section.

The model towards 'this_study was designed as showcased in Fig. 2 and to facilitate Finite
Element Approach (FEA), the design was sectioned at 19 cm from the top surface to result a
flat end. The design was divided into cortical and trabecular components through Boolean
operationsias-reported in Fig. 2(a) & Fig. 2(b) for precise FEA analysis by considering varying
material properties within bone. The tibia implant was also designed based on the cross-
sectional dimension of bone with a press-fit configuration comprising two components 1.e., top
plate and a short stem as reported in Fig. 3. While the short stem is conventionally designed as

a solid structure, this study tends to replace the solid stem with lattice structures.



Figure 3. Design of tibia implant (a) top plate, (b) stem and (c¢) implant assembly

Finite Element Approach

Figure 4. Assembled structure of tibia implant with bone.

The effect of lattices on the implant and its micromechanics was analysed using the finite
element method (FEM) in Ansys through static structural and dynamic simulations. Lattices
developed from FCC, BCC, and FBCC unit cells were investigated to evaluate the suitability
of the chosén alloys under mechanical loading. To assess the materials, the lattices were
subjéeted to a virtual compression test in Ansys. Boundary conditions were imposed to
replicate real-world constraints: the lower part of each lattice was firmly supported, while a
deformation rate of 1 mm/s was applied to the top layer in the downward vertical direction.
The loading duration was set at 60 seconds, during which the equivalent stress and total
deformation were calculated. Figure 4 illustrates the assembled implant used in the FEM
analysis. To ensure optimal geometric compatibility, the lattice structures were embedded into
the tibia bone model through a meticulous design and analysis process. The tibia bone model
was divided into cortical and trabecular components to facilitate precise FEA, allowing for an

accurate representation of the bone's varying material properties. The tibia implant was



designed with a press-fit configuration which is consider to a common configuration and
comprising two main components: a top plate and a short stem. The short stem, which is
conventionally solid, was replaced by lattice structures in this study. Three different lattice
structures were designed using SolidWorks and Creo Parametric, with specific dimensions for

unit cells and struts to ensure they fit within the geometric constraints of the tibia bone.

Gait Loading Cycles in Tibia Implant

Table 2. Gait loading case cycles in Tibia Implant
Loading Case Force (N) Moments (Nmm)

Fx Fy Fz Mx My Mz

Level Knee Bending 75.8 8.3 -2537.5 | 13220 | 12030 | -2230

20% of gait cycle -76.05 | 169.96 | -318.9 2420 3430 | -1900
(Level Walking)
30% of gait cycle -144.65 | -52.79 | -1442.14 13760 -4790 | 1090
(Level Walking)

To analyse stress shielding and micromotion, gaitdoading cycles and deep knee bending cycles
were simulated, representing common physiological conditions encountered by a knee implant.
Three different loading scenarios, with load distributions shown in Table 2, were employed to
mimic typical physiological stresses experienced by the human body. These loading conditions
were derived from in-vivo measurements from an instrumented knee joint designed for a male
subject weighing 1000 N, with a-Contact load error rate of less than ~2% [29, 30]. The tibial
implant was modelled as apress=fit configuration to prevent rigid body motion, with the distal
end of the tibia bone fixed. The implant’s top plate was in contact with both the trabecular and
cortical bone, with.a friction coefficient of 0.35 applied to the interface between these surfaces.
To restrict non-linear deformations, the displacement support tool in Ansys was employed,
limiting movement to the z-axis. A coordinate system was established through the centre of the
implant's top surface, and forces (Fx, Fy, Fz) and moments (Mx, My, Mz) were applied along
the respective X, y, and z axes. Positive values were assigned to forces and anticlockwise
moments along these axes. Loads and moments were applied on the top surface of the implant's
plate to simulate realistic boundary conditions. Mesh convergence analysis was performed with

element sizes ranging from 0.1 mm to 1 mm to ensure accurate and reliable results.



Results & Discussion
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Figure S. Mesh convergence study for lattices with respect to varying element size for
TNTZ alloy.

Compression test was carried out on each lattice'structures via FE approach with help of the
chosen materials properties. Three distinct materials each employing BCC, FCC and FBCC
lattice structures were subjected to ‘testing to determine the material for micro-mechanics
simulations. Mesh convergence studies were conducted for all scenarios, revealing a spectrum
of mesh convergence rather than' a uniform converging mesh size. Figure 5 illustrates the
convergence study conducted towards the lattices for TNTZ alloy. The study was conducted
via direct optimisation where the mesh element size was set as the input parameter for the
convergence study, with Equivalent Stress (Von-Mises) assigned as the output parameter. The
element size.of mesh was varied between 0.1 to 1 mm and the convergence of equivalent stress
was 1dentified at 0.5 mm. Figure 5 illustrates the relationship between element size and
equivalent stress for BCC, FCC and FBCC structures. For FCC and FBCC, equivalent stress
stabilizes between element sizes of 0.1 mm and 0.6 mm, indicating convergence, while a
significant drop occurs beyond 0.7 mm. In contrast, BCC shows fluctuating stress values across
all element sizes, suggesting a lack of convergence making 0.5 mm as optimal element size as
it offers a balance between computational efficiency and result accuracy. The lack of
convergence in BCC results is likely due to its inherent material behaviour and sensitivity to

stress gradients. The BCC lattice structure due to its intricate and complex behaviour results in



complex element and node development resulting in drop of mesh elements quality which

affects the aspect ratios and minimal distortion leading to convergence issues.

Table 3 reports the equivalent stress attained from FE analysis for all three lattices under
distinct material properties. From the Table 3, it could be noted that FCC showcased higher
equivalent stress distribution compared to BCC and FBCC structures in all three alloys.
However, while analysing the stress distribution plot reported in Fig. 6, it could be stated that
maximum distribution occurs on the top surfaces and strut connections in the lattices [31, 32].
From Fig. 6, it could be stated that stress distribution was more uniform in FCC and. FBCC
compared to BCC. The non-uniform distribution of the stress in BCC is alignedwithiprevious
research [32, 33]. This non-uniform distribution could have been attributedto.the struct design
of BCC which transfers load to the cores and edges of the lattice rather than to the internal

struts.

Table 3. Equivalent stress for various lattices attained via FE.analysis for various alloys

Lattices Equivalent Stress (MPa)
TNTZ Alloy AZ91D Alloy Ni-Ti SMA
BCC 550.11 400.69 380.38
FBCC 657.12 479.18 438.34
FCC 627.06 676.78 621.36

Figure 6 illustrates the equivalent stress distribution of lattices with TNTZ alloy as material.
From Fig. 6, it could be stated that stress distribution was more uniform in FCC and FBCC
compared to BCC. The non-uniform distribution of the stress in BCC is aligned with previous
research [32, 33]. This non-uniform distribution could have been attributed to the struct design
of BCC which transfers load.to the cores and edges of the lattice rather than to the internal
struts. The stress cases also (Fig. 6) demonstrates that TNTZ alloy possessed greater stiffness
which resulted in elevated stress in operational conditions whereas Ni-Ti SMA tends to induce
the least.equivalent stress. It is crucial to emphasise that from a mechanical standpoint selecting
a material with higher stiffness is essential for load bearing. However, when considering
biocompatibility, the material should ideally have a stiffness like that of natural human bone to
prevent undesirable conditions like stress-shielding and micromotion. AZ91D alloy showcased
a good equivalent stress distribution with minimal high stress points with good
biocompatibility equal or more than to that of TNTZ and Ni-Ti SMA making it a preferred
choice for micromechanics study. Furthermore, density of AZ91D makes it one of the best

choices towards tibia implants as its closer to that of human bones [34, 35].
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Figure 6. Equivalent stress distribution of lattices (a) BCC, (b) FBCC and (c¢) FCC with
TNTZ alloy.as material properties

Gait Loading Behaviour

Table 4. FEA results of Equivalent stress distribution towards three different lattices
with AZ91D as material

: Equivalent Stress (MPa)
GaieCycle BCC FBCC FCC
Level Bending 36.824 31.08 38.409
20% of gait cycle (Level walking) 4.8086 3.9996 5.9162
30% of gait cycle (Level Walking) 17.564 18.992 39.093

Based on compressive studies, AZ91D was utilised as the material towards gait loading cycles
studies through FEA approach. The mesh was similar to that of previous compressive study as
determined through optimisation. The boundary conditions were based on the Table 2 with
bottom of the bone was set as a fixed. Table 4 reports the equivalent stress attained via FEA
towards three lattices with AZ91D as the material under various gait loading conditions. The
FEA results showcased a distinct change in the equivalent stress towards the lattices. From

Table 4 in terms of level bending, FCC displayed the highest equivalent stress distribution



which was ~6% and ~19% more than BCC and FBCC. The lattice structures were embedded
into the tibia bone model as described in methodology, and their mechanical behaviour was
analysed using FEA in Ansys. Boundary conditions were applied to replicate real-world
constraints, such as firmly supporting the lower part of each lattice and applying a deformation
rate to the top layer. Furthermore, lattice structures were embedded into tibia through a bonded
approach with small amount of frictional coefficient allowing to understand the contact stress
distribution between structure and tibia implant. Also, lattice structures were designed to match
the cross-sectional dimensions of the tibia bone, ensuring a snug fit within the bone's geometry.
The press-fit configuration helped in achieving optimal geometric compatibility, as it prevented

rigid body motion and ensured the implant remained securely in place.

Figure 7 illustrates the equivalent stress distribution during level bending for the BCC lattice
structure. It shows that most struts in the BCC lattice are subjected to almost the same stress
value, with a few struts at the outer periphery carrying minimal stress. The extreme stress points
are located at the base of implant where it touches the body, indicating areas of high load
transfer. The uniform stress distribution within the lattice structure suggests that the design is
well-integrated into the tibia bone, ensuring optimal load transfer and minimizing stress
concentrations. By carefully designing the“lattice structures to fit within the tibia bone's
geometry and using a press-fit configuration, the study ensures that the implants achieve
optimal geometric compatibility. This approach not only enhances the mechanical performance
of the implants but also promotes better integration with the surrounding bone tissue, reducing

the risk of stress shielding/and improving overall implant stability.
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Figure 7. Equivalent stress distribution during level bending for BCC (a) With tibia
bone implant, (b) BCC lattice and (c¢) complete bone structure

On the other hand, FCC indicated three distribution regions (Fig. A1) with inner region filled
with higher stress, followed.by areduced stress distribution in other areas and half of the outer
region is subjected to the:minimum stress. FBCC lattice demonstrated superior performance
with the lowest equivalent stress. This underscores the importance of lattice geometry in
influencing stress distribution during bending loads, where the FBCC lattices structural
configuration proves advantageous in minimizing stress concentrations. The stress distribution
of FBCC shows variations in the face and central struts. In level bending, most of the outer
surfaces-are subjected to minimal stress distribution, while the internal strut elements carry
more than average stress. Among these, in most regions, the central struts develop nearly the
maximum stress reported in the whole structure. In BCC, as the load increased to 20% (Fig. A
2) and 30% of level walking, stress distribution shifted towards inner portion of the stem with
more outer struts experiencing minimal stress. Notably, at 30% load, stress distribution became
more evenly distributed throughout the stem, resembling that of level bending conditions. The

lattice Intersection points of unit cells consistently exhibited an average stress level across all



loading conditions. Likewise in FCC at 20% (Fig. A2) of level walking, stress concentration in
the higher stress regions decreased, while the minimum stress region expanded on the outer
surface. By 30% of level walking, outer surface predominantly consisted of less stressed
regions, replacing areas with average stress concentration. Intersection points displayed a
combination of extreme minimum and below-average stress values. In all the cases, the stress
distribution in BCC and FCC shows non-uniformity stress distribution throughout the structure.
This observed behaviour could have been attributed to the lattices structure to evenly distribute

loads and minimise stress concentrations [36, 37].

36824 Max
nm
2645
U556
20467
16377
12298
81986
4109
0.019874Min

39996 Max
35553
am
26668

wus
1.m
13330
086964
04536
00010848 Min

0.99 50.00 100.00 (mm)
o —
(d) 25.00 75.00 (D

Figure 8. Equivalent stress distribution of FBCC (a, b, & ¢) at 20% level bending and
(d, e, & f) at 30% level bending

On contrary, equivalent.stress distribution of FBCC lattice structure is illustrated in Fig. 8
where stress distribution varied between the face and central struts. At 20% of the gait cycle,
minimum stress.region on the outer surface expanded non-uniformly. Upon further loading to
30%," this» minimum stress region exhibited uniformity across the structure.
Junction/intersection points demonstrated a uniform circular stress distribution pattern, with
minimum stress reported throughout the lattices. This uniformity in stress distribution was
different compared to FCC and BCC lattices which might have been attributed towards the
combined properties of FBCC which is a hybrid build of FCC and BCC. Furthermore, FBCC
structure develops less stress as compared to BCC and FCC and the stress patterns are more
reliable due to the arrangement of struts. The strut arrangement supported the load transfer

more smoothly resulting in better mechanical. Further, the arrangement of struts could have



also enhanced the biological compatibility owing to its pore’s distribution [38]. On the other
hand, in FCC and BCC stem the strut design becomes less efficient in channelling the load

through it causing higher stress distribution [39, 40].

Table 5. Maximum total deformation of the lattices with respect to gait cycle

Total Deformation (mm)
Gait Cycle
BCC FBCC FCC
Level Bending 2.9865E-3 6.5566E-4 1.1394E-3
20% of gait cycle (Level walking) | 6.6954E-4 2.5671E-4 3.993E-4
30% of gait cycle (Level Walking) 1.2249E-2 9.1406E-3 8:5934E-3

The gait cycles introduce micromotion i.e., total deformation on the of the implant with
different magnitudes as tabulated in Table 5 and Fig. A3. In BCC struetutre, most struts undergo
their highest deformation across the entire structure during normal;bending load conditions,
with the least deformation observed in the upper edge struts during 20% level walking,
gradually decreasing towards the lower struts. Moreover;,30% increase in walking level leads
to a further reduction in the region of maximum deformation, notably affecting the base area.
Meanwhile, FBCC structure shows consistent deformation under level bending, with maximum
deformation concentrated within a confined area, gradually diminishing from top to bottom.
During 20% of level bending, most struts experience maximum stress distribution which

diminishes further with a 30% increase in the gait cycle.

Similarly, in FCC structure, level bending induces consistent deformation with maximum
deformation localized at top.and decreasing towards the base unit cell. During 20% of level
walking, maximum ,deformation is concentrated on one extreme side of the unit cells,
decreasing gradually towards the opposite side, and further diminishing with a 30% increase
in level.walking. Among these, FBCC indicated the minimum micromotion in most of the load
cases. The ‘stress developed with FBCC structure is the least among the others due to the
arrangement of struts in the lattice structure, which makes the body more rigid to withstand
micromotion. By analysing the total deformation of lattices, it could be stated that all the three
lattices were in closer proximity towards the micro-mechanics requirements [41]. Further, the
combination of FCC and BCC attributes in the FBCC provides a combined enhanced
mechanical property as well as strut behaviour which increases the load transfer capabilities of

FBCC. Furthermore, FBCC might have higher packing efficiency due to its combination of



FCC and BCC owing to closely packed intersectional joints leading to more ductile behaviour

[42].

The comparison between lattice structures (FCC, BCC, FBCC) and conventional solid implants
reveals notable differences in stress distribution, micromotion, and load transfer. While current
solid materials provide strong mechanical properties and corrosion resistance, they exhibit a
pronounced stiffness mismatch with natural bone, contributing to stress shielding effects [43,
17]. Moreover, traditional implants are associated with a higher risk of micromotion at the
bone-implant interface, potentially leading to implant loosening [44]. In_contrast, FBCC
lattices demonstrated superior performance, offering more uniform stress distribution and
lower equivalent stress compared to FCC and BCC, thereby reducing the risk of stress shielding
commonly seen in solid implants [45]. FBCC lattices also exhibited minimal micromotion,
particularly under gait cycle loading, promoting implant stability and enhancing bone ingrowth
[43]. Conversely, BCC and FCC lattices showed higher deformation and less efficient load
transfer, similar to conventional implants. The optimized,porosity and strut arrangement in
FBCC improve biological compatibility by facilitating bone growth and reducing localized
stress concentrations [45]. These findings suggest that FBCC lattice structures may offer
improved long-term outcomes over traditional.implants by optimizing mechanical performance

and biological integration.

Effect of strut diameter

Table 6. Strut'diameter and its effect at 20% Gait cycle for FBCC

Strut Diameter Maximum Total Equivalent stress
(mm) Deformation (mm) (MPa)
0.6 5.5209E-4 6.8444
0.5 5.8353E-4 5.9872
0.4 6.2304E-4 5.064
0.3 6.8354E-4 4.6482

The superior performance of FBCC lattices in stress distribution, micromotion, and load
transfer is closely linked to the optimization of strut diameter, which plays a critical role in
determining the mechanical behaviour of lattice structures. To understand the effect of lattice
structure on mechanical performance with respect to strut diameter, a 20% bending load was
applied via a direct optimization approach using FEA on FBCC lattice structures. Table 6
reports the effect of varying strut diameters on deformation and equivalent stress. Four distinct

strut diameters—0.3 mm, 0.4 mm, 0.5 mm, and 0.6 mm were analysed, which would reduce



overall porosity by approximately 50%, as strut diameter and porosity are inversely correlated

[46].

The relationship between strut diameter and stiffness can be attributed to the mechanics of
lattice structures. Larger strut diameters increase the cross-sectional area of the struts, which
enhances their ability to resist deformation under load. This results in a higher Young’s modulus
and greater overall stiffness of the lattice structure [47]. However, this increased stiffness can
lead to a higher concentration of stress within the implant, potentially causing stress shielding.
Stress shielding occurs when the implant is significantly stiffer than the surrounding bone,
leading to reduced mechanical stimulation of the bone and subsequent bone résorption [48].
Conversely, smaller strut diameters reduce the cross-sectional area of the’struts,”making the
lattice structure more flexible and less stiff. This flexibility allows for better load distribution
and reduces the risk of stress shielding, as the implant's mechanical properties are more closely
matched to those of natural bone [49]. However, the reduced stiffness can also compromise the
mechanical integrity of the implant under higher loads, potentially leading to deformation or

failure.

From the data in Table 6, it can be concluded that as'the strut diameter decreases, the lattice
structure loses stiffness, leading to less efficient load distribution. For example, a lattice with a
0.3 mm strut diameter exhibited a calculated Young’s modulus of ~30 GPa, which is ~40%
closer to the modulus of natural bene (=7-30 GPa, depending on the bone type and location)
[50]. This similarity in modulus isidesirable as it minimises the risk of stress shielding, where
a significant mismatch in stiffness between the implant and bone can result in bone resorption
[51]. However, as the strut diameter increases to 0.6 mm, the Young’s modulus increases by
~44%, indicating greater stiffness, but at the expense of higher implant rigidity, which could
lead to stress’shielding [52]. The inverse relationship between stiffness and deformation is also
evident: as stiffness decreases with smaller strut diameters, total deformation increases. The
FEA results show that the lattice with the smallest strut diameter (0.3 mm) experienced the
highest deformation, compromising the implant’s ability to effectively transfer load. In
contrast, a strut diameter of 0.5 mm was found to be optimal, balancing stiffness and porosity
to minimize deformation while avoiding excessive rigidity. Increasing porosity further
enhanced deformation, suggesting that overly porous structures may compromise mechanical
integrity, particularly under higher loads. Various literatures support this finding, indicating
that lattice structures with lower porosity exhibit higher stiffness and reduced deformation, but

also emphasize the need for balance [53]. Overly stiff implants can lead to stress shielding,



while highly porous structures may lose mechanical strength and durability. In conclusion, the
optimized strut diameter of 0.5 mm offers a compromise between mechanical stiffness and
porosity, ensuring efficient load transfer while reducing the risk of implant failure due to
excessive deformation or stress shielding. Thus, optimization of strut diameter is critical for
designing lattice structures that provide the necessary mechanical support while minimizing
the risk of stress shielding. A strut diameter of 0.5 mm offers a compromise between
mechanical stiffness and porosity, ensuring efficient load transfer and enhancing the implant's
performance and longevity. This diameter closely mimics the mechanical properties_of natural

bone, making it ideal for orthopaedic applications.

Conclusion

This research accesses the design and development of orthopaedic implants using three distinct
lattice structures: Face Centred Cubic (FCC), Body Centred Cubic (BCC), and a hybrid
structure Face-Body Centred Cubic (FBCC) with help of Finite Element Analysis (FEA). Three
materials Ni-Ti Shape Memory Alloy (SMA), TNTZ-Alloy,.and AZ91D alloy were selected
towards the study and through compressive studies on lattices, AZ91D was identified as the
optimal material for tibia bone implants.<Gait cycle analyses, including loading level knee
bending at 20% and 30% levels, revealed that FBCC exhibited superior performance across all
three gait cycles due to its combined properties of BCC and FCC, resulting in higher load
transfer behaviour. Furthermore, study explored the impact of porosity by varying the strut
diameter (0.3 — 0.6 mm), demonstrating a marginal 40% difference in stiffness of FBCC
compared to natural bone. This underscores the potential of the developed implant for future
orthopaedic applications. This research significantly advances the field of orthopaedic implant
materials and designs, showcasing the successful integration of biomimicry principles. The
outcomes of this study hold promise for enhancing patient outcomes in orthopaedic

applicatiens, marking a notable contribution to the field.
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Figure. A 1. Level bending equivalent stress distribution of (a) tibia bone implant with
FCC lattice, (b) isolated FCC lattice, (c) complete bone with internal FCC lattice, (d)
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Figure. A 2.20% level walking effects on equivalent stress of (a, b & ¢) BCC and (d, e &
f) FCC.
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