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Abstract

Bone-anchored implants have transformed prosthetic technology by providing a promis-
ing alternative to traditional socket-based prostheses through enhanced stability, comfort,
and natural limb functionality. These advancements result from developments in osseoin-
tegration techniques, improved surgical methods, and innovative implant materials. To
address current limitations, continued research remains essential to enhance safety and
effectiveness, thereby promoting wider adoption of these advanced prosthetic solutions.
This study focuses on modeling bone-anchored implants for limb prostheses in amputees.
The research evaluates structural behavior and performance of osseointegrated implants
under various conditions while optimizing implant design. The investigation examines
different materials including aluminum, Ti-6Al-4V, and Ti-6Al-4V coated with 10 um plat-
inum. Additionally, implants of different lengths (207 mm, 217 mm, and 197 mm) were
analyzed. The results indicate that Ti-6Al-4V and Ti-6Al-4V coated with ten um platinum
reduce stress by 46% and 65%, respectively. Ti-6Al-4V coated with platinum demonstrates
the lowest equivalent stress, highlighting the coating’s effectiveness. Furthermore, the
coated implant exhibits the lowest deformation—22.92% less than aluminum and 5.13%
less than uncoated Ti-6Al-4V. Shorter implant lengths reduce deformation through in-
creased stiffness, whereas longer implants, such as the 217 mm length display greater de-
formation due to enhanced flexibility.

Keywords: limb prostheses; osseointegrated implants; equivalent stress; Ti-6Al-4V coated
with platinum

1. Introduction

Osseointegrated implants serve as medical devices that establish a direct structural
and functional connection between an artificial limb or prosthesis and the existing bone.
These implants primarily assist individuals who have undergone limb amputation and
need a reliable attachment point for their prosthetic limb [1]. Osseointegration fuses the
implant with the bone, enhancing load transfer and mobility. A titanium fixture promotes
bone ingrowth, while an abutment connects to the prosthetic limb. Transfemoral ampu-
tation affects mobility and quality of life, requiring assistive devices, rehabilitation, and
psychological support for improved quality of life [2]. Stress and strain analysis in bone-
anchored implants for amputation prostheses is essential for understanding how these
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implants interact with the surrounding bone tissue and the mechanical forces exerted on
them. Stress refers to the internal resistance or force within a material when subjected to
external loads [3]. For bone-anchored implants, stress may occur at various locations, in-
cluding the implant-bone interface, the implant body, and the adjacent bone. Stress dis-
tribution depends on factors such as implant design, the material properties of the implant
and bone, and the applied loads. Analyzing strain in bone-anchored implants is crucial
for optimizing design, enhancing stability, and improving prosthetic functionality. Osse-
ointegration refers to the direct structural and functional connection between living bone
and the surface of a biocompatible implant, typically composed of materials like titanium.
It refers to the direct structural and functional connection between the implant and the
bone. Osseointegration has significant benefits in the field of prosthetics and implantology
[4]. Osseointegration enhances prosthetic limb stability by offering a more secure attach-
ment compared to traditional socket-based prostheses, reducing discomfort and improv-
ing control. This direct skeletal connection improves load transfer, gait patterns, and en-
ergy efficiency, leading to better mobility. Users report better connection and control, al-
lowing for effective performance in daily activities and sports. Osseointegrated implants
also provide a wider range of motion and demonstrate durability, decreasing the need for
frequent adjustments and ensuring long-term reliability. Load transfer mechanisms in os-
seointegrated implant systems describe how forces transmit between the implant and the
surrounding bone. These mechanisms play a crucial role in maintaining implant stability
and longevity by promoting efficient load distribution and minimizing stress concentra-
tions. Taylor and Agar [5] emphasized the evolution of prosthodontics for dental im-
plants, shaped by lessons from the past 20 years. It highlighted the role of osseointegration
in advancing implant prosthodontics, guiding future clinical practices and research to en-
hance patient care. Stenlund et al. [6] demonstrated that osseointegrated transfemoral am-
putation prostheses are viable alternatives to conventional socket prostheses, facilitating
prosthetic use. Koehler [7] compared force and moment readings from an iPecsTM load
cell with those from a standard gait analysis lab during in-field testing of a transtibial
amputee. Despite favorable comparisons, sensitivity analysis highlighted the need for ac-
curate axis identification. Proctor and Sajewicz [8] compared implant designs for bone-
anchored prostheses, emphasizing that the suggested design improved load-bearing ca-
pacity. Caution is needed with press fit solutions to maintain stability, while the proposed
implant shows promise for medical applications. Al-Maliky and Chiad [9] looked inside
the prosthetic knee’s four-bar 3R20 mechanism. The findings indicated that when orien-
tation angles were 85.5° and 105.4° and ICR coordinates were 0.560 mm and 77.388 mm
for X and Y correspondingly, the highest stress was generated at the loading response
phase with 226.93 Mpa at the root area between the prosthetic knee and socket. Frossard
et al. [10] demonstrated the loads placed on transfemoral osseointegrated implants by
bone-anchored prostheses equipped with the cutting-edge SSUR microprocessor-con-
trolled Rheo Knee XC and energy-storing and -returning Pro-Flex XC or LP foot during
five standardized everyday activities. Guo et al. [11] reviewed modification methods to
improve Ti implants’ soft tissue integration, addressing Soft Tissue Integration (STI) chal-
lenges with Ti-based implants. It emphasized advancements in nanoengineered implants
with TiO2 nanotubes and nanopores, emphasizing clinical translation. The Osseointe-
grated Prostheses for the Rehabilitation of Amputees (OPRA) system’s smooth abutment
surface minimizes skin interface friction. Heimke et al. [12] reviewed developed ceramics
in knee arthroplasty. It was possible to design, produce, and test-implant a total knee re-
placement made of this incredibly wear-resistant modified alumina ceramic in a human
cadaver knee because the specifications of a recently developed modification of an alu-
mina ceramic fall within the desired range and improve by a factor of two for nearly all
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relevant properties. Viceconti et al. [13] predicted the implant’s long-term secondary sta-
bility from initial post-operative stability. The model demonstrated unique solutions for
all initial conditions, with discrepancies between the continuous and finite-state models
being minimal (less than 4%). Thus, the finite-states model is recommended for asymp-
totic conditions and the continuous model for adaptive process evolution. Helgason et al.
[14] contrasted the finite element technique pre-processors for the human femur that were
based on geometry and those that were voxel-based. By measuring the primary stress with
strain gauges, the models were experimentally validated. The findings suggested that the
validity of voxel-based modeling was comparable to the validity of geometry-based mod-
eling concerning the major stress. Voxel-based meshing was found to make it simple to
interface with Computer Tomography (CT) images and may help develop clinically useful
FEM technology. Tillander et al. [15] looked at the frequency and appearance of infection
problems and explored the osseointegrated titanium implants for limb prosthesis attach-
ments. Regardless of frequent colonization by potentially dangerous bacteria like Staphy-
lococcus aureus and bacteria linked to biomedical device infections like coagulase nega-
tive staphylococci near the skin-implant interface, this titanium implant system for bone-
anchored prostheses rarely caused infections that resulted in disability or implant re-
moval. Branemark et al. [16] compared the biomechanical and histological response to
titanium implants that had been partially laser-modified to those that had been machined.
Different fracture mechanisms for the two surfaces were shown. Tomaszewski et al. [17]
examined the long-term periprosthetic bone alterations around two distinct types of fixa-
tion implants utilizing two different beginning situations, namely the usual implantation
after a significant amount of socket prosthesis usage and the immediate post-amputation
implantation. Frossard et al. [18] reviewed trends, opportunities, and challenges for the
generation of devices to diagnose the residuum health of individuals suffering from limb
loss. Pitkin [19] observed the design elements of implants for limb prostheses that attach
directly to the skeleton. A construct was implanted into an amputee’s residuum bone and
protruded out of the residuum’s skin in the Direct Skeletal Attachment (DSA) of limb
prosthesis. Tsikandylakis et al. [20] researched transhumeral amputees’ osseointegrated
implants and showed an 83% 5-year survivability and 38% treatable infection rate, sug-
gesting a compelling alternative to traditional prostheses. Especially for short residual hu-
merus cases, it may be superior, but further comparative and long-term studies are
needed to confirm this. Van Eck and McGough [21] talked about whether it would be
possible to connect osseointegrated implant to human nerve stumps. In theory, the idea
was clear-cut and easy to understand. Our challenges were exacerbated by post-amputa-
tion changes to the central and peripheral nervous systems, the need for an interface that
demonstrates both electrochemical and mechanical biocompatibility, the risk of nerve
damage, the requirement to record nerve impulses over an extended period, and the re-
quirement to stimulate sensory neurons. Muderis et al. [22] examined the Integral Leg
Prosthesis process on the first 100 patients to evaluate the implant design, surgical proto-
cols, and functional testing of this novel technology. By re-engineering the implant, sur-
gical revisions brought on by infection have decreased from 29% with the original implant
design to 7%. Li and Lindeque [23] discussed the Swedish program for transfemoral am-
putation rehabilitation based on the use of bone-anchored prostheses for osseointegration.
The patient-centered assessment, surgical method, and post-operative rehabilitation plan
were all covered in detail by the authors. Using bone-anchored prostheses, the results of
a prospective study of transfemoral amputees were described. Prochor and Sajewicz [24]
optimized thread shape for implants in limb prosthetics, minimizing stress peaks by ad-
justing thread characteristics. Shallow threads generated a single stress peak, while sym-
metrical and asymmetrical threads produced multiple peaks. Reducing the rounding arc
by 0.2 mm improved biomechanical performance, enhancing implant stability. Branemark
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et al. [25] discovered that patients who underwent transfemoral amputations showed con-
siderable improvements in patient-reported outcome measures during a 5-year follow-
up, although increases in deep infections and mechanical problems were alarming. Wang
and Lynch [26] gave a thorough summary of the several elastic stress wave techniques
previously investigated for in situ evaluation of Osseointegrated implants. Prochor et al.
[27] linked stress-shielding in bone-anchored prostheses to bone—implant stability, exam-
ining design shape and material stiffness. Threaded implants, despite 4% more distal fe-
mur bone loss, showed 5% less overall bone loss than press-fit designs, offering greater
stability in bone-implant coupling. Thesleff et al. [28] numerically investigated a screw-
based bone-anchored implant under ambulatory loads. Increasing cortical thickness from
2 mm to 5 mm decreased highest longitudinal stress by 36-44%. Reducing thread depth
from 1.5 mm to 0.75 mm lowered stress by up to 22%, while increasing thread root radius
had a smaller effect. Hagberg et al. [29] explored osseointegrated prostheses for individu-
als who had transfemoral amputations as a kind of rehabilitation. The introduction of a
prospective, ten-year cohort study of problems and outcomes reported by patients. Ten
years after the invention of a unique principle for the bone anchorage of amputation pros-
theses, improved patient-reported outcomes (PROs) were shown. Nevertheless, it was
concerning that mechanical difficulties were occurring more frequently. Zhang et al. [30]
designed an individualized biological fixed-type femur implant using parametric model-
ing and manufactured via selective laser melting (SLM) technology. The implant showed
excellent bone compatibility, minimal bone cutting, even pore distribution, strong connec-
tivity, and high bearing capacity. Surface quality required minimal post-processing.
Hoogstraten et al. [31] evaluated Pt-based alloy coatings for antibacterial potential. While
Pt-Cu showed modest bacterial reduction, Pt-Ir and Pt-Zr had no significant effects. All
coatings were biocompatible. Enhancing copper content or incorporating antibacterial
metals like silver or zinc improved efficacy. These findings offered a foundation for de-
veloping more effective antimicrobial coatings for biomedical applications.

This study addresses the lack of numerical analyses and dynamic simulations for
bone-anchored implants, particularly for amputation limb prostheses. Despite advance-
ments, there remains a significant research gap in optimizing the mechanical performance
and reliability of these implants. To bridge this gap, nonlinear finite element analysis
(FEA) will be employed to simulate the implants” behavior under realistic loading condi-
tions, providing precise insights into structural responses. Additionally, topology optimi-
zation will be applied to reduce implant weight without compromising structural integ-
rity, enhancing efficiency and performance. The novelty of this study lies in the integra-
tion of advanced computational techniques to investigate and optimize bone-anchored
implants for prosthetic limbs. By focusing on biomechanical aspects, the study aims to
improve functionality, comfort, and user experience for individuals with limb amputa-
tions. The research objectives include developing a 3D model of osseointegrated implants
using ANSYS 2022 R1 software, conducting FEA to assess biomechanical behavior under
various loads, and validating the model through comparison with experimental studies.
The study also explores the effects of implant design parameters on mechanical perfor-
mance using materials such as aluminum alloy, Ti-6Al-4V, and platinum-coated Ti-6Al-
4V. The goal is to enhance prosthetic limb stability, minimizing slippage and rotational
instability by securely anchoring the prosthesis to the skeletal structure.

2. Experimental Works

The patient’s information included height of 1.65 m, weight of 78 kg, 30 years old
male, and right-side above-knee amputation. As part of the experimental study, the pa-



Appl. Mech. 2025, 6, 77

5 of 20

tient stood on a force plate at prosthetics engineering department with the College of En-
gineering at Al-Nahrain University’s in Iraq. A wooden walkway (Figure 1) with a single
stress plate was used for the experimental experiments.

B~

Figure 1. Instrumentation setup of the placement of the force plate for ground reaction force analy-

sis.

A CT scan was performed on the patient to capture detailed and accurate anatomical
data of the bone region intended for the bone-anchored implant. This imaging technique
provided high-resolution cross-sectional images in DICOM format, which contain precise
spatial information about the bone’s shape, size, and density. These images are critical for
creating an accurate 3D representation of the patient’s bone structure. The DICOM data
was imported into 3D Slicer version 5.6.2, a powerful medical imaging software used for
segmentation and reconstruction of anatomical models. Within 3D Slicer, the bone and
implant areas were carefully segmented to generate a patient-specific 3D model of the
bone-anchored implant. This model captures the exact dimensions and contours needed
to simulate the implant’s mechanical behavior precisely. The finalized 3D model was then
exported to ANSYS software for Finite Element Analysis (FEA), ensuring that the simula-
tion results realistically reflect the implant’s interaction with the patient’s bone, as demon-
strated in Figure 2. This approach enhances the precision of biomechanical evaluations
and implant design.
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Figure 2. Pre-operative Computed Tomography (CT) scan of the patient.

Figure 3 displays X-rays in projections and 3D reconstructions of a hip joint replace-
ment with a femoral implant. The top images show the implant’s positioning within the
femur, while the bottom color-enhanced 3D views illustrate variations in bone density
variations and stress distribution. This type of imaging helps assess implant integration,
load-bearing efficiency, and potential complications.
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Figure 3. Computed tomography scan with 3D reconstruction showing a hip joint replacement.

3D Slicer is an open-source and free software used for medical image analysis, par-
ticularly useful for evaluating patient CT scans. Figure 4 displays a 3D model in 3D Slicer,
saved in STL format, which is then imported into SolidWorks.

Figure 5 illustrates the lower limb model using three uniaxial, infinitely rigid ele-
ments. The X-Y-Z axes represents the reference system of the force plate, while (X-Y-Z)s
denotes the bone (femur) reference system. L indicates the tibia length, and D represents
the distance from the knee to the implant position along the femur. B and & correspond to
the angles between the foot and tibia and between the tibia and femur, respectively.

Topology optimization is an advanced computational technique used to optimize the
material layout within a given design space to achieve the best structural performance
while minimizing weight and material usage. It systematically eliminates non-essential
material, resulting in lightweight yet strong and efficient structures. In the context of bone-
anchored implants for prosthetic limbs, topology optimization facilitates the identification
of the optimal distribution of implant material to enhance stability, reduce stress concen-
trations, and improve load transfer. It can reduce the weight and size of the implant with-
out compromising its structural integrity, thereby improving the comfort and functional-
ity for users. Topology optimization can refine the geometry of the implant to minimize
stress-shielding, which occurs when the implant takes too much load, leading to bone
resorption. Additionally, it can help create designs that better mimic the mechanical prop-
erties of natural bone, reducing the risk of implant failure or loosening over time. By em-
ploying topology optimization, this study aims to develop bone-anchored implants that
are not only biomechanically efficient but also lightweight and durable, improving the



Appl. Mech. 2025, 6,77 8 of 20

quality of life for individuals with limb amputations. The study utilizes topological opti-
mization in ANSYS to design an implant that enhances bone ingrowth while maintaining
implant-bone complex stiffness and implant body strength. By minimizing structural

compliance, the optimization maximizes global stiffness, achieving volume reduction
without compromising mechanical integrity. Osseointegrated implants with different
lengths such as 207 mm, 217 mm, and 197 mm are investigated to indicate the optimum
length.

> L: -94.0000mm

B: 2: Unnamed Series B: 2: Unnamed Series

Figure 4. 3D reconstructed anatomical model generated using 3D Slicer software.

Yp

Figure 5. Three-dimensional distribution of contact loads at the implant-bone interface.

3. Numerical Simulations

In this section, Computer-Aided Design (CAD) and FEM analysis methods and tech-
niques were employed in model generating and simulating.
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3.1. CAD Model

The Soildworks software 2023 was used to create the 3D model of the osseointegrated
implant. Figure 6 explains the model of the osseointegrated implant used in this study.
The dimensions of the osseointegrated implant are shown in Figure 7.

Figure 6. CAD model of assembly of bone and osseointegrated implants.
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Figure 7. Dimensions of the osseointegrated implant.

3.2. Material Selection

In this study, aluminum alloy, Ti-6Al-4V, and Ti-6Al-4V coated with platinum are
used for the Osseointegration Prosthetic Limb (OPL) implant. Material properties are pre-
sented in Tables 1 and 2 for both bone and implant. Platinum-coated implants have shown
promising results in bone applications due to their excellent long-term biological safety
and potential in anti-infection design [32]. Platinum is a chemically inert and biocompat-
ible metal that resists corrosion and does not release harmful ions into surrounding tis-
sues, minimizing immune responses and inflammation. This makes it suitable for long-
term implantation in bone, where stable integration and minimal toxicity are critical
[33,34]. For percutaneous implants, platinum coatings can reduce bacterial adhesion due
to their smooth, non-reactive surface. In dental applications, where implants are exposed
to the oral microbiome, nanocoatings and antibiotic slow-release technologies are valua-
ble tools for infection control. Nanostructured surfaces, including platinum-based nano-
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materials, can promote osseointegration while preventing bacterial attachment [35]. Ad-
ditionally, antibiotic slow-release systems embedded in or applied to the implant surface
provide sustained antimicrobial activity, especially in the early healing phase when the
risk of infection is highest [36,37]. These strategies are essential for reducing implant-re-
lated infections and improving long-term success rates. Antibiotic-free antibacterial coat-
ings are essential for orthopedic implants. Platinum-based alloys offer a promising solu-
tion due to their durability. Although sputter-coated platinum coatings showed limited
antibacterial activity and low ion release, further optimization could enhance their clinical
effectiveness [31].

Table 1. Properties of used material in this study [38].

Property Symbol Al Ti-6Al-4V  Platinum
Density [kg/m?] 0 2770 4430 21,100
Young’'s Modulus [GPa] E 71 115 172
Poisson’s Ratio [-] v 0.33 0.22 0.38
Bulk Modulus [GPa] B 69.6 114.3 233
Shear Modulus [GPa] G 26.7 35.3 68
Tensile yield strength[MPa] Oy 280 93 93
Comprehensive Yield Strength [MPa] o« 280 93 82
Tensile ultimate strength [MPa] Ou 310 1070 1250
Table 2. Mechanical properties of the bone [38].

Property Symbol Value
Density [kg/m?] 0 1900
Young’'s Modulus [GPa] E 6
Poisson’s Ratio [-] v 0.49
Bulk Modulus [GPa] B 100
Shear Modulus [GPa] G 2.013
Tensile yield strength [MPa] Oy 135
Comprehensive Yield Strength [MPa] Oc 130
Tensile ultimate strength [MPa] Ou 130

3.3. Mesh Generation

An unstructured mesh was selected for the simulation domain due to the complica-
tion of the model of the osseointegrated implant-bone model. The three-dimensional
mesh structure is illustrated in Figure 8. To ensure mesh independence, a grid dependence
was conducted by evaluating solutions at varying element sizes. Thus, for more accuracy
and precision, the numerical research will employ a mesh model with 884,454 compo-
nents. To pass the mesh dependency check, three grid systems with 152,455, 245,949, and
287,653 elements are created. Between the finest grid and the average number of grids,
there is a less than 2.21% difference in the stress. Therefore, the 287,653-cell model was
selected for this study. Additionally, local mesh refinement was applied at contact sur-
faces to enhance solution fidelity.
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Figure 8. Mesh generation for the assembly of bone and osseointegrated implant.

3.4. FEM Procedure

The model was drawn by CAD software after that the ANSYS software was em-
ployed for setting up the boundary conditions and analysis of the static structure. Firstly,
the OPL osseointegrated implant for bones is created by SOLIDWORKS, then the file is
imported to ANSYS geometry. Secondly, the material is created for the osseointegrated
implant, then the mesh model is generated at a suitable element size. The finite element
analysis focused on defining accurate boundary conditions for knee joint models. Each
part was fixed according to its anatomical location, and forces from research were applied
to compute von Mises stresses during gait. Loads were implemented in ANSYS Work-
bench. Moments in three directions are also applied. The fixed surface of the bones is de-
termined, and results such as equivalent stress and equivalent elastic strain are extracted.
Aluminum alloy, Ti-6Al-4V, and Ti-6Al-4V coated with platinum are used for the OPL
osseointegrated implant. In the case of coated Ti-6Al-4V, the platinum coating has a thick-
ness of 10 um.

4. Results and Discussion

In this section, based on the numerical simulation of the implant, we present some
results on the stress distribution in the implant interface that help us to optimize the im-
plant geometry for subsequent use in other people.

4.1. Effects of Different Materials

Applying force in three directions (x, y, and z) on an osseointegrated implant is crit-
ical to accurately simulate real-world loading conditions, as implants experience multi-
directional forces during daily activities. Axial force (z-direction) represents the vertical
load from body weight during standing or walking, primarily causing compressive or
tensile stresses along the implant’s length. Lateral force (x-direction) mimics side-to-side
movements or lateral impacts, essential for evaluating bending stress and lateral stability.
Anterior—posterior force (y-direction) replicates forward and backward forces through
walking or sudden movements, highlighting shear stress and stability in that direction. In
FEA by means of ANSYS software, these directional forces are applied to the implant
model to assess stress distribution, equivalent stress (von Mises stress), and deformation.
Investigating the implant’s response to multi-directional forces helps identify stress con-
centration zones and potential failure points. This comprehensive evaluation aids in opti-
mizing implant design, improving mechanical stability, and ensuring long-term durabil-
ity for prosthetic applications. Figure 9 shows the applied force on the implant in three
directions.
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Figure 9. Force distribution along three applied axes of fabricated osseointegrated implant.

Figure 10 explains the equivalent von Mises stress for the assembly and knee bone
with implants of aluminum, Ti-6Al-4V, and Ti-6Al-4V coated with 10 pm platinum.
Among aluminum, Ti-6Al-4V, and Ti-6Al-4V coated with 10 pm platinum, aluminum ex-
hibits the highest equivalent von Mises stress due to its low yield strength and elastic
modulus, making it prone to deformation under load. Ti-6Al-4V, with a higher yield
strength and modulus, distributes stress more effectively, reducing von Mises stress. Ti-
6Al-4V with platinum coating slightly increases surface stress due to the modulus mis-
match, but bulk stress remains similar to uncoated Ti-6Al-4V. Overall, aluminum experi-
ences the highest stress, while Ti-6Al-4V minimizes stress concentration, ensuring better
implant durability. Using Ti-6Al-4V and Ti-6Al-4V coated with 10 um platinum reduce
the stress by 46% and 65%, respectively. Ti-6Al-4V coated with a 10 pm platinum layer
enhances implant performance by improving biocompatibility, corrosion resistance, and
durability. The platinum coating promotes better osseointegration, reducing implant re-
jection risks. It also provides excellent wear resistance, extending implant lifespan. Addi-
tionally, platinum’s high conductivity minimizes stress-shielding effects, ensuring opti-
mal load distribution and mechanical stability, making it ideal for bone-anchored pros-
thetic applications.

Figure 11 presents the maximum deformation for the knee bone-implant assembly
using three materials: aluminum, Ti-6Al-4V, and Ti-6Al-4V coated with 10 um platinum.
In terms of total deformation, aluminum exhibits the highest deformation due to its lower
elastic modulus and yield strength, resulting in greater flexibility and displacement under
load. Ti-6Al-4V, with a higher modulus and yield strength, deforms significantly less than
aluminum. Ti-6Al-4V coated with 10 um platinum further reduces surface deformation,
as the stiffer coating distributes stress more effectively. However, since the coating is thin,
its impact on overall deformation is minimal. Thus, aluminum shows the highest total
deformation, while Ti-6Al-4V and its coated version exhibit lower values, ensuring better
implant stability. The aluminum, Ti-6Al-4V, and Ti-6Al-4V coated with 10 pum platinum
achieve a total deformation of 0.0048 m, 0.0039, and 0.0037, respectively. Aluminum ex-
hibits the highest deformation among the three materials. Ti-6Al-4V deforms 18.75% less
than aluminum. Ti-6Al-4V coated with 10 pm platinum shows the least deformation, be-
ing 22.92% less than aluminum and 5.13% less than uncoated Ti-6Al-4V. Coating the Ti-
6Al-4V with platinum improves the implant’s stiffness and reduces deformation com-
pared to uncoated material.
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Figure 10. Comparison of maximum von Mises stress distribution across three implant materials.
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Figure 11. Maximum deformation of assembly and knee bone with implants of aluminum, Ti-6Al-
4V, and Ti-6Al-4V coated with 10 um platinum.

Figure 12 and Figure 13 display the equivalent stress distribution and total defor-
mation in the osseointegrated implant-bone assembly for different implant materials, re-
spectively. The stress patterns vary significantly depending on material stiffness and
strength characteristics. In the case of the aluminum implant, the contours show higher
stress concentrations near the bone—implant interface, indicating a greater degree of stress
transfer to the surrounding bone due to its lower stiffness. In contrast, the Ti-6Al-4V im-
plant exhibits more evenly distributed stress contours, signifying better stress absorption
and load-bearing capacity. Furthermore, the Ti-6Al-4V coated with 10 um platinum
shows the most favorable stress distribution, with minimal stress concentration zones, in-
dicating enhanced load transfer efficiency and reduced stress on the bone interface. This
outcome can be attributed to the coating’s ability to improve mechanical compatibility
and reduce stress peaks. Overall, the coated Ti-6Al-4V implant demonstrates superior per-
formance in minimizing stress concentrations and promoting long-term stability.
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Figure 12. Equivalent stress for osseointegrated implant with different materials: (a) aluminum, (b)
Ti-6Al-4V, and (c) Ti-6Al-4V coated with 10 um platinum.

Contours of total deformation for the osseointegrated implant assembly and knee
bone with implants of aluminum, Ti-6Al-4V, and Ti-6Al-4V coated with 10 um platinum
are investigated in Figure 11. The deformation patterns differ significantly based on the
material properties, particularly stiffness and elasticity. The aluminum implant shows the
highest deformation among the three materials. Because of its lower stiffness, the applied
loads result in more pronounced displacement, especially near the implant-bone inter-
face. This indicates that aluminum may be less suitable for applications requiring high
structural stability, as excessive deformation can compromise implant performance and
longevity. In contrast, the Ti-6Al-4V implant exhibits noticeably lower total deformation
compared to aluminum, reflecting its superior mechanical strength and higher elastic
modulus. The stress is more efficiently distributed throughout the implant structure, lead-
ing to improved stability and reduced risk of mechanical failure. The Ti-6Al-4V implant
coated with 10 um platinum demonstrates the least deformation among the three cases.
The coating improves the material’s stiffness, further minimalizing displacement and in-
dicating improved load-bearing capacity. This reduced deformation helps maintain the
implant’s alignment and structural integrity under operational conditions.
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Figure 13. Total deformation for osseointegrated implant with different materials: (a) aluminum, (b)
Ti-6Al-4V, and (c) Ti-6Al-4V coated with 10 pm platinum.

4.2. Effects of Different Lengths

Equivalent stress, often represented as von Mises stress, is a critical factor in evaluat-
ing the mechanical performance of osseointegrated implants, as it accounts for the com-
bined effects of multi-axial stresses. In the context of bone-anchored prosthetic implants,
equivalent stress is vital for assessing the implant’s structural integrity and ensuring that
stress levels do not exceed the material’s yield strength, which could lead to failure. When
analyzing osseointegrated implants with different lengths, the length significantly affects
stress distribution and concentration. Equivalent stress for osseointegrated implants with
different lengths such as 207 mm, 217 mm, and 197 mm is investigated in Figure 14.
Shorter implants exhibit higher equivalent stress, primarily at the bone-implant interface,
due to reduced contact area and increased stress concentration. This leads to localized
bone resorption or implant loosening, compromising the long-term stability of the pros-
thesis. Longer implants distribute the applied loads over a larger surface area, reducing
stress concentration at the interface. However, excessively long implants may introduce
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bending stress and increased strain in the distal regions, especially under lateral or tor-
sional loads.
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Figure 14. Equivalent stress for osseointegrated implant with different lengths: (a) 207mm, (b)217

mm, and (c) 197 mm.

Figure 15 shows contours of total deformation for osseointegrated implants with dif-
ferent lengths, such as 217 mm, 207 mm, and 197 mm. As shown in this figure, the defor-
mation decreases with the decrease in implant length. When the implant length is in-
creased to 217 mm, the deformation contours indicate a noticeable increase in defor-
mation. A longer implant length creates a larger moment arm, leading to greater bending
moments when subjected to axial, lateral, or torsional loads. This increased bending mo-
ment causes higher deformation, particularly at the distal end, as the implant structure
flexes more under the applied forces. Additionally, the longer implant has increased flex-
ibility, which further contributes to the deformation under loading. Conversely, when the
implant length decreases, as in the 197 mm implant, the deformation decreases. A shorter
implant length reduces the lever arm effect, thereby decreasing the bending moments gen-
erated under load. This results in a more rigid structure with reduced deformation. Fur-
thermore, a shorter implant has less material to deform, and the stress distribution is more
localized near the bone—implant interface, maintaining the overall stability. The 207 mm
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implant length represents a balanced configuration, where the deformation is compara-
tively less due to the optimal combination of length and stiffness. The moderate length
minimizes the bending effects while maintaining enough structural integrity to resist de-
formation. Thus, the decrease in implant length leads to reduced deformation due to the
minimized bending effects and increased structural stiffness.
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Figure 15. Total deformation for osseointegrated implant with different lengths: (a) 207mm, (b) 217

mm, and (c) 197 mm.

5. Conclusions

Bone-anchored implants represent a significant advancement in prosthetic technol-
ogy, providing a stable and functional alternative to conventional socket-based prosthe-
ses. These systems improve stability, comfort, and natural limb movement through inno-
vations in osseointegration, surgical methods, and implant materials. Despite these bene-
fits, challenges remain, including infection risk, long-term stability, and the importance of
careful patient selection and follow-up. Ongoing research is essential to improve safety
and effectiveness, ensuring wider acceptance of these innovative solutions. In this study,
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ANSYS Workbench is used to analyze the static structure of the assembly of SW osseoin-
tegrated implant and bone. The osseointegrated implant with different materials like alu-
minum, Ti-6Al-4V, and Ti-6Al-4V coated with 10 um platinum is investigated. Different
lengths such as 207mm, 217 mm, and 197 mm are studied. The mesh generations are ver-
ified with different element numbers, and boundary conditions are applied. The equiva-
lent stress and total deformations are studied as crucial factors. The results can be con-
cluded in the following points:

e  Using Ti-6Al-4V and Ti-6Al-4V coated with 10 um platinum reduces the stress by
46% and 65%, respectively.

e Ti-6Al-4V coated with 10 um platinum achieves the minimum equivalent stress, in-
dicating the importance of platinum coating.

o  TheTi-6Al-4V coated with a 10 um layer of platinum exhibits the lowest deformation,
measuring 22.92% less than aluminum and 5.13% less than the uncoated Ti-6Al-4V.

e  Shorter implant lengths result in reduced deformation due to minimized bending
effects and increased stiffness, while longer implants, like the 217 mm length, exhibit
higher deformation due to increased flexibility and a pronounced lever arm effect.
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