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 Osseointegration prostheses are a short titanium rod or screw is surgically 

inserted into the bone of the amputee's remaining limb as a part of the 

osseointegration process. As the bone matures and integrates with the 

implant over time, a solid and reliable connection is made. The prosthetic 

limb is then joined to the implant, creating a stable and long-lasting 

connection. Biomaterials play a critical role in the design of prosthetic limbs, 

especially for lower limb amputees. Materials like titanium, ceramics, and 

polymers are widely used due to their mechanical strength, corrosion 

resistance, and biocompatibility. Titanium, for instance, is favored in bone-

anchored prostheses because it provides greater stability and comfort 

compared to traditional socket-based prosthetics. Although ceramics are 

relatively brittle, they are used in low-stress areas of the body due to their 

ability to promote bone growth. Technological advancements such as 3D 

printing and surface modifications have enhanced the performance of 

prosthetic limbs, increasing adaptability and improving patients' quality of 

life. Simulation software is also used to investigate mechanical stresses and 

are expecting the long-term overall performance of prosthetic implants 

before real-life trials. Despite large progress on this field, similarly research 

is needed to enhance the capability of prosthetic limbs and produce them 

towards natural limb motion. 

The paper aims to update current knowledge on lower limb prosthetic 

implant design, materials, and integration processes, highlighting 

technological advancements and areas requiring further investigation for 

improved patient outcomes.  
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1 INTRODUCTION      

Lower limb amputation can significantly impact mobility and quality of life. Traditional socket-based 

prosthetics can cause pain, restricted movement, and skin issues. Osseointegration, a surgically anchored titanium 

implant, offers more stability, comfort, and long-term function. Advancements in biomaterials, 3D printing, and 

surface modification further enhance the versatility and integration of these implants. Osseointegration is a critical 

process for the successful integration of lower limb implants. Studies have shown that mechanical loading plays a 

significant role in the osseointegration of prosthetic devices [59]. The state of the art in osseointegration for limb 

prosthesis has evolved over the years, with advancements in implant design and attachment systems. Various studies 

have highlighted the safety and outcomes of osseointegrated implants for lower limb amputees [60]. Additionally, 

research on implant osseointegration has focused on material testing, mechanical testing, and imaging methods to 

assess stability and integration [61]. 
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Biomaterials can affect osseointegration in lower limb implants because they may be substances that are 

mainly engineered to engage with organic structures [1]. To satisfy a whole lot of specifications, along with 

mechanical power, durability, and biocompatibility, these substances ought to be meticulously designed. Because 

biomaterials in limb implants ensure that prosthetic gadgets can face up to every day stressors whilst integrating 

seamlessly with the human body, they permit amputees regain characteristic and enhance their exceptional of life. 

Biomaterials have revolutionized the prosthetics career in the course of the years through offering greater first-class, 

useful, and lengthy-lasting solutions. 

 

2 OSSEOINTEGRATION IMPLANT SYSTEM 

The OPRA (Osseointegrated Prostheses for the Rehabilitation of Amputees) approach was developed by LI 

and Brånemark (2017) to standardize implant systems, surgical procedures, and postoperative rehabilitation 

protocols. The program includes a fixture, abutment, and abutment screw. Two stages of surgery are used for 

osseointegration procedures, with single-stage surgery available for patients with good bone quality and compliance, 

Stage 1 involves insertion of the device into the bone stump for stability, while Stage 2 involves suturing muscle 

ends to the periosteum and removing subcutaneous fat to create a thin, immobile, and hair-free skin layer around the 

abutment. Direct skin-bone repair is essential to minimize soft tissue issues [2]. 

 
Figure 1. (OPRA) implant system. 

 Munjed Al Muderis' (2017) study on The Osseointegrated Prosthetic Limb (OPL) found significant 

improvements in post-operative outcomes for 22 patients compared to socket prostheses or wheelchair-bound 

patients. The OPL is a safe and effective procedure for lower limb amputees, demonstrating its potential to improve 

their quality of life. No adverse events were recorded [3].The Integral-Leg-Prosthesis (ILP) attachment technology, 

developed by Juhnke et al., has been used to install prosthetic limbs for 69 patients with Transfemoral amputations 

between 1999 and 2013. The study found that patients fitted with the final design had a significant decrease in the 

high risk of stoma-associated infections compared to those in group 1. The study also found that patients adhering to 

a simple wound-hygiene regimen managed to stay free of infections without the need for drugs. The study 

concluded that the last version of the osseointegrated intramedullary device, with a low energy surface at the 

interface between soft tissue and prosthesis, enabled a physiologically stable skin stoma without ongoing antibiotic 

usage [4]. Guirao et al. presented a distal weight bearing implant System for femoral amputees in 2017 The two 

parts of femoral implantation are as follows. The ASTM F-136 standard was used to manufacture the femoral stem, 

made of titanium alloy (Ti-6Al-4V) to facilitate anchoring within the remaining femoral canal. The femoral stem 

measures 120–180 mm long and 11–17 mm in diameter. The second part was a 54–62 mm-diameter spacer 

composed of ultra-high-density polyethylene (UHMWPE) that was fastened to the stem distally using both a 

polyethylene plug and a titanium screw. The padding or spacer allows the residual to be sustained remotely inside 

the socket. After assembly, the last implant was pushed into the femur. According to the research, amputees who get 

femoral implants especially males over 50 with vascular amputations show improvements in their gait speed and 

distance traveled after 14 months [5]. A novel design of LPOFS (Limb Prosthesis Osseointegrated Fixation System), 

a limb prosthesis implant for direct skeletal connection, was introduced by Prochor et al. in 2016. There were two 

distinct parts to the design. The first was a cone-shaped, triple-notched fixture made of glass-particle reinforced 

PEEK with helical teeth (teeth height increasing with implant length) on its exterior surface. The outside diameter of 

the fixture is equal to the diameter of the reamed medullary cavity. The second component is a Ti6Al4V abutment 

that extends from a stump and penetrates soft tissues; it is positioned in the fixture already mentioned. This 

preserves anchoring components and guarantees a better distribution of stress in the bone than the ITAP 

interference-fit and OPRA (threaded) implants. Finite element studies have verified these features. Compared to 
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reference implants, the LPOFS is a more practical method for direct skeletal attachment of limb prosthesis during 

both short- and long-term use [6]. 

 

 
Figure 2, a cluster of implant systems including (A) OPRA, (B) OPL, (C) ITAP, and (D) The distal weight-

bearing implant. 

 

3 TYPES OF BIOMATERIALS  

There are several kinds of biomaterials used in limb implants, every with unique properties that lead them 

to suitable for clinical programs. The primary classes include metals, ceramics, polymers, and composites. These 

materials are decided on based totally on their capacity to meet the mechanical, biological, and physical demands of 

the human body [7]. 

Metals consisting of titanium, stainless-steel, and cobalt-chromium alloys are broadly utilized in prosthetics 

for his or her first-rate mechanical houses and corrosion resistance. Titanium, especially, is desired for its 

biocompatibility and energy, making it ideal for bone-anchored prostheses and load-bearing implants like hip and 

knee replacements. Recent research has highlighted titanium’s potential to combine with bone tissue, making sure 

long-term stability and feature [8]. 

 Ceramics are used in prosthetics for his or her bioactivity and similarity to natural bone. Materials like 

hydroxyapatite sell bone increase and are commonly utilized in implants to inspire osseointegration. However, their 

brittleness limits their use to regions of the frame in which mechanical stress is lower. Despite these boundaries, 

ceramics continue to be a key fabric in joint replacements and dental implants because of their resistance to put on 

and biocompatibility [9]. 

Polymers, together with polyethylene and PEEK (polyether ether ketone), are lightweight, flexible, and 

biocompatible, making them suitable for numerous medical programs, which includes prosthetic limbs. Their 

capability to be molded into complicated shapes lets in for the customization of prosthetics, enhancing affected 

person consolation and capability. Polymers are also utilized in aggregate with other materials to create composite 

implants that provide stronger mechanical residences [10].  

 

4 APPLICATIONS IN LIMB IMPLANT 

 

For amputees, biomaterials are important to the advent of lengthy-lasting and powerful limb implants. 

Bone-anchored prostheses, which affix directly to the patient's bone and offer advanced stability and luxury than 

traditional socket-based totally prosthetics, regularly use metals like titanium. This technique not handiest improves 

mobility but additionally lessens frequent problems with socket prosthesis, including pores and skin irritation and 

discomfort. Studies have confirmed that titanium osseointegration implants, which offer greater prosthetic stability 

and use, can extensively enhance the pleasant of life for amputees of lower limbs [11]. 

Ceramics are often utilized in joint replacements due to their wear resistance and capability to integrate 

with bone. For instance, in hip and knee replacements, ceramic materials reduce friction between the prosthetic 

components and the bone, thereby extending the lifespan of the implant [12]. Despite their fragility, the bioactivity 

of ceramics like hydroxyapatite makes them vital in areas in which bone boom and integration are vital. 

Polymers are an increasing number of being utilized in three-D-printed prosthetics, which can be custom 

designed to meet the particular wishes of person patients. This generation allows for the creation of light-weight, 

patient-precise prosthetics that enhance comfort and capability. In addition, polymers like PEEK are utilized in 

combination with other materials to decorate their mechanical residences, making them appropriate for load-bearing 

programs in prosthetics and implants [13]. 

Composites together with carbon fiber-reinforced polymers offer the perfect balance among electricity and 

flexibility, making them ideal for decrease limb prosthetics. These materials are capable of keep and launch energy, 

mimicking the natural movement of human limbs and allowing amputees to stroll and run with more ease [14] 
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5 APPLICATIONS AND IMPORTANCE OF BIOMATERIALS IN LIMB IMPLANTS 

Biomaterials play an important characteristic in meeting the beneficial necessities of limb implants. These 

materials want to own numerous key homes, which encompass mechanical electricity, durability, and 

biocompatibility. Each of these characteristics ensures that the implant can withstand the physical forces exerted by 

way of using the body, endure for prolonged durations, and continue to be well matched with human tissues without 

inflicting negative reactions. Titanium alloys which includes Ti6Al4V are frequently desired because of their 

strength, resistance to corrosion, and first-rate biocompatibility, making them suitable for programs which 

incorporates supra-femoral prostheses [9]. Other materials, which include stainless steel and cobalt-chromium 

alloys, also are broadly used due to their high sturdiness and wear resistance [15]. 

 

5.1 Functional Requirements of Biomaterials in Limb Implants 

For limb implants, especially those in decrease extremities, the selected biomaterials have to be robust 

sufficient to support the body’s weight on the equal time as last durable over prolonged durations of use. The 

mechanical strength of the implant is important to ensuring its capacity to characteristic successfully beneath the 

continuous strain located upon it all through every day activities together with strolling or strolling. Titanium alloys, 

for instance, are quite preferred in the ones applications because of their impressive electricity-to-weight ratio and 

biocompatibility [16]. These substances not nice provide structural assist, but additionally lessen the risk of 

destructive tissue reactions or implant rejection. 

The implant's capacity to withstand put on and corrosion is any other vital thing. Implants are subjected to 

frame fluids over the years; if the substances aren't robust, this could purpose corrosion. For lengthy-time period 

usage in limb implants, stainless steel and cobalt-chromium alloys offer outstanding resistance to corrosion and wear 

[17]. Their robustness and sturdiness guarantee the implant's endured safety and capability at some point of time, 

warding off mechanical failure or loosening. 

 

5.2 Applications in Lower Extremity Prostheses 

In the precise case of decrease extremity prostheses, consisting of supra-femoral prostheses, biomaterials 

are essential for presenting both practical support and improved affected person consequences. One of the most 

enormous improvements on this subject is the use of titanium press-fit osseointegration implants. These implants 

permit for a right away bone-to-implant connection, disposing of the need for traditional socket-based totally 

prostheses. This effects in advanced load distribution, extra balance, and accelerated comfort for sufferers [18].  

Another promising fabric is magnesium-doped bioceramics, which provide both mechanical electricity and 

bioactivity. These substances promote bone regeneration while providing structural guide, making them best to be 

used in load-bearing limb implants. Magnesium-doped bioceramics are particularly effective in stimulating new 

bone boom, that is crucial for the long-term fulfillment of limb implants in sufferers with severe bone loss or 

damage [19]. 

 

6 SURFACE TREATMENTS AND ENHANCEMENT TECHNIQUES FOR LIMB IMPLANTS 

 

Limb implants, particularly those made from titanium and cobalt-chromium alloys, have significantly 

improved the quality of life for amputees by providing durable and functional replacements. However, for these 

implants to be effective, they must not only possess high mechanical strength, but also ensure compatibility with the 

surrounding bone tissue. Surface treatments and alloy modifications are critical in enhancing the performance of 

these implants, improving osseointegration, durability, and resistance to infections. This part discusses the various 

alloys used in limb implants and highlights recent technological advancements in surface modification techniques 

that improve long-term outcomes. 

 

6.1 Alloy and Surface Modifications 

Alloys including titanium and cobalt-chromium are the materials of choice for limb implants because of 

their awesome strength, corrosion resistance, and biocompatibility. However, these alloys require extra surface 

remedies to enhance their integration with bone and improve their mechanical properties. One of the most broadly 

used floor remedies is the utility of hydroxyapatite (HA) coatings, which promote bone increase and make sure 

better implant fixation to the bone. 
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Figure 3. Schematic diagram of artificial hip joint (left) and knee implant 

A examine through Tao et al. (2016) discovered that hydroxyapatite coatings containing zinc, magnesium, 

and strontium ions implemented to titanium implants extensively progressed bone formation and mechanical energy. 

Strontium-substituted coatings confirmed the maximum tremendous development, making them particularly useful 

for osteoporotic conditions [20]. Lavos-Valereto et al. (2002) examined the performance of Ti-6Al-7Nb alloys with 

and without HA coatings. While the HA coatings barely impaired cell growth, they substantially progressed 

extracellular matrix formation, that is critical for osseointegration [21]. Another have a look at by using Diefenbeck 

et al. (2011) explored plasma chemical oxidation as a floor change technique for titanium implants. This technique 

transformed the herbal oxide layer on titanium into a thicker ceramic coating, considerably improving bone-implant 

contact and mechanical fixation in animal models [22]. Qin et al. (2018) developed 3D-revealed titanium implants 

with micro-established surfaces further more desirable via HA coatings. The outcomes confirmed significantly 

higher osseointegration, demonstrating the potential of the use of 3-d printing generation to create customized 

implants [23]. The study by Rasheed and Hamdi in 2020 demonstrates that incorporating nano-ceramic Zr and HAp 

into a PMMA matrix can significantly enhance both mechanical properties and biocompatibility. The second 

composite mixture (90% PMMA + 8% Zr + 2% HAp) emerged as the most effective formulation, showcasing 

promising characteristics for use in hip implant components [24] 

Suo et al. (2019) created a composite coating of graphene oxide, chitosan, and HA on titanium implants. 

This observe found out advanced mobile-material interactions and mineralization, contributing to higher 

osseointegration in vivo [25]. Kim et al. (2021) analyzed various floor treatments, which includes HA blasting and 

micro-arc oxidation, implemented to titanium implants. These remedies enhanced mobile attachment and 

proliferation, which might be key to improving the biocompatibility of implants [26]. 

Schrader et al. (2012) tested bioactive TiOB coatings created thru plasma chemical oxidation, displaying 

substantially better osseointegration in orthopedic and dental packages [27]. Similarly, Lin et al. (2009) discovered 

that HA nanoparticle coatings on titanium implants advanced early osseointegration, suggesting that such coatings 

could decorate long-time period implant fulfillment [28]. Kwon et al. (2015) proven that simvastatin-loaded HA 

coatings on titanium implants superior osteogenesis and bone formation, ensuring better implant fixation [29]. Jing 

et al. (2015) used micro-arc oxidation to use porous HA coatings to new titanium alloys, significantly selling bone 

growth and improving the mechanical overall performance of the bone-implant interface [30]. Hamdi et al., in 2019 

conducted a study focused on the synthesis and characterization of triple-layered coatings composed of 

Hydroxyapatite (HAp), Aluminum Oxide (Al2O3), and Titanium Dioxide (TiO2) on Ti-6Al-4V alloys. The primary 

aim of this research was to enhance the biocompatibility and corrosion resistance of titanium-based alloys for 

biomedical applications. The study revealed that the HAp layer significantly contributed to the biocompatibility of 

the coating, making it an ideal material for implants due to its similarity to bone mineral. The intermediate 

Al2O3/TiO2 layers played a crucial role in improving the corrosion resistance of the substrate, an essential feature 

for implants exposed to physiological environments. The crystallinity of the coatings was evaluated using X-ray 

diffraction (XRD), which showed an increase in crystallinity, especially with the enhancement of the (2 1 1) HAp 

phase after immersion in simulated body fluid (SBF). This improvement indicated the formation of a more stable 

and bioactive surface, conducive to osseointegration. X-ray photoelectron spectroscopy (XPS) studies confirmed the 

local electronic and chemical bonding states of atomic phosphorus and calcium phosphate groups before and after 

the SBF immersion, providing further insight into the surface chemistry changes that occur in biological 

environments. Electrochemical impedance spectroscopy (EIS) was used to assess the corrosion behavior, revealing a 

significant reduction in capacitance values and an improvement in corrosion resistance. This result suggests that the 

triple-layered coating effectively protected the titanium alloy, enhancing its bio-medical properties and making it 

more suitable for long-term implantation in the human body [31]. 
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6.2 Technological Advancements 

Recent technological advancements have introduced innovative surface modification techniques aimed at 

increasing biocompatibility, reducing infection risks, and enhancing osseointegration. These technologies focus on 

creating surfaces that mimic natural bone structures, improving implant performance. 

A study by Maher et al. (2021) brought a complicated surface engineering method combining selective 

laser melting and electrochemical anodization to create bioinspired, multiscale surfaces on titanium implants. These 

surfaces notably advanced osseointegration and antibacterial houses, making them ideal for next-generation implants 

[32].Nuswantoro et al. (2021) established that HA-lined titanium implants decreased irritation and considerably 

more advantageous osseointegration in animal models, showing extraordinary capacity for orthopedic applications 

[33]. 

Mistry et al. (2011) as compared bioactive glass and HA coatings on titanium dental implants, both of 

which have been successful in achieving osseointegration and helping dental restorations [34]. Yuan et al. (2018) 

developed enzyme-induced antibacterial surfaces for titanium implants, which not handiest greater osseointegration 

but also reduced infection risks via promoting osteoblast adhesion [35]. 

Baltatu et al. (2021) used biomimetic strategies to use HA coatings on titanium alloys, simulating natural 

bone increase. These coatings considerably stepped forward osseointegration and biocompatibility, displaying 

promise for each dental and orthopedic implants [36]. In a more recent study, Mahdi and Hamdi in 2024 explored 

the role of composite nanocoatings, specifically a combination of Hydroxyapatite (HAp) and silica, on the 

mechanical performance and osseointegration of distal weight-bearing implants for prosthetic applications. The 

study was motivated by the increasing need for advanced prosthetics that can provide better quality of life for 

individuals with transfemoral amputations. Although various implant systems have been explored, there remains a 

gap in understanding the impact of nanocoatings on the mechanical properties and integration of these implants. The 

research involved evaluating a novel implant design composed of a Ti-6Al-4V femoral stem and an ultra-high-

molecular-weight polyethylene (UHMWPE) spacer, featuring a nanocoating of HAp and silica. The implant was 

subjected to finite element analysis (FEA) and mechanical testing under simulated gait cycle conditions, which 

included heel strike, mid-stance, and pre-swing phases. The results showed that the nanocoated samples exhibited 

effective shock absorption, an important factor for improving comfort and functionality. However, the nanocoating 

was found to slightly reduce the mechanical properties of the implant, which suggests that further optimization is 

needed to balance shock absorption with load-bearing capacity.  

The study highlighted the novelty of integrating biomechanical forces into FEA for the detailed evaluation 

of prosthetic designs, particularly focusing on the role of nanocoatings in enhancing the shock absorption 

capabilities of the implant. Despite the promising results, the authors emphasized the need for further research to 

better understand the balance between mechanical properties, biocompatibility, and the biological response of 

nanocoated implants. This knowledge could potentially improve the outcomes of prosthetic care for amputees, 

enhancing both the durability and comfort of implants [37]. 

 
Figure 4.  A three-dimensional model of transfemoral amputee with a distal weight-bearing implant who can choose 

between (A) a traditional socket or (B) prostheses attached to his bone (37). 

 

7 IMPLANT SIMULATION AND TESTING: THE ROLE OF SOFTWARE IN IMPLANT DESIGN 

AND TESTING SCENARIOS 

Especially for limb implants, simulation software program has end up a vital device in the area of clinical 

implant design. Before designs are evaluated in actual clinical conditions, researchers and engineers can optimize 

them by means of modeling and analyzing the mechanical conduct of implants beneath distinctive strain 

circumstances using applications like ANSYS. This approach lowers the risk of failure whilst expediting the 

improvement technique by way of supplying comprehensive insights into the overall performance of implants in 
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numerous contexts. Software consisting of ANSYS simulates mechanical hundreds and osseointegration, which 

contributes to advanced implant stability and long-time period success. 

In a take a look at by Smoljanic et al. (2023), ANSYS become employed to simulate the behavior of 

titanium hip implants underneath each static and dynamic hundreds [38]. The researchers were in a position to 

analyze stress distribution and expect failure points, which allowed for layout optimizations that considerably 

advanced the sturdiness of the implants. This sort of simulation is vital for load-bearing implants, which ought to 

withstand every day mechanical strain. 

 
Figure 5. Geometry of the finite element model used for fatigue crack growth simulations in ANSYS(38) 

 

 Similarly, Mazzocco et al. (2020) proven how ANSYS could be used to simulate mechanical behaviors in 

temporomandibular joint replacements, testing special fixation strategies to expect stress and pressure, ensuring that 

the implants keep lengthy-time period stability publish-surgical procedure [39]. The use of ANSYS to model and 

simulate particular scenarios for numerous types of implants is especially valuable in preoperative planning, as 

visible in Peng et al. (2021), in which they in comparison the mechanical homes of two treatment techniques for 

femoral bone tumors [40]. Their simulations discovered that prosthetic replacements provided more mechanical 

balance compared to intralesional curettage, in addition validating the significance of simulation in improving 

affected person outcomes. Similarly, Robinson et al. (2020) applied patient-particular computational modeling to 

simulate the bone-implant interface loading in transfemoral osseointegrated implants [41]. This have a look at 

offered vital insights into how extraordinary mechanical loads at some stage in status and on foot affected the 

steadiness of the implant, in the long run contributing to better postoperative rehabilitation techniques. 

In any other critical observe, Lu et al. (2022) used ANSYS to simulate the osseointegration system of a 

singular implant layout, measuring dynamic responses all through rehabilitation sporting events. Their findings 

showed the software’s capacity to expect implant conduct during the osseointegration procedure, an essential issue 

in determining long-time period implant achievement [42]. Moreover, an overview by means of Galteri and 

Cristofolini (2023) emphasized using ANSYS and similar software for assessing biomechanical performance, in 

particular for transfemoral implants [43]. The overview highlighted how simulation gear help are expecting primary 

balance, strain protecting, and strain awareness, all of that are critical elements in figuring out the achievement of 

osseointegrated implants. Simulation software program isn't best used for balance checks however also for 

evaluating the efficiency of advanced implant structures, as verified via Mohamed et al. (2021). In their take a look 

at, they carried out ANSYS to version the Advanced System for Implant Stability Testing (ASIST) [44], assessing 

the mechanical interaction among the bone and implant. Their model provided dependable measurements that 

helped optimize implant designs for better stability across exclusive clinical situations. 

Additionally, Rashwan (2020) used ANSYS to model the acetabular cup of a hip implant, focusing on 

static load behavior [45]. By studying how one-of-a-kind implant designs responded to these masses, they have been 

able to optimize the design to lessen pressure and beautify the fixture's stability inside the pelvis. 

 
Fig. 6 ANSYS of the acetabular cup (45) 

When it comes to trying out scenarios, ANSYS presents an invaluable platform for simulating distinct 

mechanical loads and their effects on implant stability. Their findings showed that versions in herbal frequency 
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ought to efficiently be expecting changes in implant balance, making it easier to perceive at-threat implants before 

they fail. Kaoat el (2008) similarly explored the use of ANSYS for predicting osseointegration the usage of 

resonance frequency analysis (RFA) [46]. This method is basically critical for early detection of implant failure, 

because it facilitates reveal bone-implant interactions and identifies areas in which the implant can be loosening or 

failing to integrate. Preoperative making plans also blessings substantially from simulation software, as verified by 

using Pagliani et al. (2012), who used diagnostic software program to correlate bone density measurements with 

implant balance. This approach lets in clinicians to apply preoperative(CT)scans mixed with ANSYS simulations to 

expect excessive-threat regions and avoid complications at some point of surgery [47]. 

Using finite element fashions in ANSYS, Velmuruga et al. (2010) tested the consequences of implant 

duration, bone exceptional, and cortical thickness on implant stability all through the osseointegration system [48]. 

According to their research, lengthier implants in denser cortical bone offered greater balance and decreased the 

hazard of implant failure. This emphasizes how important it's miles to precisely version these variables with a 

purpose to maximize implant performance for the duration of the layout degree. 

8 GAIT CYCLE FOR BONE-ANCHORED PROSTHESIS: AN EVALUATION OF CURRENT 

RESEARCH 

Bone-anchored prostheses (BAPs) have revolutionized prosthetic era by using without delay attaching the 

prosthesis to the bone, imparting an answer that eliminates the need for traditional socket prostheses. These 

improvements have led to vast improvements inside the gait cycle of people the use of BAPs, but there are 

nonetheless challenges in attaining a totally normalized gait corresponding to that of healthful individuals. 

Contemporary research has furnished valuable insights into the biomechanics of on foot with BAPs, comparing their 

effectiveness to conventional prosthetics and highlighting the improvements important for similarly enhancement. 

 
Fig. 7 (A) A traditional above-knee prosthesis, (B) A transfemoral osseointegration prosthesis. 

One essential takes a look at by Farrell et al. (2014) developed an animal version to analyze gait with bone-

anchored prostheses [49]. Their take a look at involved the implantation of porous titanium pylons into the tibia of 

cats, demonstrating that the animals have been capable of adapt the bone-anchored prosthesis for status and 

locomotion. The studies confirmed that even as bone and pores and skin ingrowth occurred, the masses at the 

prosthetic limb reduced over time, indicating a shift of frame weight to the contralateral limb. This model supplied 

foundational facts for expertise how prosthetic limbs function in the course of walking, and the observe concluded 

that similarly optimization of the implant and prosthesis layout ought to result in higher results. This research laid 

the groundwork for future research to refine prosthetic designs that combine extra seamlessly with the frame. 

In a radical evaluation, Ravari et al. (2023) compared the biomechanical features of gait in people with 

transfemoral bone-anchored prostheses to human beings carrying socket prostheses and healthy human beings [50]. 

According to their research, BAP users' gait cycles were extra just like every day than those of socket prosthesis 

users' because to their faster pace and longer assist periods. When compared to the gait of healthful human beings, 

the test did locate that BAP customers still displayed asymmetries, inclusive of reduced symmetry and slower 

speeds. This demonstrates the continuing disparity in gait patterns amongst prosthetic and natural, implying that 

greater tendencies in implant technology and rehabilitation tactics are vital to reap complete normalization of 

movement. 

Ranaldi et al. (2023) done a comparative take a look at focusing on taking walks skills in people geared up 

with transfemoral bone-anchored prostheses [51]. This examine analyzed fourteen exclusive gait parameters the 

usage of motion capture systems. The results indicated that individuals with BAPs tested substantial upgrades in gait 

compared to the ones the use of socket prostheses. Specifically, BAP clients confirmed elevated cadence and 

strolling velocity, coming close to the gait varieties of able-bodied people. However, the study additionally stated 

that BAP users exhibited a barely longer swing section, underscoring the want for continued refinement in prosthetic 

design to enhance stability and coordination at some stage in taking walks. Darter et al. (2023) tested the 

modifications in frontal plane kinematics in people equipped with the Percutaneous Osseointegrated Prosthesis 
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(POP) over a 12-month length [52]. The study observed out that BAP implantation substantially reduced deviations 

in trunk and pelvic angles in the route of the gait cycle, important to greater symmetrical motion patterns. By the 

quit of the 12-month comply with-up, the bulk of gait deviations located before implantation had been reduced or 

eliminated, indicating that BAPs helped sufferers collect a greater normalized gait. These findings underscore the 

capacity of BAPs to decorate long-term mobility and reduce compensatory moves frequently associated with 

prosthetic use. Frossard et al. (2020) analyzed the weight carried out to osseointegrated implants in transtibial bone-

anchored prostheses at some stage in not unusual each day sports such as on foot and stair navigation. The take a 

look at determined that BAPs generate suitable biomechanical masses to guide effective ambulation, with records 

showing that BAPs offer enough support for normal actions. This studies now not high-quality supplied benchmark 

statistics for the biomechanical forces concerned in prosthetic use but additionally highlighted the need for 

persevered optimization of prosthetic components to maximize user consolation and balance during every day 

activities [53]. 

Recent research on bone-anchored prostheses suggest that the ones devices appreciably enhance gait 

parameters in comparison to standard socket prostheses, presenting better mobility and extra exceptional of lifestyles 

for users. However, however those improvements, gait asymmetries and biomechanical demanding situations live, 

underscoring the need for further research and improvement in prosthetic layout and rehabilitation techniques. As 

generation continues to adapt, the combination of greater superior substances and designs will likely near the gap 

between prosthetic and natural gait, offering even extra realistic results for human beings with limb loss. 

 

9 EVALUATION OF CURRENT MODELS AND FUTURE DEVELOPMENTS IN LIMB 

IMPLANTS 

The field of limb implants has seen big improvements in current years, pushed with the aid of innovations 

in biomaterials, 3D printing, and smart sensors. These trends have enhanced the fine of existence for customers, 

although the modern-day fashions nonetheless face a few limitations. This essay evaluates the effectiveness, 

blessings, and limitations of current limb implant models, and explores future trends in prosthetic design. 

 

9.1 Comparative Analysis of Current Limb Implant Models 

One of the main goals in developing limb implants is to improve patient outcomes and enhance 

functionality. Chaudhary et al. (2022) found that using 3D-printed models in maxillofacial surgery reduced 

intraoperative time and improved post-operative recovery, offering better quality of life compared to traditional 

methods[54].     The use of advanced materials such as polyetherketoneketone (PEKK) has also been studied for 

implant-supported prostheses. Lee et al. (2017) conducted a finite element analysis that showed PEKK frameworks 

had favorable stress distribution, reducing the risk of implant failure under compressive forces [55]. Similarly, 

Hakobyan et al. (2022) examined the effectiveness of computer-supported implant surgery using 3D modeling, 

which showed higher accuracy and fewer complications compared to conventional methods, highlighting the value 

of modern planning techniques[56]. 

A systematic review by Diment et al. (2017) concluded that 3D-printed medical devices significantly 

improved surgical accuracy and reduced operation times in fields like maxillofacial and musculoskeletal surgery, 

making them clinically effective compared to conventional devices[57] (Diment et al., 2017). While the integration 

of new materials and manufacturing methods has shown benefits, some limitations remain. Román-Casares et al. 

(2018) highlighted that bionic prostheses still struggle with high costs and limited functionality, particularly in 

complex limb movements [58].  

 

10 DISCUSSION  

 

This study highlight significant improvements in the functional performance and long-term stability of 

prosthetic limbs using various biomaterials such as titanium, ceramics, and polymers. Titanium, in particular, stands 

out as the best option for bone-anchored prostheses due to its ability to enhance osseointegration and provide better 

comfort. Ceramics, though brittle, promote bone growth and are used in low-stress areas. Polymers and 3D printing 

allow for customization of prosthetics tailored to individual patient needs. 

However, some challenges remain, such as the need to fully adapt the prosthetics to the human body and 

reduce the gap between artificial and natural movement. Technological innovations like surface modification 

techniques and mechanical simulations play a crucial role in improving future prosthetic designs. Further research is 

needed to develop more advanced materials and technologies to enhance patient quality of life and increase 

prosthetic efficiency. 
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11 CONCLUSION  

  

The research reviewed highlights the significant advancements in lower limb implant technology, focusing 

on osseointegration, biomaterials, and surface treatments. Osseointegration, crucial for successful implant 

integration, benefits significantly from mechanical loading and optimized implant designs. Various implant systems 

like OPRA, OPL, and ILP demonstrate improved post-operative outcomes and enhanced quality of life for lower 

limb amputees. Biomaterials such as titanium, ceramics, polymers, and composites play a vital role in creating 

durable, functional, and biocompatible limb implants. Titanium alloys are favored for their strength and 

biocompatibility, while ceramics promote bone growth, and polymers offer flexibility and customization. Surface 

treatments like hydroxyapatite coatings and alloy modifications further enhance osseointegration, durability, and 

resistance to infection. Innovations like 3D-printed titanium implants with micro-structured surfaces and composite 

coatings show promise for improved bone-implant contact and long-term stability. The ongoing research and 

development in these areas continue to improve the performance and longevity of lower limb implants, ultimately 

enhancing the mobility and quality of life for amputees. 

 

REFERENCES 

 
[1] A. M. Abraham, S. J. P. o. t. I. o. M. E. Venkatesan, Part L: Journal of Materials: Design, and Applications, "A review on application 

of biomaterials for medical and dental implants," vol. 237, no. 2, pp. 249-273, 2023. 

[2]   Li Y, Brånemark R. Osseointegrated prostheses for rehabilitation following amputation : The pioneering Swedish model. 

Unfallchirurg. 2017 Apr;120(4):285-292. doi: 10.1007/s00113-017-0331-4. PMID: 28229193; PMCID: PMC5371647. 

[3] Al Muderis M, Lu W, Li JJ. Osseointegrated Prosthetic Limb for the treatment of lower limb amputations : Experience and outcomes. 
Unfallchirurg. 2017 Apr;120(4):306-311. English. doi: 10.1007/s00113-016-0296-8. PMID: 28070628.     

[4] Juhnke, D. L., Beck, J. P., & Aschoff, H. H. (2015). Fifteen years of experience with Integral-Leg-Prosthesis: Cohort study of artificial 
limb attachment system. Journal of Rehabilitation Research and Development, 52(4), 407.‏ 

[5] Guirao, L., Samitier, C. B., Costea, M., Camos, J. M., Majo, M., & Pleguezuelos, E. (2017). Improvement in walking abilities in 
transfemoral amputees with a distal weight bearing implant. Prosthetics and orthotics international, 41(1), 26-32.‏ 

[6] Prochor, P., Piszczatowski, S., & Sajewicz, E. (2016). Biomechanical evaluation of a novel Limb Prosthesis Osseointegrated Fixation 

System designed to combine the advantages of interference-fit and threaded solutions. Acta of Bioengineering and Biomechanics, 

18(4), 21-31. 

[7] N. Köse, "Biological response to orthopedic implants and biomaterials," in Musculoskeletal Research and Basic Science: Springer, 

2016, pp. 3-14. 

[8] F. J. P. o. E. Fındık and N. Sciences, "Recent developments of metallic implants for biomedical applications," 2020. 

[9] I. Buj-Corral and A. J. J. o. f. b. Tejo-Otero, "3D printing of bioinert oxide ceramics for medical applications," vol. 13, no. 3, p. 155, 
2022. 

[10] Y. Hu et al., "Additive manufacturing of carbon fiber-reinforced composites: a review," vol. 31, no. 2, pp. 353-398, 2024. 

[11] J. M. Souza, L. M. Mioton, C. J. Harrington, B. K. Potter, J. A. J. P. Forsberg, and r. surgery, "Osseointegration of extremity 

prostheses: a primer for the plastic surgeon," vol. 146, no. 6, pp. 1394-1403, 2020. 

[12] A. R. Rojas, A. A. Elguezabal, A. A. Porporati, M. B. Bernal, and H. E. E. Ponce, Performance of Metals and Ceramics in Total Hip 

Arthroplasty. Springer, 2023. 

[13] J. Lam, B. J. Kwee, L. M. Ricles, and K. E. Sung, "Development of additive manufacturing-based medical products for clinical 

translation and marketing," in Bone Tissue Engineering: Bench to Bedside Using 3D Printing: Springer, 2022, pp. 267-292. 

[14] E. Marin and A. J. M. Lanzutti, "Biomedical applications of titanium alloys: a comprehensive review," vol. 17, no. 1, p. 114, 2023. 

[15] S. Kural and S. İ. J. T. g. Ayvaz, "The effect of biomaterial selection on the static strength of femur prosthesis," vol. 12, no. 3, pp. 146-

150, 2018. 

[16] N. Diomidis, S. Mischler, N. More, and M. J. A. b. Roy, "Tribo-electrochemical characterization of metallic biomaterials for total 

joint replacement," vol. 8, no. 2, pp. 852-859, 2012. 

[17] M. Choroszyński, M. R. Choroszyński, S. J. J. B.-A. Skrzypek, and Med-Systems, "Biomaterials for hip implants–important 

considerations relating to the choice of materials," vol. 13, no. 3, pp. 133-145, 2017. 



Dijlah Journal of Engineering Science (DJES)                                             Vol. 2, No. 4, December, 2025, pp.34 -45 

ISSN:  Printed: 3078-9656, Online: 3078-9664, paper ID: 77 

 

44 

 

[18] R. Atallah, H. van de Meent, L. Verhamme, J. P. Frölke, and R. A. J. P. O. Leijendekkers, "Safety, prosthesis wearing time and health-

related quality of life of lower extremity bone-anchored prostheses using a press-fit titanium osseointegration implant: a prospective 
one-year follow-up cohort study," vol. 15, no. 3, p. e0230027, 2020. 

[19] A. Liu et al., "The outstanding mechanical response and bone regeneration capacity of robocast dilute magnesium-doped wollastonite 
scaffolds in critical size bone defects," vol. 4, no. 22, pp. 3945-3958, 2016. 

[20] Z.-S. Tao et al., "A comparative study of zinc, magnesium, strontium-incorporated hydroxyapatite-coated titanium implants for 
osseointegration of osteopenic rats," vol. 62, pp. 226-232, 2016. 

[21] I. d. C. Lavos‐Valereto, M. C. Z. Deboni, N. Azambuja Jr, and M. M. J. J. o. p. Marques, "Evaluation of the titanium Ti‐6Al‐7Nb 
alloy with and without plasma‐sprayed hydroxyapatite coating on growth and viability of cultured osteoblast‐like cells," vol. 73, no. 8, 

pp. 900-905, 2002. 

[22] M. Diefenbeck et al., "The effect of plasma chemical oxidation of titanium alloy on bone-implant contact in rats," vol. 32, no. 32, pp. 

8041-8047, 2011. 

[23] J. Qin et al., "Micro-and nano-structured 3D printed titanium implants with a hydroxyapatite coating for improved osseointegration," 

vol. 6, no. 19, pp. 3136-3144, 2018. 

[24] Rasheed, D. M., & Hamdi, D. A. (2020). Enhancement the Osseo Integration Properties of Polymer for Human Body Implants. Al-

Nahrain Journal for Engineering Sciences, 23(4), 331-337.‏ 

[25] L. Suo et al., "The enhancement of osseointegration using a graphene oxide/chitosan/hydroxyapatite composite coating on titanium 

fabricated by electrophoretic deposition," vol. 107, no. 3, pp. 635-645, 2019. 

[26] J. Kim et al., "Characterization of titanium surface modification strategies for osseointegration enhancement," vol. 11, no. 4, p. 618, 

2021. 

[27] C. Schrader et al., "Bioactive TiOB‐Coating on Titanium Alloy Implants Enhances Osseointegration in a Rat Model," vol. 14, no. 3, 

pp. B21-B27, 2012. 

[28] A. Lin, C. J. Wang, J. Kelly, P. Gubbi, I. J. I. J. o. O. Nishimura, and M. Implants, "The role of titanium implant surface modification 

with hydroxyapatite nanoparticles in progressive early bone-implant fixation in vivo," vol. 24, no. 5, 2009. 

[29] Y.-D. Kwon, D. H. Yang, and D.-W. J. J. o. b. n. Lee, "A titanium surface-modified with nano-sized hydroxyapatite and simvastatin 

enhances bone formation and osseointegration," vol. 11, no. 6, pp. 1007-1015, 2015. 

[30] W. Jing et al., "Assessment of osteoinduction using a porous hydroxyapatite coating prepared by micro-arc oxidation on a new 

titanium alloy," vol. 24, no. PA, pp. 51-56, 2015. 

[31] Hamdi, D. A., Jiang, Z. T., No, K., Rahman, M. M., Lee, P. C., Truc, L. N. T., ... & Dlugogorski, B. Z. (2019). Biocompatibility study 

of multi-layered hydroxyapatite coatings synthesized on Ti-6Al-4V alloys by RF magnetron sputtering for prosthetic-orthopaedic 
implant applications. Applied Surface Science, 463, 292-299. 

[32] S. Maher et al., "Advancing of additive-manufactured titanium implants with bioinspired micro-to nanotopographies," vol. 7, no. 2, 
pp. 441-450, 2021. 

[33] N. F. Nuswantoro et al., "Hydroxyapatite coating on titanium alloy TNTZ for increasing osseointegration and reducing inflammatory 
response in vivo on Rattus norvegicus Wistar rats," vol. 47, no. 11, pp. 16094-16100, 2021. 

[34] S. Mistry, D. Kundu, S. Datta, and D. J. A. d. j. Basu, "Comparison of bioactive glass coated and hydroxyapatite coated titanium 
dental implants in the human jaw bone," vol. 56, no. 1, pp. 68-75, 2011. 

[35] Z. Yuan et al., "Surface engineering of titanium implants with enzyme-triggered antibacterial properties and enhanced 
osseointegration in vivo," vol. 6, no. 48, pp. 8090-8104, 2018. 

[36] M. S. Baltatu, A. V. Sandu, M. Nabialek, P. Vizureanu, and G. J. M. Ciobanu, "Biomimetic deposition of hydroxyapatite layer on 

titanium alloys," vol. 12, no. 12, p. 1447, 2021. 

[37] Mahdi, M. S., & Hamdi, D. A. (2024). Investigation and Finite Element Analysis of The Distal Weight-Bearing Implant. Academia 
Open, 9(2), 10-21070.‏ 

[38] T. Smoljanić, A. Milovanović, S. Sedmak, L. Milović, and A. J. H. I. Sedmak, "Numerical simulation of titanium alloy hip 
replacement implants behaviour under static and dynamic loads: Original scientific paper," vol. 77, no. 4, pp. 283-292, 2023. 

[39] Þ. Hermannsson, "Bone model to optimize implant selection in total hip arthroplasty," 2017. 

[40] M. J. Peng et al., "Intralesional curettage versus prosthetic replacement for bone tumors—a finite element analysis case of limb 

salvage simulation in biomechanics," vol. 198, p. 105775, 2021. 

[41] D. L. Robinson et al., "Load response of an osseointegrated implant used in the treatment of unilateral transfemoral amputation: An 

early implant loosening case study," vol. 73, pp. 201-212, 2020. 



Dijlah Journal of Engineering Science (DJES)                                             Vol. 2, No. 4, December, 2025, pp.34 -45 

ISSN:  Printed: 3078-9656, Online: 3078-9664, paper ID: 77 

 

45 

 

[42] S. Lu, "Optimization of Novel Osseointegration Implant and Monitoring Osseointegration Process with Vibrational Analysis," 

Monash University, 2022. 

[43] D. A. SEKYERE, "DEVELOPMENT OF A PROSTHETIC FOOT FOR USE BY LOWER LIMB AMPUTEES IN GHANA USING 

A FINITE ELEMENT METHOD," Kwame Nkrumah University of Science and Technology, Kumasi, Ghana, 2023. 

[44] M. Mohamed, H. Pisavadia, and L. J. J. o. B. Westover, "A finite element model for evaluating the effectiveness of the Advanced 

System for Implant Stability Testing (ASIST)," vol. 124, p. 110570, 2021. 

[45] A. J. I. J. o. E. Rashwan and M. Sciences, "Use of ANSYS Software for the Acetabular Cup Structure Analysis out of the Hip 

Implant," vol. 5, no. 2, pp. 1-6., 2020. 

[46] H.-C. Kao, Y.-W. Gung, T.-F. Chung, M.-L. J. I. J. o. O. Hsu, and M. Implants, "The influence of abutment angulation on 

micromotion level for immediately loaded dental implants: a 3-D finite element analysis," vol. 23, no. 4, 2008. 

[47] T. P. Babarenda Gamage, V. Rajagopal, P. M. Nielsen, and M. P. J. P.-S. M. i. T. s. M. Nash, "Patient-specific modeling of breast 

biomechanics with applications to breast cancer detection and treatment," pp. 379-412, 2012. 

[48] D. Velmurugan, M. S. J. C. M. i. E. Alphin, and Sciences, "Influence of geometric design variable and bone quality on stress 

distribution for zirconia dental implants-A 3D finite element analysis," vol. 117, no. 2, pp. 125-141, 2018. 

[49] B. J. Farrell, B. I. Prilutsky, R. S. Kistenberg, J. F. Dalton IV, and M. J. C. b. Pitkin, "An animal model to evaluate skin–implant–bone 

integration and gait with a prosthesis directly attached to the residual limb," vol. 29, no. 3, pp. 336-349, 2014. 

[50] R. Ravari, M. Rehani, J. S. J. P. Hebert, and O. International, "Biomechanical characteristics of transfemoral bone-anchored 

prostheses during gait: a review of literature," vol. 48, no. 4, pp. 412-421, 2024. 

[51] S. Ranaldi et al., "Walking ability of individuals fitted with transfemoral bone-anchored prostheses: A comparative study of gait 

parameters," vol. 37, no. 12, pp. 1670-1683, 2023. 

[52] B. J. Darter, E. D. Syrett, K. B. Foreman, E. Kubiak, and S. J. P. o. Sinclair, "Changes in frontal plane kinematics over 12-months in 

individuals with the Percutaneous Osseointegrated Prosthesis (POP)," vol. 18, no. 2, p. e0281339, 2023. 

[53] L. Frossard, B. Leech, M. J. J. J. o. P. Pitkin, and Orthotics, "Loading applied on osseointegrated implant by transtibial bone-anchored 

prostheses during daily activities: preliminary characterization of prosthetic feet," vol. 32, no. 4, pp. 258-271, 2020. 

[54] Z. Chaudhary et al., "Analysis of quality of life with 3D-printed model VIS-À-VIS conventional procedure in oral & maxillofacial 

surgery–an Empirical study," vol. 7, p. 27528464221098322, 2022. 

[55]  K.-S. Lee et al., "Biomechanical              evaluation of a tooth restored with high performance polymer PEKK post‐core system: A 3D 
finite element analysis," vol. 2017, no. 1, p. 1373127, 2017. 

[56] G. J. T. J. Hakobyan, "BULLETIN OF STOMATOLOGY AND MAXILLO-FACIAL SURGERY," vol. 3, no. 8, p. 3,2022. 

[57] L. E. Diment, M. S. Thompson, and J. H. J. B. o. Bergmann, "Clinical efficacy and effectiveness of 3D printing: a systematic review," 

vol. 7, no. 12, p. e016891, 2017. 

[58] Román-Casares, A.M., García-Gómez, O. & Guerado, E. Prosthetic Limb Design and Function: Latest Innovations and Functional 

Results. Curr Trauma Rep 4, 256–262 (2018). 

[59] Fan, Y., Xiu, K., Dong, X. et al. The influence of mechanical loading on osseointegration: an animal study. SCI CHINA SER C 52, 

579–586 (2009). https://doi.org/10.1007/s11427-009-0070-z 

[60] Overmann, A.L., Forsberg, J.A. The state of the art of osseointegration for limb prosthesis. Biomed. Eng. Lett. 10, 5–16 (2020). 

https://doi.org/10.1007/s13534-019-00133-9 

[61] von Wilmowsky, C., Moest, T., Nkenke, E. et al. Implants in bone: Part II. Research on implant osseointegration. Oral Maxillofac 

Surg 18, 355–372 (2014). https://doi.org/10.1007/s10006-013-0397-2 

 

 

 

 

 

 

 

 

 

 


