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Abstract - The prosthetic lower limb knee joint is a 

critical component for restoring mobility and improving 

the quality of life for individuals with lower limb 

amputations. This paper provides a comprehensive review 

of the latest advancements in material utilization for these 

vital devices.  It explores the modern application of metals, 

polymers, composites and the emerging search for smart 

and biomimetic materials, highlighting their impact on the 

biomechanical performance, durability, weight, user 

comfort, and overall functionality of prosthetic knee joints. 

Furthermore, it examines the role of advanced 

manufacturing techniques, such as 3D printing, in enabling 

innovative material applications and personalized 

prosthetic options. The paper concludes by discussing the 

ongoing challenges and future directions in material 

research aimed at optimizing prosthetic knee joint 

technology for enhanced user outcomes. 
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1 INTRODUCTION : 

The loss of a lower limb presents significant challenges to an 

individual's mobility and independence. Prosthetic limbs serve as 

crucial assistive devices, aiming to restore lost function and 

facilitate ambulation. The knee joint, in particular, is a complex 

and essential component of above-knee prostheses, responsible 

for replicating the natural knee's intricate movements during gait 

and various activities of daily living. The effectiveness and user 

acceptance of a prosthetic knee joint are intrinsically linked to the 

materials employed in its design and construction. Over the past 

few decades, significant strides have been made in material 

science, leading to the development and application of advanced 

materials that offer enhanced performance characteristics. This 

paper aims to provide an up-to-date overview of the latest trends 

and innovations in material utilization for prosthetic lower limb 

knee joints, emphasizing their contribution to improved 

biomechanics, durability, and user experience. 

 

2 MATERIAL UTILIZATION IN PROSTHETIC 

KNEE JOINTS: 

Modern prosthetic knee joints utilize an advanced alliance of 

materials, every one chosen for its respective property and 

functional role.  

2.1 ADVANCED METALLIC ALLOYS: 

While traditional metals like aluminum and stainless steel 

remain relevant, the focus has shifted towards advanced alloys 

offering superior performance. 

2.1.1 High-Strength Aluminum Alloys (7000 series): 

These alloys provide an optimized balance of strength and 

lightweight properties, crucial for reducing the overall weight of 

the prosthesis and minimizing energy expenditure for the user [1]. 

2.1.2 Titanium Alloys (Ti-6Al-4V): 

Increasingly favored for their exceptional strength-to-weight 

ratio, excellent biocompatibility, and superior corrosion 

resistance. Titanium is particularly beneficial for active users and 

in components requiring high fatigue strength [2]. 

2.1.3 Advanced Stainless Steels (Duplex Stainless 

Steels):  

Offer enhanced strength and corrosion resistance compared 

to conventional stainless steels, contributing to the longevity and 

reliability of critical structural components [3]. 
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2.2 HIGH-PERFORMANCE POLYMERS: 

Polymers continue to play a vital role, with advancements 

focusing on enhanced durability and wear resistance. 

 

2.2.1 Ultra-High Molecular Weight Polyethylene 

(UHMWPE) with Advanced Cross-linking:  

Highly cross-linked UHMWPE (HXLPE) demonstrates 

significantly improved wear resistance compared to conventional 

UHMWPE, extending the lifespan of bearing surfaces and 

reducing the risk of wear debris-related issues [4]. Vitamin E-

infused HXLPE further enhances oxidation resistance [5]. 

2.2.2 Polyetheretherketone (PEEK): 

Exhibiting excellent strength, stiffness, wear resistance, and 

biocompatibility, PEEK is being explored as a potential 

alternative to metals in certain structural components and as a 

bearing material in specific joint designs [6]. 

2.2.3 Thermoplastic Polyurethanes (TPUs) with 

Tailored Properties:  

Development of TPUs with enhanced abrasion resistance, 

tear strength, and energy absorption characteristics for use in 

bumpers, dynamic elements, and interface components, 

contributing to improved gait dynamics and user comfort [7]. 

 

2.3 ADVANCED COMPOSITES: 

Composites, particularly carbon fiber-reinforced polymers, 

are increasingly integral to achieving lightweight and high-

performance prosthetic knees. 

 

2.3.1 Optimized Carbon Fiber Layups:  

Advanced fiber placement techniques and resin systems 

allow for the creation of composite structures with tailored 

stiffness and strength in specific directions, maximizing 

biomechanical efficiency and reducing weight [8]. 

 

2.3.2 Hybrid Composites: 

Combining different types of fibers (e.g. Kevlar with carbon 

fiber) to achieve a balance of impact resistance, stiffness, and 

vibration damping [9]. 

2.3.3 Integration of Sensors within Composites: 

Embedding sensors directly into composite structures allows 

for real-time monitoring of strain, load, and temperature, paving 

the way for smart prosthetic knees [10]. 

 

3 THE EMERGENCE OF SMART AND 

BIOMIMETIC MATERIALS: 

Advanced research is exploring the integration of biomimetic 

and smart materials to create more adaptive and life like 

prosthetic knee joints.  

 

3.1 Shape Memory Alloys (SMAs): 

Ongoing investigations focus on utilizing SMAs for adaptive 

locking mechanisms, variable stiffness control based on gait 

phase or terrain, and potentially even for micro actuation within 

the joint [11]. 

3.2 Electroactive Polymers (EAPs): 

Research into EAPs as artificial muscles or actuators within 

prosthetic knees aims to achieve more biomimetic and 

responsive movements, although challenges in power efficiency 

and durability remain [12]. 

3.3 Magnetorheological (MR) and Electrorheological 

(ER) Fluids: 

Continued exploration of MR and ER fluids for developing 

adaptive damping systems that can dynamically adjust resistance 

based on walking speed, terrain, and user intent, leading to more 

stable and energy-efficient gait [13]. 

3.4 Bio-inspired Composites: 

Mimicking the material composition and hierarchical 

structure of natural tissues such as bone and cartilage to create 

strong, lightweight, and potentially more biocompatible 

prosthetic components [14]. 

3.5 Hydrogels with Enhanced Lubricity and Durability: 

Development of hydrogels with improved mechanical 

strength and lower coefficients of friction for potential use as 

artificial cartilage in articulating surfaces, aiming to replicate the 

natural joint's smooth and low-wear movement [15]. 

 

4 THE ROLE OF ADVANCED MANUFACTURING 

TECHNIQUES: 

Advanced manufacturing techniques, particularly 3D printing 

(additive manufacturing), are revolutionizing the way prosthetic 

knee joints are designed and fabricated, enabling novel material 

applications and personalized solutions. 
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4.1 Customized Component Design: 

3D printing allows for the creation of complex geometries 

tailored to individual patient anatomy and biomechanical needs, 

optimizing fit, comfort, and performance [16]. 

4.2 Multi-Material Printing: 

The ability to print with multiple materials simultaneously 

has advanced, enabling the fabrication of components with 

integrated functionalities, such as varying stiffness gradients or 

embedded soft interfaces, to mimic the multi-functional 

properties of natural tissues within the knee joint [17]. 

4.3 Rapid Prototyping and Iteration: 

3D printing facilitates rapid prototyping and testing of new 

material combinations and designs, accelerating the development 

of innovative prosthetic knee joint technologies [18]. 

4.4 Cost-Effective Production: 

For certain applications and smaller production volumes, 3D 

printing can offer a more cost-effective manufacturing route 

compared to traditional methods and additive manufacturing 

contributes to reduced material waste compared to traditional 

subtractive manufacturing methods, aligning with growing 

sustainability concerns in medical device production. 

 

5 CHALLENGES: 

Despite the significant progress made several challenges 

persist in the field of prosthetic knee joint material utilization. 

 

5.1 Long-Term Durability and Wear: 

While new materials offer improved wear resistance, 

achieving the lifespan of natural joints remains a key challenge, 

particularly for highly active users. 

5.2 Biocompatibility and Tissue Integration: 

As new materials are introduced, especially those with 

nanoparticles or novel chemical compositions, ensuring their 

long-term biocompatibility and understanding potential 

inflammatory or immune responses is paramount. 

5.3 Cost-Effectiveness and Accessibility: 

Many advanced materials and additive manufacturing 

processes are associated with higher initial costs. Balancing 

cutting-edge performance with affordability to ensure wider 

accessibility remains a key challenge for manufacturers and 

healthcare systems. 

 

5.4 Integration of Smart Technologies: 

Effectively integrating smart materials and sensors into 

robust and reliable prosthetic knee joint designs requires 

overcoming challenges in power management, control systems, 

and long-term stability. 

5.5 Standardization and Testing: 

The rapid pace of material innovation necessitates adaptable 

regulatory frameworks and standardized testing protocols to 

ensure the safety and efficacy of novel materials in prosthetic 

devices. 

 

6 FUTURE DIRECTIONS: 

Future research directions should focus on, 

• Continued exploration and characterization of novel 

materials with superior mechanical, tribological, and 

biocompatible properties. 

• Development of more cost-effective manufacturing 

techniques for advanced materials and complex 

prosthetic components. 

• Advancing the integration of smart materials and 

sensors to create truly adaptive and intuitive prosthetic 

knee joints. 

• Investigating biomimetic design principles and 

materials to more closely replicate the natural knee's 

structure and function. 

• Conducting rigorous clinical trials to evaluate the long-

term performance and user outcomes of prosthetic 

knees incorporating new materials and technologies. 

 

7 CONCLUSIONS: 

The field of prosthetic lower limb knee joints is undergoing a 

significant transformation driven by advancements in material 

science and manufacturing technologies. The latest trends in 

material utilization, encompassing high-performance alloys, 

advanced polymers, optimized composites, and the burgeoning 

exploration of smart and biomimetic materials, are paving the 

way for prosthetic knees that offer enhanced biomechanical 

performance, improved durability, reduced weight, and a more 

natural user experience. The integration of advanced 

manufacturing techniques like 3D printing further accelerates 

innovation by enabling customized designs and the application 

of novel material combinations. Addressing the remaining 

challenges through continued interdisciplinary research and a 
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focus on user-centric design will be crucial in realizing the full 

potential of these material advancements and ultimately 

improving the lives of individuals with lower limb amputations. 

 

8 REFERENCES 

 

[1] Davis J. R. (Ed.), (2004), “Aluminum and aluminum 

alloys”, ASM International. 

[2] Donachie M. J., Boyer R. R., (2018), “Titanium and 

titanium alloys: fundamentals and applications”, ASM 

International. 

[3] Gunn R. N., (2005), “Duplex stainless steels: 

microstructure, properties and applications”, Abington 

Publishing. 

[4] Muratoglu O. K., Perinchief R. S., Anderson D. G., 

Lieberman J. R., Klein A., Lozynsky A. J., Harris W. H., 

(2001), “Highly crosslinked ultra-high molecular weight 

polyethylene for total hip and knee arthroplasty”, JBJS, 

83(Supplement 2), 114-118. 

[5] Oral E., Malchau H., Hersek R., Wannomae K. K., 

Muratoglu O. K., (2006), “Wear performance of radiation 

crosslinked polyethylene with and without vitamin E”, 

Biomaterials,  27(27), 4920-4929. 

[6] Kurtz S. M., Devine J. N., Eichenberger A., Valdevit 

A., Edidin A. A., (2007), “Wear of PEEK in total knee 

replacements: a retrieval analysis”, The Journal of 

Arthroplasty, 22(6), 93-99. 

[7] Hepburn C., (1992), “Polyurethane elastomers”, 

Elsevier Science Publishers. 

[8] Mallick P. K., (2007), “Fiber-reinforced composites: 

materials, manufacturing, and design”, CRC press. 

[9] Soutis C., (2016), “FRP composites for structural 

applications”, Elsevier. 

[10] Takeda S., Narita F., Fukunaga H., (2005), “Smart 

materials and structures with embedded sensors and 

actuators for structural health monitoring of composite 

materials”, International Journal of Materials and Product 

Technology, 23(1-2), 33-57. 

[11] Otsuka K., Wayman C. M. (Eds.), (1998), “Shape 

memory materials”, Cambridge university press. 

[12] Bar-Cohen Y. (Ed.), (2001), “Electroactive polymer 

(EAP) actuators as artificial muscles: reality, potential, and 

challenges”, SPIE press-1. 

[13] Carlson J. D., Jolly M. R., Weiss K. D., (1996), 

“Controllable fluids based on magnetorheological 

phenomena”, Smart Materials and Structures, 5(6), 727. 

[14] Wegst U. G., Bai H., Saiz E., Tomsia A. P., Ritchie R. 

O., (2015), “Bioinspired structural materials”, Nature 

Materials, 14(1), 23-36 

[15] Lee K. Y., Mooney D. J., (2001), “Hydrogels for 

tissue engineering”, Chemical Reviews,  101(7), 1869-

1879. 

[16] Rengier F., Mehndiratta A., von Tengg-Kobligk H., 

Zechmann C. M., Unterhinninghofen T., Kauczor H. U., 

Giesel F. L., (2010), “3D printing based on imaging data: 

review of medical applications”, International Journal of 

Computer Assisted Radiology and Surgery, 5(4), 335-341. 

[17] Calvert P., (2007), “Multi-material additive 

manufacturing”, MRS Bulletin,  32(8), 651-657. 

[18] Berman B., (2012), “3D printing: the new industrial 

revolution”, Business Horizons,  55(2), 155-162. 

 

[19] Ford S., Despeisse M., (2016), “Additive 

manufacturing and sustainability: an exploratory study of 

the advantages and challenges” Journal of Cleaner 

Production, 137,3 157-166. 

[20] Brockett C. L., Carbone S., Fisher J., Jennings L. M., 

(2017), “PEEK and CFR-PEEK as alternative bearing 

materials to UHMWPE in a fixed bearing total knee 

replacement: An experimental wear study”, Wear, 374–

375, 86–91. https://doi.org/10.1016/j.wear.2016.12.010 

[21] Cowie R. M., Schwiesau J., Grupp T. M., Briscoe A., 

Jennings L. M., (2025), “Third body wear of an All-

Polymer, PEEK-OPTIMATM on Ultra-High-Molecular-

Weight polyethylene total knee replacement”, 

Bioengineering, 12(3), 261. 

https://doi.org/10.3390/bioengineering12030261 

[22] Molinar-Díaz J., Parsons A. J., Ahmed I., Warrior N. 

A., Harper L. T., (2024), “Poly-Ether-Ether-Ketone 

http://www.ijsrem.com/


       International Journal of Scientific Research in Engineering and Management (IJSREM) 

                           Volume: 09 Issue: 08 | Aug - 2025                                SJIF Rating: 8.586                                     ISSN: 2582-3930                                                                                                                                               

 

© 2025, IJSREM      | www.ijsrem.com                                 DOI: 10.55041/IJSREM51851                                                     |        Page 5 
 

(PEEK) Biomaterials and Composites: Challenges, 

progress, and opportunities” Polymer Reviews, 1–39. 

https://doi.org/10.1080/15583724.2024.2406965 

[23] Vertesich K., Staats K., Böhler C., Koza R., Lass R., 

Giurea A., (2022), “Long term results of a rotating hinge 

total knee prosthesis with Carbon-Fiber reinforced Poly-

Ether-Ether-Ketone (CFR-PEEK) as bearing material”, 

Frontiers in Bioengineering and Biotechnology, 10. 

https://doi.org/10.3389/fbioe.2022.845859 

[24] GWS Surgicals LLP, (2025), “Advancements in 

Orthopaedic Implants: What's New in 2025?” (Provides a 

summary of recent trends, including smart materials and 

3D printing). 

[25] Idumah C. I., (2020), “Recent advancements in self-

healing polymers, polymer blends, and nanocomposites”, 

Polymers and Polymer Composites, 29(4), 246–258. 

https://doi.org/10.1177/0967391120910882 

 

[26] Liu C., Yang C., Liu J., Tang Y., Lin Z., Li L., Liang 

H., Lu W., Wang L., (2022), “Medical high-entropy alloy: 

Outstanding mechanical properties and superb biological 

compatibility” Frontiers in Bioengineering and 

Biotechnology, 10. 

https://doi.org/10.3389/fbioe.2022.952536 

[27] Hamweendo A., Nsofu C. I., Malama T., (2022), 

“High-Entropy alloys for bone tissue Engineering: Recent 

developments in new methods of manufacture”, In 

IntechOpen eBooks. 

https://doi.org/10.5772/intechopen.106353 

[28] Zhang H., Wu Z., Wang Z., Yan X., Duan X., Sun H., 

(2025), “Advanced surface modification techniques for 

titanium implants: a review of osteogenic and antibacterial 

strategies”, Frontiers in Bioengineering and Biotechnology, 

13. https://doi.org/10.3389/fbioe.2025.1549439 

 

 

 

http://www.ijsrem.com/

