
International Journal of Reconfigurable and Embedded Systems (IJRES) 

Vol. 14, No. 2, July 2025, pp. 575~586 

ISSN: 2089-4864, DOI: 10.11591/ijres.v14.i2.pp575-586      575  

 

Journal homepage: http://ijres.iaescore.com 

Design and structural modelling of patient-specific 3D-printed 

knee femur and tibia implants 
 

 

Bolugoddu Sandeep1, Saravanan Dhanushkodi2, Sudhakar Kumarasamy3 

1Department of Mechanical Engineering, Prist Deemed University, Thanjavur, India 
2Department of Mechanical Engineering, Ponnaiyah Ramajayam Institute of Science and Technology, Vallam, India 

3Department of Mechanical Engineering, University Malaysia Pahang, Pahang, Malaysia 

 

 

Article Info  ABSTRACT 

Article history: 

Received Jan 24, 2025 

Revised Mar 10, 2025 

Accepted Jun 10, 2025 

 

 Arthritis is a degenerative joint condition that progressively damages the 

knee, leading to pain, stiffness, and limited mobility. To alleviate these 

symptoms and restore joint functionality, total knee arthroplasty (TKA) is 

performed. This procedure becomes necessary due to either sudden trauma 

to the knee or gradual wear and tear of the meniscus and cartilage. TKA 

involves meticulous planning, precise bone cutting, and the placement of 

prosthetic components made from high-density polyethylene and metal 

alloys. However, traditional methods creating customized knee implants are 

expensive and time-intensive. This study explores the challenges in 

manufacturing personalized knee implants for TKA and evaluates the 

potential of three-dimensional (3D) printing technology in this process. 

Variations in knee joint anatomy across populations complicate surgery, as 

optimal outcomes rely on precise alignment and implant dimensions. A 

preoperative computed tomography (CT) scan identifies the region of 

interest (ROI), such as the knee joint. The scan data is then processed using 

computer-aided design (CAD) software to generate a printable file. The 

patient’s CT scan data is converted into a standard triangulation language 

(STL) file and CAD models of the knee joint. Errors such as overlapping 

triangles or open loops in the STL file are corrected, and unwanted 

geometries near the ROI are removed. Resection techniques are applied to 

create CAD models tailored to the patient’s bone morphology. Fused 

deposition modeling (FDM) is then used to produce prototypes of the knee 

joint and implants. Despite visible layer lines in the printed prototypes, 

challenges encountered during the process were effectively resolved. 
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1. INTRODUCTION  

Knee arthritis, including osteoarthritis, rheumatoid arthritis, and post-traumatic arthritis, is a 

common condition affecting the knee joint [1]. Over the last four decades, knee replacement surgeries have 

increased globally [2]. Total knee replacement (TKR) is often required due to cartilage and bone 

degeneration, joint swelling, and mild synovial inflammation caused by osteoarthritis [3]. Despite its success, 

up to 25% of TKR patients report dissatisfaction [4].  

As shown in Figure 1, understanding knee anatomy and injury mechanisms is crucial for effective 

diagnosis and treatment [5]. The knee joint consists of the femur (thigh bone), tibia (shin bone), and the 

kneecap (patella). These bones are covered by a smooth layer called articular cartilage, which enables smooth 

https://creativecommons.org/licenses/by-sa/4.0/
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movement within the joint. Between the femur and tibia, there are C-shaped structures called menisci that act 

as shock absorbers for the knee. Typically, the knee is understood to include the tibiofemoral and 

patellofemoral joints. The tibiofemoral joint is divided into medial and lateral sections. While there is a slight 

difference in the size of the lateral and medial condyles, the former is generally constant. During flexion, the 

femoral and tibial condyles can slide and roll together. 

 

 

 
 

Figure 1. Anatomy of the knee 

 

 

Direct knee impacts require immediate attention [6], and prostheses have a reported 10-year survival 

rate exceeding 95%. Precision in bone cuts and prosthetic placement is key to successful TKR outcomes. 

total knee arthroplasty (TKA) evenly distributes knee joint load to reduce polyethylene liner wear and 

enhance prosthesis durability [7]. Advances in three-dimensional (3D) printing have made it a valuable tool 

in orthopedics, aiding in mobility restoration and pain reduction for improved patient quality of life [8]. 

Despite its benefits, increased arthroplasty procedures lead to many complications, but improving TKA with 

75% to 89% patient satisfaction, around 50% report functional limitations or infections. Additional wear 

from tibial bearing micro-motion and ultra-high-molecular-weight polyethylene (UHMWPE) impacts further 

contribute to challenges [9]. 

Patient-specific instrumentation (PSI) in TKA simplifies surgery, enhances cutting accuracy, and 

reduces complications. It also decreases instrument use, shortens procedures, and lowers costs [10], [11]. 

Using CT or MRI scans, 3D printing creates anatomically customized cutting guides based on detailed 

models of the patient’s knee, enabling precise pre-operative planning. Surgeons use these guides, made from 

materials like nylon, polymers, or metals, to determine key surgical parameters such as alignment, rotation, 

resection levels, and component sizing [12]–[14]. During surgery, PSI guides assist in bone cuts and pin 

positioning. If adjustments are needed, standard instruments are used. Producing these guides typically takes 

about three weeks [15]. Proper soft tissue handling and osteophyte retention are crucial for guide placement. 

MRI-based systems do not require cartilage removal, while CT-based systems do.  

This research aims to develop an innovative knee joint consisting of femur bone, tibia bone, and 

kneecap (patella) using 3D-printed polylactic acid (PLA), offering a lightweight, user-friendly design for 

patient rehabilitation. The study examines the performance of the PLA key components under stress and 

strain, comparing the effectiveness of these two commercially available materials. Advancements in  

3D-printed polymer components have made them suitable for demanding applications, with reduced printing 

costs making them a viable alternative to traditional orthotics. Early prototypes were bulky due to limitations 

in older technology, but now 3D-printed braces offer personalized, comfortable, and functional solutions. 

Custom designs ensure a precise fit and improved patient compliance. The versatility of 3D printing allows 

for complex geometries and material selection to achieve the desired properties, while rapid prototyping 

enables quick modifications [16]–[23]. 
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Medical applications require specialized materials, such as energy-absorbing, impact-resistant, and 

biologically modeling components. Recent research focuses on medicinal polymers with flexibility [24], 

[25], toughness [26], [27], electrical conductivity [28], [29], and biocompatibility [30], [31]. Fatigue fractures 

are often due to inadequate bone support, commonly from osteolysis. Precise component positioning during 

surgery is essential [32]. Fractures typically occur at the base plate and stem junction, requiring careful 

monitoring for subsidence, as this rare failure is difficult to detect on radiographs [33]. 

Kurenov et al. [34], the surgical impact of 3D-printed personalized bone plates for severe tibial 

plateau fractures. Jeon et al. [35] found that 3D printing-assisted TKA resulted in better short-term outcomes, 

improved surgical efficiency, and enhanced knee function compared to conventional TKA.  

Randazzo et al. [36] the human knee and analyzed biomechanical properties under different loading 

conditions. Saijo et al. [37] Pro/E software for 3D knee prosthesis reconstruction and evaluated stress 

distribution with finite element analysis (ANSYS). Huang and Zhang [38] discovered that scanning speed 

significantly affected the tensile strength of titanium alloy implants. Crafts et al. [39] found that the Taguchi 

method reduced buckling deformation in titanium alloy bracing structures. Chae et al. [40] customized  

3D-printed stainless steel tibial implants for fracture fixation with surgical screws. 

Williams et al. [41] studied toughness, combining strength and ductility, using tough polyurethane 

to create a 3D-printed tensile bar with crosshatch structures, comparing physical and chemical cross-linking 

methods. Advances in flexible materials now allow prosthetics to be customized to individual physiology 

using scanning and fitting technologies [42]. In one study, 3D mapping software created a nasal contour, 

printed with a Stratasys PolyJet printer and rubber-like Tango Plus material. Stereolithography has also been 

used to print complex patterns on flexible materials [43]. Biocompatibility is essential for materials in printed 

objects that interact with the body, ensuring they don't cause harm. Stratasys MED610, an acrylic-based 

polymer, is used to create tissue scaffolds with complex topologies. It meets key biocompatibility criteria, 

including biodegradability, non-cytotoxicity, and tissue stimulation [44].  

From the above literature survey discussions, current knee implant modeling and molding methods, 

especially for tibial prostheses, have several limitations. This paper focuses on the modeling approach and 

FDM technique for personalized patient-specific 3D-printed knee femur and tibia implants. The knee joint 

consists of the femur, tibia, and patella, with articular cartilage enabling smooth movement. C-shaped 

menisci between the femur and tibia serve as shock absorbers. The knee has two main components: the 

tibiofemoral and patellofemoral joints. The tibiofemoral joint is divided into medial and lateral sections, with 

a slight size difference between the condyles. 

As shown in Figure 2, in TKR surgery, diseased bone and cartilage are removed, and the femur and 

tibia are reshaped to fit the prosthesis components. The prosthesis includes femoral, tibial, and patellar parts. 

In TKR surgery, diseased bone and cartilage are removed. The distal femur and proximal tibia are cut and 

reshaped to accommodate the femoral component and tibial tray of the prosthesis. The three main 

components are the femoral, tibial, and patellar components. As shown in Figure 2, the tibial and patellar 

components can be made of solid polyethylene or have a metal backing that supports a polyethylene 

articulating surface. 

TKA is often performed when the cartilage is damaged, the joint is misaligned, and worn cartilage 

surfaces need replacement with artificial components [45]. The primary goal of TKA is to resolve mechanical 

problems in the joint, rather than treat the underlying disease. For individuals with severe joint damage, 

arthroplasty may be the only available treatment [46]. 

Managing excess weight can further enhance post-surgery outcomes [47]. In 31% of cases, TKA 

resulted in weight loss, improved BMI, and better functionality [48]. Among 781 revision TKA patients, 

common failure causes included loosening (39.9%), infection (27.4%), instability (7.5%), periprosthetic 

fracture (4.7%), and arthrofibrosis (4.5%).  

 

 

  
 

Figure 2. Components of TKA 
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2. PROPOSED WORK: MATERIALS AND METHODS 

The materials used are 3D printing material through a material extrusion process in additive 

manufacturing (AM) that creates objects by depositing material through a nozzle, layer by layer, based on 

computer-aided design (CAD) data [49], [50]. It is especially useful in biomedical devices and tissue 

engineering (TE) for producing custom, patient-specific parts [51], [52]. Fused deposition modeling (FDM) 

is a type of additive technology where material is melted and extruded to form shapes, building layers one at 

a time [53].  

From the above literature survey, we have observed that the 3D modeling of human bones has 

become a transformative tool in medical research and education, with materials like PLA and recycled 

polyethylene terephthalate (rPET) emerging as popular choices due to their unique properties. Below is a 

detailed exploration of how these materials are fabricated and practically modeled for bone replicas. The 

properties of bone modeling of PLA are: derived from renewable resources like corn starch or sugarcane; 

biodegradable, environmentally friendly, and easy to print; and offers good rigidity, high dimensional 

accuracy, and smooth surface finishes, making it suitable for replicating bone structures. And for rPET are: 

made from recycled plastic, such as used beverage bottles; strong, durable, and less brittle compared to PLA; 

and provides a sustainable alternative with high strength and toughness, with the similar mechanical 

properties to bone. 

The PLA fabrication process involves PLA granules that are produced through polymerization of 

lactic acid derived from biomass. The granules are melted and extruded into filament form, ready for use in 

3D printers, and filaments come in various diameters (e.g., 1.75 mm or 2.85 mm) and colors for customized 

applications. The rPET fabrication process is: PET waste is collected, cleaned, and shredded into flakes; 

these flakes undergo extrusion to produce recycled PET filaments; and filaments are processed to maintain 

consistent quality, ensuring printability and strength. 

The process in modeling human bones using PLA and rPET, has a pre-processing stage where z 

high-resolution CT scan or MRI of the human bone is obtained, the imaging data is processed using CAD 

software to create a 3D model, and the model is converted into a standard tessellation language (STL) file, 

which is used for 3D printing. In 3D printing stage the printing setup is performed through PLA or rPET 

filament is loaded into an FDM 3D printer and printer parameter (temperature, speed, and layer height) are 

adjusted based on the material. In the next stage printing process is performed through: for PLA, print 

temperatures range between 190-220 °C, rPET requires slightly higher temperatures (230-260 °C), and the 

model is printed layer by layer to replicate the bone structure, with support structures added as needed. 

In the post-processing and finishing stage, supports are removed, and the model is sanded to achieve 

a smooth finish. PLA models may undergo annealing for increased strength and heat resistance, and rPET 

models can be treated with coatings for enhanced durability and surface texture. By leveraging the unique 

properties of PLA and rPET, 3D modeling of human bones can be tailored for diverse applications, from 

education to medical research, combining precision, practicality, and environmental consciousness.  

Various software tools are used for diagnosing diseases and injuries. 3D Slicer, an open-source 

program, employs volume rendering to display 3D images. Figure 3 illustrates the degradation and recovery 

of joint space due to cartilage and meniscus damage [54], [55]. The tibial implant optimization (topological 

optimization) was done using finite element analysis and MATLAB software. The tailored implant model 

was imported into ANSIS and MATLAB simulation mechanical for stress analysis and parameter 

adjustment. The 3D tibial model was imported into MATLAB simulation professional and transferred to 

MATLAB simulation mechanical for finite element analysis. The model was partitioned into grids, with PLA 

material and constraint conditions applied. The proximal tibia was fixed, and a 20 N load was applied to the 

tibial articular surface. The analysis results revealed displacement at the articular surface border and stress 

concentration in the tibial tendon. Increasing tendon thickness and distribution could improve tibial strength 

and reduce stress concentration.  

The parameter control table in MATLAB simulation of mechanical was used to adjust the tibial 

tendon’s height and thickness, increasing its thickness and distribution area. The updated model was then 

confirmed. After grid partitioning, the model's material PLA, constraint conditions, loading, time step, and 

solution method were set for analysis. The optimized tibial implant’s stress analysis demonstrated a reduction 

in maximal displacement from 0.00344 mm to 0.00043 mm and a decrease in maximal stress from  

7.235 N/mm² to 1.165 N/mm². The optimized model exhibited reduced displacement strain, more uniform 

stress distribution, and improved tibial strength with reduced stress concentration. The designed tibial 

implant was imported into STL format, and positioned at a 90° inclination for standard placement. The part 

was sectioned into 1434 layers, each 0.034 mm thick, with a molding time of 5 hours.  

To perform knee-joint-resection for patient-specific-implants, a resurfaced model for patient-

specific knee components is created by bone excision in CAD, which is also utilized to evaluate off-the-shelf 

components [56]. Based on femur geometry, there are three conventional sizes for femoral resection; the size 
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of the resection is determined by the anterior-posterior (A-P) length [57]. With an average length of  

51.061 mm, the A-P comes into the tiny group. The knee aligns mechanically when the valgus angle is 6°. 

An intramedullary reference system that is oriented with the medullary canal and at a 6° angle between the 

mechanical and anatomic axes is used to cut the femur. 10 mm is the depth of the distal femur cut [58], [59]. 

With typical distal medial and lateral thicknesses of 5.5 mm and posterior medial and lateral thicknesses of 

5.3 mm and 5.8 mm, respectively, the knee-joint implant has a modest bone resection. The tibia is sliced at a 

0° angle with the mechanical and anatomical axes parallel. The joint line remains unaltered when 13 mm of 

tibial bone is removed, enabling the use of a 13 mm polyethylene liner rather than a 9 mm one [60], [61]. 

Femoral A-P length classifications help in personalizing knee implants. Typically, these sizes are 

divided into groups based on the A-P length measurements. Each group reflects specific dimensions that 

match the natural variations in femur sizes among individuals. This classification ensures a better fit of the 

prosthesis, optimizing the performance and comfort for the patient. Accurate grouping is crucial for 

successful knee replacement surgeries, as it allows for precise alignment and articulation within the joint. The 

process of measuring and categorizing femoral A-P lengths thus plays a vital role in orthopedic surgical 

outcomes. The resection of the knee joint is categorized into three standard sizes according to the geometry 

of the femur at the resection site. The classification of femoral A-P lengths is presented in Table 1. 

 

  

Table 1. Classification of knee-based classifications on sizes 
Sizes Length (mm) 

Small 53 to 56  

Medium 61 to 63  

Large 74 to 76  

 

 

Knee joint implants and the femoral bone resection profile are utilized to model patient-specific 

implants using MATLAB Simulation. The average implant thickness values are used to generate the femoral 

implant models. With a 9 mm tibial bone excision, the tibial implant is used like the tibia profile. The liner is 

inserted into the tibial tray after a resection profile is made on the upper surface. The liner has a 2 mm shell, 

and the tibial tray is extruded by 4 mm and 9 mm, respectively. 

To simulate and model knee-joint-components in 3D-printing, MATLAB simulation is used to 

import knee implant files, configure process parameters, and add support structures to the tibia tray and 

femoral implant. Following validation, G-codes are produced by the program and exported to the 3D printer 

for printing. The proposed research examines the effects of 3D-printed PLA composite material on TKR. 

Combining PLA with recycled PET (rPET) has resulted in a stable, 3D-printable material that allows for the 

creation of porous and finely structured scaffolds. These scaffolds demonstrate osteogenic and  

anti-inflammatory properties. This 3D-printed material meets many of the requirements outlined in the 

literature. The student version of pro-engineer, also known as Creo, is used to set print parameters and slice 

the STL file after importing the 3D model. The orientation of the knee joint is adjusted within the print area. 

The printing variables are detailed in Table 2. 

 

 

Table 2. Material parameters for 3D model design analysis 
Material 

type 

Layer height 

(mm) 

Number 

of shells 

Infill 

(%) 

Infill 

type 

Build time for femur 

and liner implant 

Build time for 

tibia tray 

Support 

structure 

PLA 0.22  2 29 Hexagoal 2 h 60 min Added 

 

 

For this analysis report, the following specifications are used, after reviewing several research 

papers and publications. Polymer materials are typically created using biologically extruded 3D printing 

techniques. Both natural polymers and partially synthetic polymers can be easily converted into hydrogel 

biological inks, which mimic the hydrophilic properties and biocompatibility of biological tissues. Their 

mechanical properties can be adjusted to form stable 3D structures. Most biological inks reported are used in 

gas-phase environments in vitro, although liquid-phase suspended 3D printing is also being explored, limited 

to specific liquid-phase solvents. The actual application environment of biomaterials is complex, with various 

printed biomaterial components and cells offering different properties and functions. This study focuses on 

selecting polymer materials, biological printing cells, and their use in bone and cartilage repair. This review 

details each component’s characteristics, providing a basis and progress of 3D printing applications in 

biological bone and cartilage, as shown in Tables 3 and 4. 
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Table 3. Material properties of cartilage 
Properties Value 

Young’s modulus 0.06-0.020 MPa 
Poission's ratio 0.45-0.49 

Shear modulus 0.020 MPa 

Temperature 25 oC 
Density 1100 kg/m3 

Permeability 10-15 to 10-16 m4/N 

Material type viscoelastic (porous) 

 

 

Table 4. Material properties of bone 
Properties Value 

Young’s modulus 12600-19400 MPa 

Poission's ratio 0.3-0.39 
Shear modulus 4850-5700 Mpa 

Operating temperature 25 oC 

Density 1800 kg/m3 
Material type Solid 

Tensile strength 50-135 MPa 

Compressive strength (-50) to (-250) MPa 
Shear strength 65 MPa 

 

 

The tensile properties of human bone and 3D-printed kneebone joints are crucial for assessing how 

effectively synthetic materials can replicate natural structures in orthopedic applications. Cortical bone, a 

type of human bone, demonstrates exceptional tensile strength and toughness due to its unique composite 

structure, which combines collagen fibers with hydroxyapatite mineral crystals. This natural composition 

allows bones to endure substantial stress while retaining flexibility and durability. 

Recent advancements in 3D printing technology have enabled the fabrication of kneebone joints 

using materials such as PLA composites. These materials are selected for their biocompatibility, mechanical 

properties, and ease of processing. However, replicating the intricate microstructure and mechanical behavior 

of human bone remains a significant challenge. 

 

 

3. RESULTS AND DISCUSSION 

The orthosis design was carefully considered for mechanical integrity, using two polymer matrices: 

PLA and rPET, with two commercial brands for each. These materials were chosen for their affordability, 

availability, and suitability based on their properties. The DICOM data is imported into 3D Slicer with 

threshold values set at 152 (lower) and 2,923.60 (upper) for better bone visualization. Slicing and smoothing 

tools are used to eliminate unwanted geometries. While smoothing deals with tiny, invisible geometries, 

slicers eliminate larger apparent geometry. MATLAB Simulation is used to correct open loops in the knee 

joint that were present during the conversion from DICOM to STL. 

After importing the knee joint STL file into MATLAB Simulation, orientations are changed to 

guarantee a smooth surface finish, reduce support, and increase accuracy. The print parameters include two 

shells, 20% hexagonal infill, and a 0.20 mm layer height. The print took four hours and twenty-six minutes 

with supports using biodegradable PLA. The femoral, tibial, and liner implants of the 3D-printed knee joint 

prototype are similarly made of PLA using a 3D FDM printer with 0.20 mm layer height, 25% infill, and two 

shells. The femur and liner took 2 hours to print, while the tibial tray took 60 minutes. 

 

3.1.  3-D printed kneebone joint 

As shown in Table 5, a comparison of the tensile properties of the materials used in this study with 

those of natural human bone and 3D-printed kneebone joints reveals only minor differences in energy 

dissipation. To enhance the performance of 3D-printed kneebone joints, composite materials like PLA 

blended with recycled rPET have been utilized, combined with advanced printing techniques. Incorporating 

bioactive ceramics or nanomaterials into the printing process can further improve mechanical properties and 

better mimic the hierarchical structure of natural bone.  

Moreover, optimizing printing parameters—such as layer thickness and orientation—can 

significantly influence the tensile properties of the final printed part. These ongoing developments promise to 

create more effective and durable orthopedic implants, ultimately improving patient outcomes and advancing 

the field of biomedical engineering. The tensile pieces after 3D modeling were analyzed and processed for 

polishing by making the surface roughness at 4.3 micrometers, to analyze the tensile test process. 
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Table 5. Comparisons of human bone and 3-D printed kneebone joint 
Human bone properties 3D printed properties 

Tensile Compressive Shear Tensile Compressive Shear 

150 Mpa 250 Mpa 450 Mpa 140 Mpa 250 Mpa 300 Mpa 

  

 

The steps involved in modeling 3D-printed knee femur and tibia implants using PLA and rPET in 

the proposed work are: 

a. Data acquisition 

− MRI scans: patient-specific imaging data in DICOM format is collected. MRI scans are often preferred 

for higher resolution in capturing bone structures. 

− Segmentation: the regions of interest (e.g., femur and tibia) are segmented using software, using ANSIS 

and MATLAB to isolate the bone structures. 

b. 3D model creation 

− Thresholding and masking: thresholding values are adjusted to focus on the bone areas, and masks are 

created to define the boundaries of the 3D models. 

− Region growing and surface generation: tools ANSIS and 3D View are used to generate 3D surfaces of 

the bones from segmented data. 

− Noise removal: tools 3D view and MATLAB are used to smooth and rectify geometrical errors such as 

open loops and unwanted artifacts. 

c. Customization and implant design 

− Reverse engineering: the natural curvature of the bones is captured, and adjustments are made to ensure 

the implant fits accurately. Tool ANSIS is used for detailed design alterations. 

− Material assignment: the density of cortical and cancellous bone is analyzed to determine mechanical 

properties. Joints knee data from MRI scans is used to simulate material characteristics. 

d. Preparation for 3D printing 

− Conversion to STL: the finalized 3D models are converted to STL format for slicing and 3D printing. 

− Slicing and process parameters: tool 3D slicer is used to set parameters: i) layer height: 0.20 mm for PLA, 

ii) infill pattern: hexagonal infill is used for lightweight strength, around 20–25%, and iii) support 

structures: added to ensure stability during printing. 

e. 3D Printing 

− Material selection: PLA, a biodegradable polymer, and rPET, a recycled material, are used for 

environmentally friendly and biocompatible printing. 

− Printing process: the models are printed using FDM printers. Parameters such as printing speed and 

temperature are optimized for material type. 

− Post-processing: support structures are removed, and the printed surfaces are cleaned and polished to 

ensure a smooth finish. 

f. Verification and testing 

− Dimensional accuracy: the printed implants are compared against the original CAD designs to ensure 

accuracy. 

− Mechanical testing: implants are tested for strength and flexibility to ensure they meet biomechanical 

requirements. 

− Prototyping and assembly: the femur, tibial tray, and liner are tested in assembly to confirm compatibility 

and functionality. 

g. Clinical considerations 

− Customization: patient-specific factors, such as bone morphology, are accounted for during design. 

− Surgical adaptability: implants are designed to ease surgical procedures like TKA. 

This approach enables the creation of customized, cost-effective, and environmentally sustainable 

knee implants. The femur and tibia are each divided into four distinct regions: F1 to F4 for the femur and T1 

to T4 for the tibia, with F1 and T1 representing the most proximal regions and F4 and T4 the most distal. 

Data from the scans included measurements from the entire distal femur, the entire proximal tibia, and the 

subchondral regions of both the femur and tibia.  

To perform the modeling of the proposed knee joint process, as shown in Figures 3(a)-(c), the CT or 

NMR scans of a 42-year-old woman with left knee osteoarthritis capture images of the disease site, which are 

then imported. The correct orientation is selected during the import process. As shown in Figure 3(d), for the 

3D model, threshold segmentation is applied, and disconnected regions are further divided into subgroups to 

create a new mask. The soft tissue site is marked as the starting point, and the endpoint is identified once the 

line penetrates the bone, generating an intensity interface where the prominent area represents the threshold. 
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The segmented DICOM file is made into individual standard triangulation language (STL) files as shown in 

Figures 3(a)-(d). 

After threshold segmentation, the images were processed with a morphological operation to remove 

small burrs and eliminate floating pixels through region growing. The method calculate 3D models is for 3D 

reconstruction, and the implant model was smoothed and denoised for optimization the tibial implant model 

was then imported into the STL editor for grid repair, denoising, smoothing, and bone cutting simulation, 

with the cutting line. The tibial implant bone-cutting model was imported into MATLAB software for 

forward design. The implant model was selected based on the bone cutting surface, and its components 

(stem, wing, plate, groove, and articular surface) were adjusted to fit the tibial surface. 

  

 

 

 

(a) 

 
(b) 

 
(c) (d) 

  

Figure 3. 3D model visualization of individual STL files of knee for proposed model implementation  

(a) femur, (b) tibia, (c) fibula, and (d) femur, tibia, and fibula 
 

 

Knee joint resection is standardized into three sizes based on femoral geometry at the resection site. 

The A-P length of the femur, shown in Figures 4(a) and (b), measures 53.351 mm medially and 56.796 mm 

laterally, averaging 55.072 mm, which classifies it as small. When the tibiofemoral angle, or “knee angle,” is 

at 6° valgus, the knee aligns neutrally. Femur cutting follows the intramedullary reference system, guided by 

the medullary canal, aligning with the anatomical axis. This guide is angled at approximately 6° between 

anatomical and mechanical axes. The distal femur cut depth is 9 mm. 

For its small size, the average bone resection thickness is 6.5 mm for distal medial and lateral 

sections, and 5.9 mm and 5.8 mm for posterior medial and lateral sections, respectively. These details are 

illustrated in Figure 4(c). With parallel mechanical and anatomical axes, the tibia is cut at a 0° angle. 
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Removing 11 mm of tibial bone maintains the joint line, allowing for an 11 mm polyethylene liner placement 

instead of 9 mm, as seen in Figure 4(d). 

Table 6 shows the percentage values of strainT for all T and F across different attachment site 

combinations. The F2-T1 combination generally resulted in the lowest strainT, with two cases tying with  

F1-T1. However, in three cases, a different combination produced the lowest strainT, with no clear pattern 

identified. As no single combination consistently minimized strainT, the first hypothesis was further 

analyzed. The range, mean, and standard deviation of strainT for each combination were calculated to 

identify the most effective site, as detailed in Table 6. 
 

 

  
(a) (b) 

  

  
(c) (d) 

 

Figure 4. 3D design of patient-specific implant of total knee joint, (a) analysis of distal femur scan,  

(b) analysis of proximal tibia scan, (c) femur, (d) tibia 
 
 

Table 6. Hardness values 
Attachment site combination Range of strainT Mean of strainT Standard deviation 

F1-T1 24.6–31.9 17.4 9.5 
F1-T2 25.4–31.8 17.9 9.5 

F1-T3 25.6–40.0 21.7 14 

F2-T1 13.9–21.8 13.7 7 

F2-T2 27.4–31.0 18.3 9.8 

F2-T3 29.7–40 22 11.7 
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4. CONCLUSION 

The tibial implant is designed using a combination of reverse and forward methods, with parametric 

optimization to minimize stress concentration and ensure optimal force distribution. The optimized  

3D-molded tibial implant shows excellent quality, with a smooth surface, no buckling deformation, and 

minimal adhering slag. While the implant meets strength requirements, its high elasticity modulus has to be 

addressed through heat treatment in future studies. Further research is needed to refine parametric modeling, 

structural additive methods, and SLM process parameters, paving the way for directly manufacturing 

personalized knee implants. 
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