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Abstract —A leg prosthesis is a tool that can help people with disabilities due to amputation or birth defects. Prosthetic leg products created 
through the 3D printing process on the knee joint have been reported to have cracked after two months of use. The purpose of this study was 
to observe the causes of failure of knee joints in prosthetic legs printed using the 3D printing method. The numerical method based on the finite 
element method, ANSYS Workbench 2023, was chosen to complete the structural simulation. The model parameters observed in the simulation 
were the printing orientation, model position, and equivalent plastic strain of PETG, ABS, and PLA. Several print-direction positions were 
considered in this simulation, namely 0°, 45°, and 90°. Static simulation of the structure was performed because only the static forces acted on 
the knee joint. Static forces were obtained by applying the principle of static equilibrium to rigid objects. The results of the numerical simulation 
showed that damage to the knee joint made of PTEG was caused by the plane of 90°. The orientation position causes the force received in the 
perpendicular direction of the knee joint component; thus, it tends to break the printing layers. The ideal printing orientation for the knee joint 
is 0° orientation. This orientation is considered suitable because it has the highest safety factor compared to other orientations. 
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INTRODUCTION 
 Globally, approximately 57.7 million people experience limb amputation due to trauma, with falls and road injuries 

being the leading causes. [1]. The demand for prostheses is expected to continue to increase, and the number of amputees is 

expected to double by 2050 [2]. However, this technology may not be accessible to all groups within the population. Data 

collected routinely from prosthetic clinics to help tailor services can provide valuable insights into the changing needs of the 

disabled population [3]. In Indonesia, the population of individuals with disabilities was 2.45%, as recorded in the 2012 

population census [4]. The data show that 33.74% of the population had physical disabilities, making them the largest disabled 

population in Indonesia. This percentage is equivalent to 717,312 disabled people. Meanwhile, in 2018, 14.2% of the Indonesian 

population with disabilities or around 30.38 million people [5]. According to the latest data [6], approximately 0.4% of 

Indonesia’s population are physically disabled people who may need prosthetic legs. With Indonesia’s population of 

approximately 273 million, this means that approximately 1.1 million people may need prosthetic legs. Physically disabled or 

disabled limbs refers to people with disabilities who have weaknesses in both upper and lower limbs. This large population of 

physically disabled people has certainly led to a great demand for prosthetic limbs. 

According to the Health Minister, medical device products in Indonesia are still dominated by imported products. The 

dominance of imported products shows a high dependence on foreign technology and raw materials in the medical device 

industry [7]. This is due to the limited capabilities of the national pharmaceutical industry in managing the availability of raw 

materials and regulations that are not yet optimal [8]. In addition, the lack of technology transfer and investment in R&D also 
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contributes to obstacles in creating competitive local products [9]. Based on data from the Directorate General of Pharmaceuticals 

and Medical Devices of the Ministry of Health until the end of the first semester of 2023, total national medical device 

transactions via e-catalog were still dominated by imported products, reaching 88% [10]. Most prosthetic leg products in 

Indonesia are imported because imported products have good final quality, so their price is also expensive. 

Imported prosthetic legs are generally sold at a high price of up to 23 million rupiah per unit [11]. On the other hand, 

not all people who need it have sufficient economic capacity to buy it. Therefore, it is necessary to develop more affordable 

prosthetic legs. The price of prosthetic legs is influenced by the manufacturing technology. It is made of metal, especially 

aluminum and medium-strength steel alloys, which makes its price more expensive. The use of 3D printing manufacturing 

technology provides the possibility of making prosthetic legs at a cheaper price[12]. 

A prosthetic leg consists of at least 4 components, namely the socket, knee joint, pylon, and sole of the foot [13]. The 

knee joint is the most expensive and critical component of a prosthesis, as it receives the largest proportion of the load. Prosthetic 

knee joints generally use a combination of materials to optimize performance and longevity. One combination of materials used 

is metal, specifically aluminum alloy, which has been identified as the optimal material for pediatric prosthetic knees due to its 

light weight and structural strength [14-15]. For adult knee and hip replacements, metals and biocompatible polymers are 

typically used, with ongoing research into self-lubricating coatings [16]. Ceramics have also emerged as an alternative material 

to metals by providing excellent biocompatibility and reducing wear rates [17]. Recent research has explored nonmetallic 

materials such as ULTEM 1010 for potential use in knee prostheses [18]. Several studies have also explored various composite 

materials, including PLA-CF, PETG-CF, and PLA-MWCNT, to improve the flexural strength and durability of 3D-printed 

prosthetic sockets [19]. 

Many studies have attempted to utilize 3D printing methods in prosthetic leg manufacturing. Pentek et al. observed the 

use of PLA and ABS for upper limb prosthetics, and their results showed that 3D printing parameters significantly affected the 

mechanical and electrical properties of PLA and ABS carbon composites [20]. From several existing studies, PLA exhibits 

superior mechanical properties, including high yield strength and tensile strength, making it suitable for structural components 

[21-22]. On the other hand, Silva and Guilhon studied the use of PETG as a connector material. The results showed that PETG-

based connectors made by the 3D printing method have good flexibility and resistance to cracking [23]. Other researchers found 

that socket and pylon components made of 3D-printed ABS demonstrated acceptable durability during different gait phases [24]. 

With various materials for 3D printing technology, it is possible to produce customized and affordable prostheses with enhanced 

functionality [25], [26]. However, the use of 3D printing for the manufacture of knee joint prostheses does not provide good 

results. As a result, there is still crack failure in one component of the knee joint, as reported by Bagaskara (2019) [27]. The 

presence of cracks in the prosthesis components can be identified using the finite element method. This study was conducted to 

determine the exact cause of failure of a knee joint component made using the 3D printing method.  

 

METHODS 

Structural static analysis was used in this study to analyze the damage to one of the knee joint components by the 3D 

printing method. ANSYS Workbench 2023 was chosen as the software to perform the numerical calculations. The forces applied 

to the knee joint were taken from the highest forces that occur during the gait cycle. Humans walk by repeating the same 

movements in sequence. In general, it consists of the stance phase and the swing phase [28]. Fig. 1 shows the amount of force 

supported by the foot during walking. It can be seen how the greatest force occurs when one leg provides support for the overall 

body weight, which is 1.19 of the body weight [28].   
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Fig. 1. The ground force reaction [28] 

 

The materials used in this numerical simulation were PETG, ABS, and PLA. ABS is a type of 3D printing material that 

experiences failure of knee joint components [27]. As a comparative analysis, two types of 3D printing materials that are 

commonly used and cheap are chosen, namely PLA and PETG. These three types of materials are widely available on the 

Indonesian market. The material parameters required in the numerical simulation comprise the mechanical properties of the 

materials and the material model. The mechanical properties of the material in the form of stress-strain curves and Poisson’s 

ratio are displayed in Fig. 2 . Meanwhile, the Poisson ratio value and material failure criteria in the form of strain at failure in 

percentage are shown in Table 1 for PETG, Table 2 for ABS, and Table 3 for PLA. All materials were modeled as isotropic in 

the numerical simulations because the anisotropic data were not completely known.  

 

       

 
Fig. 2. Stress-strain curve for a) PETG [4], b) ABS [6], and c) PLA. 
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Table 1. 3D printed mechanical properties for PETG [29] 

Properties [+45/-45]  
Flat 

[0/90]  
Flat 

[+45/-45]  
On-Edge 

[0/90]  
On-Edge 

[+45/-45]  
Upright 

[0/90]  
Upright 

Poison’s Ratio 0.36 ± 0.02 0.37 ± 0.03 0.35 ± 0.02 0.36 ± 0.03 0.34 ± 0.03 0.35 ± 0.02 
Young’s Modulus (MPa) 1900 ± 80 2000 ± 100 1850 ± 110 1950 ± 90 1600 ± 120 1700 ± 130 
Ultimate strength (MPa) 46.0 ± 1.0 48.5 ± 1.2 44.0 ± 1.1 42.5 ± 1.3 38.0 ± 1.5 40.0 ± 1.4 
Strain at failure (%) 6.8 ± 0.9 7.5 ± 1.0 5.2 ± 0.8 4.8 ± 1.0 3.5 ± 0.7 3.8 ± 0.6 

 
Table 2. 3D printed mechanical properties for ABS [29] 

Properties [+45/-45] 
Flat 

[0/90] 
Flat 

[+45/-45] 
On-Edge 

[0/90] 
On-Edge 

[+45/-45] 
Upright 

[0/90] 
Upright 

Poison’s Ratio 0.36 ± 0.03 0.37 ± 0.04 0.38 ± 0.03 0.36 ± 0.02 0.36 ± 0.03 0.36 ± 0.03 
Young’s Modulus (MPa) 1960 ± 60 2020 ± 60 2020 ± 110 1910 ± 60 2040 ± 90 2020 ± 110 
Ultimate strength (MPa) 32.8 ± 0.6 33.5 ± 0.5 31.9 ± 0.9 30.7 ± 0.7 30.0 ± 0.8 30.9 ± 1.3 
Strain at failure (%) 8.89 ± 2.34 7.14 ± 2.79 5.41 ± 1.13 5.82 ± 1.26 1.72 ± 0.16 1.84 ± 0.15 

 
Table 3. 3D printed mechanical properties for PLA [25],[31], [32], [33], [34] 

Properties Flat (0°) Edge (90°) Upright (90°) 

Poison’s Ratio 0.30 ± 00 0.39 ± 00 0.30 ± 00 

Young’s Modulus (MPa) 3360 ± 50 3200 ± 60 3100 ± 70 

Ultimate strength (MPa) 57.8 ± 1.2 52.5 ± 1.5 48.3 ± 1.8 

Strain at failure (%) 6.5 ± 0.5 5.8 ± 0.6 5.2 ± 0.7 

 

3D printing patterns with various orientations are intended to determine the appropriate materials and patterns to be 

applied to the knee joints of prostheses. The knee joint is a connection between the tibia (thigh bone) and femur (calf bone). The 

knee joint in transfemoral prostheses is divided into two types: monocentric and polycentric. The monocentric system only has 

a rotation on one axis, whereas the other type has two rotations on one axis [27]. In this study, the type of knee joint observed 

was the polycentric type, as shown in Fig. 3a. Meanwhile, Fig. 3b shows a knee joint made using the 3D printing method, which 

shows that failure occurred around the pin connecting to the femur (pointed in figure).  

 

 
                                                                            (a)                                                     (b) 

Fig. 3. a) Polycentric knee joints [35], b) 3d-printed polycentric knee joints 
 

The model was discretized by selecting the default settings in ANSYS Workbench software to obtain good meshing 

quality and achieve a balance between accurate results and fast calculation time. There are 2 types of contact between components 

used in this simulation: 1) contact due to rotational movement between components but translational movement is limited 

(defined as no separation contact) and 2) contact between components that have absolutely no relative movement (defined as 

bonded contact. A load of 60 kg (688 N heel contact, or equivalent to 1.19 of the body weight) was applied over the knee joint 

Failure area 
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surface, and a fixed support was arranged in the pylon cavity at the bottom of the knee joint. The simulation results taken for 

analysis were the equivalent plastic strain of the observed knee joint components, with the aim of comparing them to the strain 

at failure values of each material and orientation. The equivalent plastic strain is a value indicating the magnitude of the resulting 

plastic strain from all directions. This quantity represents the total plastic strain before fracture. 

The most important part of the numerical simulation is defining the printing orientation. The 3d printing process referred 

to here is often referred to as Fused Deposition Modeling (FDM). FDM adds heated material to the printed part layer by layer. 

As a result, FDM often prints components with lower mechanical properties than conventional manufacturing methods. The 

mechanical properties of FDM products are not only controlled by the original filament material but are also significantly affected 

by the direction-dependent production process that creates components with anisotropic characteristics. [29]. In terms of 3d 

printing product modeling, numerical simulation cannot distinguish the print orientation that is achieved through the 3d printing 

process. Thus, what must be done is to take the numerical simulation results that match the 3d printing print orientation and 

compare them with the available failure criteria. 

The printing orientation patterns of 0°, 45°, and 90° affected the tensile test value. The printing orientation pattern of 

0° has a bimodal strain pattern in the vertical direction; thus, the specimen made with a printing orientation of 0° will receive a 

force parallel to the specimen layer. The printing orientation pattern of 45° can form a uniform strain pattern. As a result, the 

specimen with a printing orientation of 45° will receive a perpendicular force, where the specimen layer forms an angle of 45°. 

The 90° printing orientation pattern can form a bimodal strain pattern in the horizontal direction, so the resulting specimen will 

receive a force perpendicular to the specimen layer. The 3D printing orientation patterns are shown in Fig. 4. [36].    

 

 
Fig. 4. Display printing orientation: a) 0 deg, (b) 45 deg, (c) 90°, and alt 45° [36] 

 

The focus of this study is the selection of materials and orientations for application to prosthetic knee joints. The 

previously applied material that failed was PETG, so analysis is needed to determine the cause of knee joint damage. Then 

alternative materials, ABS and PLA, are given to be analyzed to determine whether they meet the safety limits for application to 

the knee joint. The variations in the print orientation are 0°, 45°, and 90°. The 3D printing orientation of the knee joint is 

illustrated in Fig. 5.  

 

 
Fig. 5. Illustration of printing orientations: a) 0°, b) 45°, and c) 90° 

(a) (b) (c) 
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RESULTS AND DISCUSSION 

The simulation results were analyzed and displayed in the form of a graph of the relationship between equivalent 

plastic strain and printing orientation, as shown in Fig. 6. 

      

 
Fig. 6. Equivalent plastic strain from the simulation for a) PETG, b) ABS, and c) PLA 

 
Fig. 6a shows the equivalent plastic strain for each printing orientation of PETG. The 90° printing orientation produces 

the largest equivalent plastic strain. Compared with the strain at failure of PETG, the overall safe status for each printing 

orientation was obtained. At the printing orientations of 0°, 45°, and 90°, the strain at failure limits for PETG were 0.02301, 

0.02733, and 0.030579 mm/mm, respectively. Thus, with the equivalent plastic strain values of 0.0016102 mm/mm, 0.0037745 

mm/mm, and 0.0049858 mm/mm for the printing orientations of 0°, 45°, and 90°, respectively, it can be stated that there is no 

safety issue related to the printing orientation for PETG.  

Fig. 6b shows the equivalent plastic strain for each printing orientation of ABS. In contrast to PETG, the highest 

equivalent plastic strain for ABS occurs at the 0° printing orientation. Meanwhile, there is no significant difference in the 

equivalent plastic strain value between 45 deg and 90°. However, ABS has the same characteristics as PETG in terms of structural 

integrity, namely that overall various printing orientations do not have the potential to cause failure. The comparison between 

equivalent plastic strain and strain at failure at each printing orientation is 0.0063368 mm/mm compared to 8.34 mm/mm for the 

0° flat position direction, 0.0063071 mm/mm compared to 5.34 mm/mm for the 45° tilted position direction, and 0.0049858 

mm/mm compared to 1.74 mm/mm for the 90° vertical position direction.  

Fig. 6c shows the equivalent plastic strain for each printing orientation of PLA. It is clear that PLA exhibits the same 

tendency as PETG, namely, the highest equivalent plastic strain value at 90° orientation and the lowest equivalent strain value at 

0° orientation. In terms of strain at failure, PLA also has the same results, namely that the equivalent plastic strain value produced 

by the knee joint components is still below the strain at failure limit. At 0° orientation, the maximum equivalent plastic strain of 

0.0013047 mm/mm was still below the strain at failure of 0.01285 mm/mm. At 45° orientation, the maximum equivalent plastic 
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strain of 0.0029322 mm/mm was also below the strain at failure of 0.01702 mm/mm. At 90° orientation, the maximum equivalent 

plastic strain value of 0.0035175 mm/mm remained below the strain at failure of 0.01134 mm/mm. 

Although all simulation results showed that the maximum equivalent plastic strain value for all types of 3D printing 

materials, both PETG, ABS, and PLA, was still below the strain at the failure limit, it could not be concluded that all types of 

materials had the same strength. To determine this, it is necessary to calculate the safety factor for each material with various 

printing orientation variations. The formulation of the safety factor is analogous to the formulation of the safety factor for 

structures, which is obtained by comparing the stress to material strength. Therefore, in this study, a formulation of the safety 

factor for structures manufactured by 3D printing is proposed based on the comparison between equivalent plastic strain and 

strain at failure: 

𝑆𝑆𝑆𝑆 = 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑎𝑎𝑎𝑎 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

         (1)  

where SF is the safety factor (dimensionless), the strain at failure, and equivalent plastic strain are expressed in mm/mm. Using 

Equation 1, the SFs for all material variations and printing orientations are summarized in Table 4. 

 
Table 4. Safety factors of each material and printing orientation 

Material 0 deg 45 deg 90 deg 

PETG 14.3 7.2 6,1 

ABS 1,315.8 846.6 348.9 

PLA 9.8 5.8 3.2 
 
Table 4 shows the safety factor resulting from the comparison between the strain at the failure limit and the equivalent plastic 

strain. It can be seen that ABS is very dominant compared to PETG and PLA, namely, with a huge SF value, up to thousands of 

times. This can be easily understood because this behavior is in sync with the mechanical properties of ABS, which are very 

superior in terms of plastic strain (Fig. 2). Considering the high safety factor value, it is unlikely that static failure is the main 

cause of knee joint component failure. In general, if failure still occurs in the range of large safety factor values, it can be 

concluded that the failure occurred due to repeated dynamic loads. Meanwhile, when viewed from the perspective of printing 

orientation variations, the 0° printing orientation provides a higher level of safety for all types of material variations, whereas 

the 90° printing orientation produces the lowest level of safety. Therefore, it is recommended to choose a 90° printing orientation 

in the printing components with filaments made of PETG, ABS, or PLA. 

 

       
                                                (a)                                                            (b)                           (c) 

Fig. 7. Printing pattern in (a) 0°, (b) 45°, and (c) 90° 
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The simulation results and analysis of the influence of printing orientation on the strength of various materials were 

conducted. This study did not directly prove why failure occurred in the 3D printed knee joint component because all simulation 

variations stated that all simulation models were safe. However, the results of this study show that the possibility of failure is 

caused by a printing orientation that does not match the direction of the force acting on the component. In the meantime, if we 

pay attention to the pattern formed from each printing orientation, as shown in Fig. 8, then the greatest possibility of failure will 

occur in the 90° printing orientation because the force that appears will cause the bonds between the 3D printed layers to be far 

apart. Compared to the 0° orientation, the force that appears actually occurs in a direction parallel to the printing direction. Thus, 

the possibility of failure is reduced. This is in line with the smallest safety factor of the 90° printing orientation. 

The results of this study indicate that the material and printing orientation of the prosthetic knee joint greatly affect its 

safety during bearing loads. Based on the simulation results, ABS is a 3D-printed filament material with the greatest tensile 

strength, which is demonstrated by its superior safety factor compared to PETG and PLA. The simulation results also indicate 

that the 0° printing orientation is highly recommended for product printing because it produces a higher safety factor than other 

printing orientations. A study  by Adi and Dharmastiti also showed that the printing orientation greatly affects the distribution of 

forces on the prosthetic knee joint [37]. The 0° orientation of the PETG material used in this study resulted in faster failure 

because of the force received parallel to the printed layer. The results of Adi and Dharmastiti's study strengthen the findings in 

this study that the 0° printing orientation has significant structural weaknesses, especially when facing repeated force cycles, 

such as when walking. The same result was also reported by Hidayat et al. They emphasized the importance of optimizing the 

printing orientation to increase the durability of 3D printing-based prosthetics [38]. This demonstrates that a design approach 

that considers the proper printing orientation can result in a more durable and cost-effective prosthesis.  

In addition, this study also provides important contributions for evaluating other materials such as PLA and PETG. 

PLA, although it has a relatively high maximum tensile strength of 57.8 MPa in flat orientation, shows a lower equivalent plastic 

strain value compared to ABS. Therefore, PLA may be more suitable for applications requiring high stiffness but that do not 

involve significant dynamic loads. In contrast, PETG exhibits better flexibility than PLA, but the 0-degree printing orientation 

used is a major drawback, as also reported in other previous studies. These studies emphasize that the optimal combination of 

materials and manufacturing techniques is essential for improving the durability and performance of prostheses, especially for 

users with high activity. 

This research has direct implications for clinical practice, particularly in the selection of materials and 3D printing 

methods for prosthetic knee joints. Based on the simulations conducted, a 90° printing orientation has a higher risk of failure 

compared to other orientations. This is due to the tensile forces acting perpendicular to the printed layers, which can lead to 

delamination and reduced structural durability. Conversely, a 0° printing orientation is recommended as it provides the highest 

safety factor and better stress distribution in prosthetic knee joints [39]. 

From a clinical perspective, material selection directly impacts the comfort, durability, and functionality of prosthetics. 

ABS has the highest safety factor, demonstrating superior resistance to mechanical loads and repeated usage cycles, making it 

more suitable for users with high activity levels. PLA and PETG offer advantages in flexibility and lighter weight but require 

additional structural design optimization to be effectively used in prosthetic applications [40]. Therefore, in clinical practice, 

material selection should be tailored to the user's activity level, comfort needs, and expected mechanical durability. 

As a recommendation, in addition to material selection, the type of load must also be considered, as this simulation 

study proves that failure in Bagaskara’s prosthetic limb case was not due to static load but rather dynamic load. This is evident 

from the still very high safety factor. Material failure due to dynamic loading, or fatigue failure, can occur because of small loads 

that are applied repeatedly at a relatively high frequency. 
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Nevertheless, the simulations in this study still use isotropic properties. Ideally, for 3D-printed components, the 

anisotropic nature of the material should be considered. Studies show that incorporating anisotropic and elastoplastic material 

behavior in simulations yields more accurate predictions of mechanical properties and failure modes [41]. However, some 

research suggests that isotropic models can adequately describe the behavior of 3D-printed ABS parts, regardless of infill strategy 

[42]. Manufacturing parameters, particularly infill percentage and layer thickness, significantly affect mechanical properties, 

with PLA generally exhibiting higher tensile strength and rigidity than ABS [43-44]. 

 

CONCLUSIONS 

Static simulations of knee joints made of PLA, PETG, and ABS with various printing orientations were conducted. The 

research results are as follows: 

i. The cause of damage to the knee joint is that the PTEG material is printed with a 90° orientation because the simulation 

results show that this printing orientation produces the smallest safety factor. The same applies to ABS and PLA materials. 

Compared with PETG and PLA, ABS has a superior safety factor for various printing orientations. 

ii. The best printing orientation is 0°. This orientation is suitable for all types of 3d printing filament materials because it 

produces a higher safety factor than other printing orientations. 
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