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Abstract — Prosthetic limbs are crucial as assistive devices for individuals with lower limb amputations. This study focuses on designing and 
analysing prosthetic feet, specifically the telescopic tube component, to achieve optimal material strength and aesthetic appeal. Numerical 
simulations using ANSYS Workbench 19 are conducted to assess the total deformation and von Mises stress. Design iterations adjust the pylon 
tube thickness and material selection. Prototypes are developed using aluminium 6061 tube and rod materials for further testing. Various tests, 
including scanning electron microscopy, metallography, axial tensile testing, and tangential tensile testing (according to ASTM B 557M), are 
performed to evaluate the material properties. Results indicated that the axial and yield strengths of the aluminium 6061 rod are superior to the 
tube type. Conversely, the aluminium 6061 tube exhibits higher ultimate and yield stability in tangential testing. Ultimately, the study concludes 
that the aluminium 6061 tube material is more robust and suitable for prosthetic feet. 
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INTRODUCTION  
 Prosthetic limbs are pivotal in improving the mobility and quality of life of individuals with lower limb amputations. 

Among the critical components of prosthetic feet, the design and analysis of the telescopic tube component hold significant 

importance due to their influence on material strength and aesthetic appeal. This study aims to investigate the optimization of 

prosthetic feet design by focusing on the telescopic tube component, to achieve superior functionality.  

Prosthetic feet can be designed and optimized using various methods. Namely, lower leg trajectory error (LLTE) optimization, a 

design objective for passive prosthetic feet that model the trajectory of the lower leg segment throughout a step for a given 

prosthetic foot and selects design variables to minimize the error between this trajectory and target physiological power [1], [2]. 

Also, energy-storing-and-releasing (ESR) prosthetic feet that store elastic energy in composite materials must be developed and 

optimized for stiffness, considering the loads a healthy human foot undergoes and its kinematics while walking [3].  

Telescopic tubes are used in various applications, including prosthetic feet. The outer tube is typically made of lightweight and 

durable material, such as aluminium or carbon fibre, and provides the structure and support for the prosthetic foot. The inner 

tube is usually made of similar material and can slide within the outer tube to adjust the length of the foot. The locking mechanism 

secures the inner tube and prevents it from sliding out of the outer tube during use. The components of telescopic tubes used in 

prosthetic feet are designed to provide a lightweight, durable, and adjustable structure that can support the user's weight and 

provide a natural gait [4]. 
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In the subsequent sections of this paper, we will delve into the methodology employed for the design and analysis of prosthetic 

feet, discuss the numerical simulations and experimental tests in detail, and present a comprehensive analysis of the material 

properties. By examining the potential benefits and limitations of the aluminium 6061 tube and rod materials, this research aims 

to inform the selection process and guide future advancements in prosthetic foot design. 

Comprehensive testing was performed on the prototypes to evaluate the material properties. Various tests, including scanning 

electron microscopy, metallography, axial tensile testing, and tangential tensile testing, were conducted per ASTM B 557M 

standards. These tests aimed to assess the mechanical behaviour and characteristics of the materials under different loading 

conditions. By exploring material properties and testing methodologies, this study contributes to understanding the performance 

and suitability of different materials for prosthetic feet design. The findings from this research will aid in developing more robust 

and effective prosthetic limb solutions, ultimately improving the mobility and comfort of individuals with lower limb 

amputations. 

 

MATERIALS AND METHOD  
The mechanical performance of prosthetic feet was evaluated, allowing a comprehensive assessment of parameters such 

as total deformation and von Mises stress, providing valuable insights into the overall structural behaviour of the prosthetic feet. 

To enhance the performance, design iterations were conducted, incorporating adjustments to the pylon tube thickness and 

material selection. The selection process involved identifying materials that offer optimal properties for the prosthetic 

application. In this study, prototypes were developed using aluminium 6061 tube and rod materials. They were chosen for their 

favourable characteristics and suitability in prosthetic design. 

Finite element analysis (FEA) is a widely used technique in mechanical simulation. It involves dividing a complex 

mechanical system or structure into smaller, simpler parts called finite elements and then analysing the behaviour of each under 

different conditions. FEA is used to predict the kinematics and contact of the patellofemoral joint through co-simulation of rigid 

body dynamics and nonlinear FEA [5]. In another research, FEA is used to simulate the mechanical stimuli of trabecular bone in 

osteoporosis. The distribution of Von Mises stress, octahedral strain, strain energy density, fluid velocity, and pore pressure are 

predicted for the bone's solid and marrow phases [6]. FEA is also used to improvise the effective foot length ratio (EFLR) and 

progression of the centre of pressure (CoP) of a solid ankle-cushioned heel (SACH) in prosthetic feet [7], [8]. 

 

1. Static Structure Analysis 

Static structural analysis with finite element method simulations was conducted on two designs of prosthetic legs, 

namely transtibial and transfemoral. Both designs encompassed various ankle and knee joint variations. Figure 1 (a) 

illustrates a transtibial prosthetic leg with fixed ankle and single-axis types, which Figure 1 (b) showcases a transfemoral 

prosthetic leg with different ankle and knee joint variations. 

 

              
(a)      (b) 

Fig. 1. Transtibial and transfemoral prosthetic leg 
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Both types of prosthetic legs, transtibial and transfemoral, will be further developed with telescopic features. The 

telescopic feature allows users to adjust the length of the prosthetic leg. This is necessary because the prosthetic leg used 

by individuals often undergoes changes in size over time due to usage. Therefore, this feature is suitable for users without 

repeated fittings. 

 

 
Fig. 2. Telescopic prosthetic legs 

The prosthetic leg with telescopic features is subjected to maximum level P8 conditions and loading, following 

ISO 10328 as a standard of prosthetic, with a weight limit of less than 175 kg. Two boundary conditions are applied. 

The total deformation and von Mises equivalent stress of the prosthetic leg is obtained in the research simulation. 

This data serves as a reference for material recommendations. Total deformation is represented in deflection data that occurs 

during loading. At the same time, von Mises stress predicts material failure if the von Mises stress reaches the material's 

yield strength, Sy. 

The simulation results are then validated using simple manual calculations as an approximation approach. The 

stress calculations for conditions 1 and 2 are respectively σ = 2.165× 10−6 MPa and σ = 1.092× 10−6  MPa. These values 

are compared with the simulation results for conditions 1 and 2, which are 2.353× 10−6  MPa and 1.455× 10−6  MPa , 

respectively, indicating agreement. Thus, the multiplicative factors for conditions 1 and 2 are determined to be 0.92 and 

0.75, respectively. Both materials prove to be suitable for application in prosthetic legs. However, considering the 

availability of raw materials in Indonesia, aluminium 6061 is the most adequate compared to aluminium 7075. Further 

research on aluminium 6061 is therefore warranted. 

 

2. Material Testing 

Comprehensive material testing is essential in validating the suitability and performance of materials in prosthetic 

limb applications. Testing should include mechanical properties such as tensile and bending tests, socket failure 

characteristics, and fatigue tests. The use of a robotic test rig, a mock residual limb, and mechanical testing protocol, and 

comparing kinetic and kinematic data from human subjects can also help evaluate the performance of prosthetic and robotic 

joints and improve prosthetic mobility[9]–[13]. 

The tested pylon tube used in several material tests is made of aluminium 6061. These tests aim to investigate the 

manufacturing process's influence on the prosthetic leg made from available raw materials. Aluminium 6061 is commonly 

known in both rod and tube forms, and it is found that they exhibit differences when manufactured into prosthetic legs. 

Therefore, several tests will be conducted on pylon tubes made from aluminium 6061 tubes and rods. 
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3. Elemental Analysis Test 

The elemental analysis test was conducted using a Hitachi Flex SEM 1000 scanning electron microscope coupled 

with an Ametek Edax Apex series energy dispersive spectroscopy system. The results of elemental analysis are shown in 

Table 1 and Table 2. 

 
Table 1. EDS test results of an aluminium 6061 rod compared to standard 

No. Material Standard Tests Status 

1. Mg (%) 0.8-1.2 2.28 Exceed 

2. Al (%) 95.8-98.6 96.63 Appropriate 

3. Si (%) 0.4-0.8 0.40 Appropriate 

4. Cr (%) 0.04-0.35 0.26 Appropriate 

5. Cu (%) 0.15-0.4 0.44 Exceed 

  
Table 2. EDS test results of an aluminium 6061 tube compared to standard 

No. Material Standard Tests Status 

1. Mg (%) 0.8-1.2 1.73 Exceed 

2. Al (%) 95.8-98.6 97.39 Appropriate 

3. Si (%) 0.4-0.8 0.47 Appropriate 

4. Cr (%) 0.04-0.35 0.17 Appropriate 

5. Cu (%) 0.15-0.4 0.24 Appropriate 

 

It is observed that the tested aluminium 6061 rod and tube are primarily composed of aluminium (Al), followed 

by magnesium (Mg). In the 6-series aluminium alloys, the primary alloying elements are magnesium and silicon, with 

magnesium being the predominant alloying element. 

 

4. Element Analysis Test 

The metallography testing was conducted by cutting the specimen's end and embedding it in resin, as shown in 

Figures 3 (a) and (b). The specimen was then wet ground using water and grit sizes of 80, 120, 300, 400, 600, 800, 1000, 

1200, 1500, 2000, and 5000. Subsequently, the specimen was polished using a cloth pad with alumina powder and wiped 

with alcohol to remove any residue. The specimen was then etched using an etching solution composed of HCl (30 mL), 

HF (2.5 mL), HNO3 (40 mL), CrO3 (4.45 mL), and H2O (42.5 mL) for a duration of 60 seconds. After etching, the specimen 

was rinsed with alcohol once again, and the process of micrography could be carried out. The process could be repeated if 

the material structure was not yet visible. 

 

 
Fig. 3. Specimen cutting for metallography test 
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Testing was conducted for two specimens with each rod and tube material to obtain the best accuracy. The results 

of 100 times magnification microscopic photography of the aluminium 6061 for rod specimen are illustrated in Figures 4 

(a) and (b), while for the tube specimen in Figures 5 (a) and (b).  

 
(a)                               (b) 

Fig. 4. 100x magnification microscopic photography results of rod-type aluminum 6061 specimen  

 

  

(a)      (b) 
Fig. 5. 100x magnification microscopic photography results of tube-type aluminum 6061 specimen 

 

Figure 4 and Figure 5 above show that there are no significant differences between the tube-type and rod-type 

aluminum 6061 specimens. 

 

5. Metallography Test 

The axial tensile testing conducted in this research is based on the ASTM B 557M-02a, 2003 standard. The 

standard encompasses various testing methods and specimen types. For this study, the tensile testing method and specimen 

type employed are specific to tubular specimens. Within the tubular specimen category, two testing methods are available, 

namely thin-walled tubes and thick-walled tubes. This research focuses on thin-walled tubes, specifically those with a 

thickness value of 4 mm. The dimensional specifications for the tensile testing specimen in the form of a tube, following 

the ASTM B 557M. 

The graph grabber application was utilized to digitize the tensile testing graphs, obtaining either graphical or 

coordinate data. The obtained coordinates were then scaled using the maximum force and elongation data. Subsequently, 

force-displacement graphs were generated for each specimen, as depicted in Figures 6 (a) to (e).  

 

 
Fig. 6. Force-displacement graphs 
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The next step involves converting the force-displacement graphs into stress-strain graphs. The stress values are 

obtained using the equation: 

σ𝑢𝑢 =
𝐹𝐹𝑢𝑢
𝐴𝐴0

 
Eq. (1) 

Next, the force-displacement data is scaled to generate stress-strain graphs for specimens 1 to 5, which are shown 

in Figures 7 (a) to (e). This allows for the analysis of material properties such as yield strength, ultimate tensile strength, 

and strain-hardening behaviour. 

 
Fig. 8. Stress-strain graphs 

 

After analysing the five stress-strain graphs, the yield points are determined using the 0.2% offset method. The 

offset line is created by drawing a straight line parallel to the elastic region of the graph and shifting it by 0.002 mm/mm. 

The yield values for each chart are determined using the graph grabber application. The obtained data is tabulated and 

averaged to obtain the final material properties of aluminium 6061 manufactured as rods. The resulting data is presented in 

Table 3. 

 
Table 3. Material properties of rod-type aluminium 6061 

Al6061 Axial Properties 

Specimen Yield Strength 
(Mpa) 

 

Tensile Strength 
(Mpa) 

1. 144.9503 200.0702 
2. 161.1918 198.476 
3. 124.9481 204.978 
4. 169.0349 213.1961 
5. 151.8245 210.183 

 

6. Axial Tensile Testing 

Unlike conventional tensile tests that apply axial tensile loading along the specimen axis, the Ring Hoop Tensile 

Test (RHTT) is specifically designed to assess the resistance of pipe thickness. The RHTT consists of three main 

components: fixtures, D-blocks, pin, and the specimen, as illustrated in Figure 9. It is worth noting that the D-blocks exhibit 

three times the strength of the tested specimen. 
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Fig. 9. Tangential tensile testing scheme 

 

The tangential tensile testing employed in this research is based on previous studies conducted in various journals. 

These studies encompass different testing methods and specimen types. For this research, the testing involves the use of 

the ring hoop tensile test method with "dogbone" shaped D-Blocks, as depicted in Figure 10. In this type of tangential 

tensile testing, there is a gauge section or constriction area on both sides of the specimen, which is then positioned adjacent 

to the D-Block (on the right and left sides). This approach aims to minimize the occurrence of frictional forces that could 

compromise the purity of the tensile force measurements. 

 

DISCUSSION  
The simulation was conducted on both prosthetic feet using ISO 10328 standard: Prosthetics - Structural testing of 

lower-limb prostheses - requirements and test methods, precisely the highest level P7 load of 175 kg body weight, to obtain total 

deformation and von Mises stress. The allowable von Mises stress should be 75% of the yield strength of aluminium 6061, which 

is 207 MPa, while for aluminium 7075, it is 377.25 MPa. Design adjustments are required for the pylon tube to achieve a safe 

prosthetic foot, which involves increasing the thickness of the pylon tube to 4 mm, thus affecting the von Mises stress. From the 

simulation, it is found that both aluminium 7075 and 6061 are safe materials for prosthetic feet. 

From the simulation, Von Mises stress for the transtibial pylon tube and for the transfemoral pylon tube are obtained. 

After evaluating the design by increasing the thickness of the pylon tube, the maximum von Mises stress is achieved. Both 

aluminium 7075 and 6061 can be used as materials for the pylon tube. However, considering the limited availability of suitable 

raw materials in Indonesia, aluminium 6061 is chosen. Further analysis and experiments on aluminium 6061 are needed. 

The available raw material for aluminium 6061 consists of tubes and rods with different property ratios, as shown in 

Table 3 for both axial and tangential testing. The rod specimens exhibit higher axial strength than the tube specimens, while the 

tube specimens are more robust in terms of tangential strength. According to ASTM B 557M-02a, section XI.4.3, the difference 

in a cross-sectional area does not affect the ultimate material strength, considering the variations in thickness that occur during 

the design and manufacturing processes. 

The tube specimens of aluminium 6061 are rod-shaped specimens processed further with heat treatment during 

production. As a result, the tube specimens have higher maximum and minimum strength compared to the rod-shaped models. 

In the tangential testing, the tube specimens exhibit higher strength than the tangential tensile strength of the rod-shaped 

specimens, and there is no significant strain hardening that causes a drastic increase in the strength of the aluminium tube. 

 

CONCLUSION  
From the numerical analysis conducted, the total deformation of the transfemoral prosthetic foot for aluminium 7075 

and 6061 is 0.029365 m and 0.029854 m, respectively. For the transtibial type, the total deformations are 0.017421 m and 

0.018129 m, respectively. The maximum von Mises equivalent stress obtained from the transfemoral and transtibial prosthetic 
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feet results in maximum stresses that are deemed unsafe. This is indicated by the percentage of the maximum von Mises stress 

compared to the material's yield stress, which exceeds 75% for both aluminium 6061 and 7075. 

Design adjustments by increasing the thickness of the pylon tube can affect the weight of the prosthetic foot and the 

maximum weight capacity of the user. In the case of aluminium 6061, when an additional thickness of 2 mm is added, it can 

achieve level P8 or accommodate a maximum user weight of 175 kg. The testing of aluminium 6061 rod and tube materials 

reveals that the aluminium 6061 tube exhibits higher strength compared to the rod type. This is evident from the ultimate strength 

and yield strength values, where the tube type yields 205.3807 MPa and 150.3899 MPa for axial loading, while for tangential 

loading, the values are 574.944 MPa and 561.9398 MPa, respectively. 
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