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Abstract 
 
The amputation that is the removal of any of the human body part is 
primarily because of the unexpected event occurs like industrial or road 

accident, torment, or surgery. Based on the previous studies in India, the 

amputation is known to be occurred majorly because of motor vehicle 

accidents. The most familiar amputation are; upper and lower limb 
amputations. Also, the main problems faced by the amputees who are using 

several prostheses are for regaining their gait position and controlling their 

stability. In this work, it is mainly focused on the selection of prosthetic leg 
material for Lower limb amputation, which means the removal of a toe to the 

loss of the entire leg. This paper aims to propose Aluminium 2024-T4 as a 

material used for the construction of a prosthesis.In addition to the aim, the 
paper is intended to suggest a suitable methodology for appropriate selection 

of material for the construction of prosthesis preferable for a wide range of 

loading conditions. Also, the design made must be able to serve the purpose 

by physiologically under various loads, stresses, and constraints during 
exertion tasks like gait in real-time functions. To meet the real-time needs, a 

linear buckling study is carried out and the stress, displacement are all 

extracted. In this work, it is proposed to select Aluminium 2024-T4 as the  
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appropriate material to develop the design of prosthesis to provide low 
weight, high tensile strength, stability control, Gait manipulation, and 

independent prosthesis to the lower limb amputees. This study is carried out 

by using the software such as Solid Edge ST (109.00.14.003 x64), Femap 
(11.3.1) and solver used is NX Nastran (10.2). Durability and comfort are the 

most important characteristics of the prosthetic leg. Further studies of the 

developed prosthetics can be done by using it for clinical trials. 
 

Key words: Aluminium 2024-T4, Linear Buckling Study, Amputees, 

Lower Limb Prosthesis and Tetrahedral Mesh. 

 
1    Introduction 
 

An amputation means the removal of any part of the body. In general, it 

refers to the removal of an arm or hand, foot, or leg. According to the studies 

of Horne & Neil and Shuxian et al., accidents and vascular diseases are the 

main reasons for amputations. During an incident like an accident or while 
doing surgery, the amputation occurs.  

If in case a person happened to be a limb amputee, then the affected 

person is used to get experience to face unpleasant sensations and changes in 
the financial way of life. To replace a lost body part like an upper or lower 

body end, an artificial support or extension namely prosthesis is used [1-5]. 

So, the selected prosthesis should be durable with lesser weight.  

Also, it should be user friendly to wear that is easy to dress manually in 
and out. In addition to its functions are well, the prosthesis should allow for 

easier maintenance. For support or to enhance the person's motor control 

actions which were lost due to defect, disease, or trauma, the state-of-the-art 
bio-mechatronics field is helpful. Bio-mechatronics is the science used to 

insert mechanical devices within the human muscle, skeleton, and nervous 

systems to compensate for the losses that occurred to the concerned amputee. 
The interface, components, and cover are the main parts of limb prosthesis. 

In the case of a prosthetic leg, the main parts are socket, pylon, and foot. The 

uppermost part of the prosthesis is the leg socket through which the residual 

limb contact is taken care of. The forces occurred while walking is 
transferred by leg socket to the ground. Hence the selection of a suitable 

material and design of a prosthetic leg is necessary to finalize the fitting’s 

quality. 
The general complaint received from prosthetic hospitals is the 

symptoms developed by an improper leg socket fitting. Though several 

technological advancements are happening in the design of the prosthesis, the 
uneasiness in putting prostheses has been a disadvantage for most amputees 

[6]. The standardization of prosthesis was found to be difficult even after 

considering various biomechanical parameters [6,7].  
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The pressure in between the socket and the stump makes discomfort 
When the tissue of the body is getting a loss of blood supply, this type of 

amputee is caused. Due to amputation, the muscle gets the natural sensory 

loss. Because of this loss, the leg amputees get suffered from main problems 
like lack of normal gait cycle, etc., Also, the leg amputees get suffered 

because of the functions of extension/flexion of the knee joints [8-9].  

The contact between the skin and prosthesis to be taken care of 
thoroughly to prevent epidermis damage like infection, break down, and 

irritation [9-11]. It is necessary to overcome the above-mentioned problems 

and to come out with a proper solution by the way of designing an ideal non-

ferrous alloy mainly Aluminium alloy that will provide enough mechanical 
strength comparable to stainless steel and of having low weight. Hence the 

properly selected material with the careful design will fit suitably for the 

alignment of the socket as per the instant changes in postures. Also, the skin 
will not get irritated because of the new design and get supported for 

appropriate perspiration [12-15]. Aluminum alloy is a medium strength alloy 

with excellent corrosion resistance. Aluminium 2024-T4 is naturally aged 

and solution treated [16].  
The allergy effects, the socket, and skin frictional effects can be 

eliminated by the appropriate liner material. This type of liner alone can 

provide real and uniform pressure distribution. The careful selection of leg 
material together liner material can provide high-quality bonding nature, real 

and perfect pressure distribution, ideal cushioning effect, and superior trim 

[17-22]. Nylon fiber and glass composition combination has been utilized as 
the socket material. The cushion properties got improved by the design of 

this type of new sockets. Subsequently, for the skins, an ideal and friendly 

surrounding got developed [23-25]. A perfect prosthetic leg and a supreme 

socket shall be the one which is having Aluminium 2024-T4 as leg material 
and silicone as the liner material. The particular arrangement of leg materials, 

socket materials, and shape collectively together to suitable cushioning 

coordination creates the uniform shear stresses and distribution of pressure 
over the tissues. Also, the special arrangement made this type shall have an 

effect on the residual limb for the variations of temperature and volume 

fluctuations [26-28].  
As it is well known that the knee part of the human body has typical 

multiple joints which experience 6 DOF motion. The time-varying linear and 

angular displacements consist of the muscles, joints, and also the reaction 

forces due to moments. These are forced by muscular movements, nerve 
functions, and their associated constraints [29-31]. Generally, the knee joint 

undergoes travel of a considerable distance. Thereby the knee joint gets 

loading effect during the amputee’s daily routine life itself. Kutzner et al. 
studied and measured the moments and contact forces acting on the tibia-

bone component with the help of an instrumented knee implant.  
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For example, the average peak resultant forces (in the percentage of body 

weight) are 346% for stair descending, 241% for level walking, and 246% 

for standing up [32]. In Fig.1, the factors playing a key role can be depicted. 
As indicated, the suspension is equal to the system used to guarantee the 

adhesion of the residual limb to the socket. The displacements are equal to 

the relative movements between the stump and the socket. P represents 

pressure, τ means shear stress, T is the temperature and ∆V is the volume 
fluctuations. The artificial limbs are very much essential due to accidents, 

diseases, and or congenital conditions. There are four main types of artificial 

limbs, which includes the transradial, transtibial, transfemoral and 
transhumeral prostheses [33,34]. 

For ideal prosthetics leg design, knee exoskeleton, and brace design, the 

following types of features in characteristics like individual mobility, 
alignment, clearance, stability, stiffness, simplicity, adjustability, energy 

efficiency, weight, and durability are the criteria that must be considered. 

The amputees get experienced to that the hard designs provide sufficient 

stiffness for preventing major knee injury. At the same time, it was also 
experienced by amputees that the adjustable constructions provide sufficient 

alignment and flexibility. The design simplicity is generally considered by 

the material’s simple weight, service duration, and the output energy and 
comfort are the most important characteristics of the prosthetic leg. Further 

studies of the developed prosthetics can be done by using it for clinical trials.   

 
Figure 1: The major factors affect the stump-socket interface and the interplay [7]. 

 

However, the excessive weight of the framework will result in reflections 

on true gait patterns. The excessive weight will also affect the desirable hip 
and ankle loads and movements. In addition to that, it will cause higher 

material costs [35,36]. In this research, the Aluminium 2024-T4 is selected 

for the study for designing a prosthetic leg. The above Table 1 shows the 

basic details about solid-Aluminium 2024-T4.  
This research aims to design and develop a suitable prosthetic leg for 

lower limb prostheses that use passive/semi-active housing and to re-route 

the undesirable forces to achieve its desired function. The customary add-on 
design pattern presumes an unbending prosthesis which is normally stiffened 

by improving the properties of the material of construction or by 

implementing additional structural mass [37,38].      
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Table 1: Solid-Aluminum, 2024-T4 

Solid Name Material Mass Volume Weight 

Prosthetic part 

new. Par 

Aluminum, 

2024-T4 
6.739kg 2435342.968 mm3 66.038N 

 

In Table 2, the material properties of Aluminium 2024-T4 are tabulated. 

In this evaluation study, a constant velocity is considered and thereby 
simplicity is maintained.  

However, the nonlinear dynamics and different loads are also to be 

considered for regularization in the future scope of work. In addition to the 
above, the design changes by introducing more rigid materials along with 

lower friction bearings in this model for improving the physical movements 

would assist to minimize angular inaccuracies. [39,40]. 

  
Table 2: Material Properties of Aluminium 2024-t4 

Property Value 

Density 2767.000 kg/m3 

Modulus of Elasticity 73084.424 MegaPa 

Elongation % 0.000 

Specific Heat 920.000 J/kg-C 

Thermal Conductivity 0.189 kW/m-C 

Poisson’s Ratio 0.330 

Coef. of Thermal Exp. 0.0000/C 

Yield Stress 289.580 MegaPa 

Ultimate Stress 427.475 MegaPa 

  

The organization of the paper consists of the many sections, in section-2 

Literature survey has been explained and in section-3, methodology design 
has been explained. In section-4, solidedge software and in section-5 the 

buckling study has been explained in detail. In section-6, the Static study has 

been incorporated in detail and in section-7, design output has been 
explained and in section-8 the conclusion part has been explained in detail.  

 

2 Literature Survey 
 

 By using static and dynamic studies, Arezoo Eshragi et al. (2012) have 

conducted the pistoning assessment at lower limb prosthetic sockets and 
measured pistoning that occurred at the lower limb prosthesis. In prosthetic 

limbs, the occurrence of pistoning was measured by the motion analysis 

system.  

     Many researchers have conducted a study related to the comfort and 
safety of lower limb amputees by introducing a prosthetic liner’s pad like a 

small pillow inside the prosthetic socket and residual limb.  

 
 



                                                                                                                  
 

 

 
 

 

 
5327 Sakthivel Sankaran et.al 

  All the above studies revealed that the properties of silicone materials 

resulted better than prosthetic liner materials. However, the cushioning 

layer’s performance mostly related to the quality of the materials and based 

upon the body condition of patients. Hence according to the feedback given 
by the prosthetic patients, the up gradation and finalizing of the material 

selection for construction are done. 

     The authors in this field have studied and developed an alternative 
material namely ramie fiber reinforced epoxy composite for socketprosthesis.  

By keeping room temperature and humidity at control, both flexural and 

tensile testings are conducted. Totally six samples were tested. The standard 
deviation and associated average values are tabulated. About carbon fiber 

reinforced epoxy matrix composite and glass fiber composite, the flexural 

and tensile strength are lower. This is the major drawback of ramie fiber 

reinforced epoxy composite. 
     Investigators have investigated materials used for the lower limb socket. 

The authors have explained various materials namely PP, PVC, HDPE, and 

PTFE used for the fabrication of prosthetic sockets. The authors have studied 
and calculated the performance of the materials by using a finite analysis 

technique and computer-aided design using a 3-D scanner. Through the result 

analysis of this study, it was very difficult to choose one specific material 

covering all properties needed for the fabrication of a prosthetic socket as 
each material has owned their particular inherent properties. 

     Many scholars studied in detail the materials, design, and technology of 

the prosthetic socket of the polymerized metals. The fabrication of the above-
knee and below-knee socket polymerized materials is explained in this study. 

The below knee’s polymer coating takes a long time to fabricate as well as it 

does not provide the results as expected. 
     Many have studied about a capable material for artificial limb which is 

nothing but the fiber-reinforced composites. The author described that there 

is an improvement of bio-composite mechanical properties by merging 

natural fibers along with the polymer matrix. The major drawback is found as 
that due to high moisture absorption related to each other materials, there is a 

poor mismatch between the fiber and polymer matrix. 

     Researchers have conducted a study and analyzed banana fiber reinforced 
epoxy composite materials (BFRECM) for their tensile strength. The results 

indicated that the modulus of elasticity as (8.72+-1.12) GPa and tensile 

strength of BFRECM as (62.3+-0.67) MPa. The advanced study of natural 
fiber composites shall be carried out with the obtained tensile strength 

results. The orientation, elasticity, flexibility, volume fraction, and moisture 

uptake are very less regarding other fibers. These are considered as the 

limitations of BFRECM. 
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3 Methodology Design 

 
The ultimate aim of this study is to use Aluminium 2024-T4 for 

conducting linear buckling tests using tetrahedral mesh for estimating the 

static and dynamic properties such as displacement, stress, and factor of 

safety under different load conditions with different mesh sizes.  So that to 
find out the design difficulty of prosthetic legs for lower limb amputees and 

to measure the grandness of functional and aesthetic features of prosthetic 

legs. It is very difficult to estimate the loads even though the moment of 
force values is available for each joint. The equation (1) is found useful in the 

estimation of loads. 

)(*)()(*)()(
11

tdfitFfitdeitFeitMj
Nf

i

Ne

i                                               (1) 

where: Ne= number of extensor muscles 
Nf  = number of flexor muscles 

dei (t) = moment arm of i th extensor muscle at time t 

Fei (t) = force in i th extensor muscle at time t 
Fig.2 represents all important muscles in the lower limb which are 

majorly responsible for the sagittal plane joint moments of force. The forces 

created by the nine muscles at the knee produce the net moment from our 

inverse solution. 

 
Figure 2: Fifteen major muscles responsible for acting on the total leg [8]. 

The generation of action of each muscle varies and changes with time 

continuously. Hence the movements of arms are also variables dynamically. 
Consequently, the total algebraic sum of the cross product of all force vectors 

and moment arm vectors shall be the resulted extensor moment. The author 

suggested Aluminium 2024-T4 is the material that is best suited for the 
development of prosthetic leg. The previous natural fiber-reinforced bio-

composite material with the composition of glass and nylon fiber is good 

enough to cater to the immediate requirement of the patients. However, 
Aluminium 2024-T4 is best suited because of its outstanding characteristics. 

Through carrying out further researches in this field, suitable designs of 

prosthetic legs and sockets can be done to ensure a long life at a low cost. 

Nevertheless, by increasing the physical and chemical properties of 
materials, there is further scope for improvement of comfort for amputees to 

achieve this noble cause. 
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Table 3: Study Properties 

Study Property Value 

Study name Buckling Study 1 

Study Type Linear Buckling 

Mesh Type Tetrahedral 

Iterative Solver Off 

Number of modes 4 

Frequency Range  

NX Nastran Geometry 

Check 

On 

NX Nastran command line  

NX Nastran study options  

NX Nastran generated 

options 

 

NX Nastran default options  

Surface results only option On 

 

As indicated in Fig. 2, all major fifteen muscles are found responsible for 

the sagittal plane moments of force that occurred at the ankle, knee, and hip 

joints. In the case of weight loading's, the knee angle is controlled by all the 
given moments. Therefore, if the knee angle changes to any given pattern of  

a single moment or further to any unique muscle activities combination, there 

may not be a definite determination. The comfort of a prosthetic leg wearer 
depends upon the weight of the prosthesis. Hence the weight of the prosthetic 

leg is an important aspect to be viewed upon. Thus, material selection and the 

fabrication of the prosthetic leg must be able to meet the requirements of 

amputees regarding comfort as well as its functionality. If there is any 
ambiguity or changes in the physical activities of an amputee, there may be 

further unwanted psychological sequences of actions that will occur through 

the amputation of a limb [11]. As per the care provided by prosthetic as well 
as orthotic experts, the prosthetic leg weight must rely on the pressure 

tolerant areas of the limb except for its bottom side. Hence the amputee’s 

body weight is to be carried by soft tissues. However, for load-bearing, they 
are not well suited. [6] The modified or improved prosthetic leg design 

should have attention majorly on the residual limb. 

To design the prosthetic leg, the first criteria are to check the selection of 

material and the composition present in it. The material used in the 
prosthetics decide its properties like density, yield stress, ultimate stress, 

thermal conductivity, specific heat, Poisson's ratio, etc.,  

This property is depending on the different load conditions given to the 
prosthetic leg for the changes in prosthetics properties.  

After different studies using the solid edge software the ultimate shear 

and stress values have been identified. Depending upon the different load 
values, the force and torque level of the prosthetic has been identified. 
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4 Solid Edge Software 
 

Well-known solid modeling software is a 3D CAD software that 

possesses parametric features and synchronous technologies. Solid Edge 

software provides solid modeling, assembly modeling and 2D orthographic 

view functionality, runs on Microsoft Windows and it is useful for design 
engineers of the biomechanical field. Solid Edge software is connected to 

multiple Product Life cycle Management (PLM) technologies through 

various third-party applications.  

 
5   Buckling Study 
 

The effectiveness of a load-bearing system is generally estimated by 

knowing the displacements during different static loads and under different 
dynamic loading conditions. The Aluminum 2024-T4 is the material used for 

manufacturing the given prosthesis. The following Table 3 indicates the 

study properties. In this study, Linear Buckling Study is considered and the 

Tetrahedral mesh type is considered. The 2 number of modes are selected for 
the study.The study results such as displacement, stress are calculated. The 

selection of material is an important action in matching the physical and 

mechanical requirements of the prosthesis components. The appropriate 
selection of the materials is helping them to facilitate them to be more 

effective in their function. Also, it has to be considered that under mass-

production, the production cost should be minimum and should be affordable 

for the amputees with lower income.This is possible only by proper material 
selection. Hence by referring to various related research articles on material 

engineering, it is necessary to provide alternative materials for the 

application of amputee’s prosthetic leg. Using giving load or without giving 
loads at dynamic and static conditions, the various properties of the 

amputee’s prosthetic leg are measured. Table 4 indicates the load details. The 

various parameters like name, type, direction, distribution and the values of 
load are all considered during the design process and the same is indicated in 

this table. The load direction along a vector is chosen. 
Table 4: Load Details 

Load Name 
Load 

Type 

Load 

Value 

Load 

Distribution 
Load Direction 

Load Direction 

Option 

Force 1 Force 750 N Per Entity (0.00, 0.00, 1.00) Along a Vector 

Torque 1 
Torqu

e 

80  

N-m 
Total 

Location = (0.04, 0.07, 

0.06), 

Axis = (0.00, 1.00, 0.00) 

NIL 

Torque 2 
Torqu

e 

40  

N-m 
Per Entity 

Location = (0.07, 0.05, 

0.47), 
Axis = (0.00, 1.00, 0.00) 

NIL 
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Table 5 indicates that the types of constraints namely pinned and fixed 

are considered during this study. There may be several inconveniences due 

to the unwanted stress distribution occurred at the boundary between the 
prosthesis and the limb. If the high pressure is applied to the skin 

inconsistently over a long period may result in irritations, sensitive skin, 

pressure ulcers, and maybe a partial or total vascular occlusion [5]. As a first 

step, the pressure threshold values must be identified to reduce such kinds of 
discomforts. 

 
Table 5: Constraints 

Constraint 

Name 

Constraint 

Type 
Degrees of Freedom 

Pinned 1 Pinned FREE DOF: None 

Fixed 1 Fixed FREE DOF: None 

 
Three models are used in the control system to find out a knee, ankle, 

and hip torques. They are namely stance, swing and double-stance models. In 

the model named as foot contact, a 2-part type with volumetric foot contact 
pads is used.  The primary part of the control system is to care the foot for its 

link rigidity, which rotates around a pin joint and the same is translated along 

a prismatic joint. The significance of the compliance on human-foot 

modeling has been notified by several authors working ambitiously in the 
mabit of gait modeling [7, 25, 26]. It is well-identified that a compliant and 

flexible foot in turn causes difficulties in the torso control to a large extent.  

During the studies, it was found that there is no enough literature available in 
relevance to the control of bipeds which interfaces with the ground through a 

compliant foot. However, the conformity of feet restricts the leg forces which 

imparts/affects the functioning of torso. Heel-pad load cycles [28] are the one 
which suggests that the human foot pads have behaved like springs of non-

linearity between the ground and the foot-bones. If the footpads touched the 

ground without obtaining steady-state compression, they behave as a low 

stiffness spring.  
This type of transient low stiffness of the footpads majorly restricts the 

leg’s ability to produce a required force and torque towards the hip-joint. 

The footpads get compressed, and in fact, their stiffness increases 
considerably, and this rigidity helps the leg to gain prominent authority of 

control upon the torso. In general, a compliant foot is used for dynamic 

modelling, and rigid foot is used for control modelling.             
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Table 6: Information of Mesh 

Types of Mesh Tetrahedral 

Total number of bodies meshed 1 

Total number of elements 28,216 

Total number of nodes 46,814 

Subjective mesh size (1-10) 6 

The number of tetrahedral bodies meshed is one. The numbers of 

elements, the number of nodes is indicated in Table 6. The subjective mesh 

size selected is 6. 
 

6 Static Study (55kgs) 
 

A static study is the act of body weight-bearing capacity study during the 

standing condition. This is investigated in amputees by applying multiple 

quantitative techniques. The weight which is measured provides the objective 
measure and the numeric value of the amputee’s weight-bearing tolerance 

limit. The static weight-bearing assessment is done while the amputee stood 

motionless on the calibrated weigh scale in the anatomical position for 2 
seconds. 

 

7 Design Output 
 

The ideal prosthesis design and development is not a direct and straight 

achievable process. It is necessary to study and understand various 

interconnected factors that may affect long term usability, overall 
performance, and comfort of the prosthesis. All the above-said factors cannot 

be individually identified and described. However, all the factors put together 

synergistically is used to find out the usability of the prosthesis as a success 
one or failure one.     

Table 7: Total Translation of the results 

 

Extent 

 

Value 

 

X 

 

Y 

 

Z 

Minimum 0 mm 97.667 mm 90.000 mm 470.103 mm 

Maximum 0.00262mm 42.068 mm 74.902 mm 226.280 mm 

The significant factor is interfacial stresses which are needed to be 

addressed essentially. A discussed earlier in this paper, the uneven and /or 
inconsistent stress distribution will produce skin diseases and sufferings 

which may affect the whole comfort of the gait biomechanics. The comfort, 

socket fitting, donning varies the stump volume fluctuations. The increase in 

temperature shall cause perspiration that increases slippage and produces 
skin diseases. The slippage is the major problem which obviously changes 

the prosthesis fit and thereby alters the stress distribution also. 
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7.1 Static Output 
 

7.1.1   Displacement Results 
 

Displacement shows the results of the displacement study which is 

conducted with minimum value as 0mm and maximum value for the extent 

of 0.00262mm in the Table VII. The three-dimensional component results 
are tabulated under X, Y, Z columns for both minimum as well as maximum 

extents. 

The buckling study conducted for the static displacement – nodal 

analysis. The total translation component results were plotted for the 
maximum and minimum extents in the Fig.3.  

 

7.1.2   Stress Results 
 

 Stress results of the buckling study which is conducted with minimum 

value as 0.000251MegaPa and maximum value for the extent of 1.93MegaPa 

is shown in Table 7. The three-dimensional component VON MISES results 
are tabulated under X, Y, Z columns for both minimum as well as maximum 

extents. 

 

 
Figure 3:  Total Translation 

 
The buckling study conducted for the static stress – elemental Von Mises 

stress analysis. The total translation deformation results were plotted for the 

maximum and minimum extents in the Fig.4.  
 

 
 

 

 

 



                                                                                                                  
 

 

 

 

 

 

Design of Prosthesis by Sustainable Aluminium 2024-T4 Material under Various 
Load Conditions using Tetrahedral Mesh 5334 

 

 

 
Fig 4: Von Mises 

 
8 Conclusion 

 

The appropriate material selection and careful design of prosthetic leg 

and limb are very much essential to eradicate the skin related diseases to the 
amputees. In this paper, the author suggested to design and use an ideal 

prosthetic leg along with a suitable liner to avoid the epidermis damages like 

infection, irritation, and breakdown.  The suggested ideal liner design will 
certainly provide the required limb grip to fit very well to the alignment of a 

socket according to all variations that occur through instant postures. The 

author also suggested making use of Aluminium 2024-T4 for the 
manufacturing of prosthetic legs to obtain user-friendly, long-lasting, 

reduced epidermis sore, and maintenance-free one. The author studied and 

suggested that the Aluminium 2024-T4 for the design and manufacturing of 

prosthetic legs as it possesses very high young’s modulus of elasticity and 
high tensile strength. 

Output design of the prosthetic leg with normal Asian height has been 

successfully conducted and the material properties like density, yield stress, 
ultimate stress, thermal conductivity, specific heat, Poisson's ratio, etc., and 

their values have been identified. As a result, for different load conditions, 

the amount of force and torque values have been identified and found that 

they are good enough for the manufacturing of a standard prosthetic leg 
using Aluminium 2024-T4. 
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