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ABSTRACT 

Lower limb amputations are most frequently the result of accidents or limb illness. The primary role of the socket, Shank, and 

prosthetic foot is to give a means of replacing skeletal function, missing structure, and muscles of the ankle, pylon, and foot. Due to 

its small weight, the traditional prosthetic Shank is made of titanium-aluminum alloy. The Shank is constructed and analyzed in this 

work using the ANSYS software. The new Shank has been built from a variety of materials (λ1, λ2, λ3, λ4 and λ5). Compared to 

materials utilized in the fabrication of lower prosthetics, these materials are characterized by their lightweight and inexpensive cost. 

Along with modifying the materials, it was investigated to alter the shape of the Shank's internal cross-section and replace the original 

(circular) design with two others (ellipse, hexagonal). When numerical tests were conducted using the ANSYS 2020 R2 software, it 

was discovered that while the ellipse section improved the Shank's properties (stress, deformation, and safety factor), the hexagonal 

shape resulted in a significant decrease the safety factor and an increase in the generated stresses. Through testing, it was determined 

that the ideal shank design in terms of internal section form and material composition (ellipse and λ4 ) was discovered, and this is 

what we recommend. 
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INTRODUCTION 

Historically, the only options for individuals who had lost a lower limb were walkers, wheelchairs, wooden pegleg, and crutches. 

Nowadays, individuals with this impairment can benefit from medical science and technology advancements by utilizing a lower 

limb motorized prosthetic. The leg and knee are critical components of the body. While standing, the leg contributes to the body's 

balance and support [1,2]. 

Lower-limb prosthetic technologies are critical in the rehabilitation of children and adolescents with limb loss or absence (also known 

as limb loss, limb deficiency, or amputation), primarily through the acquisition of functional mobility, which enables more typical 

biopsychosocial development. Proximal limb impairments, including the loss of the knee joint, are particularly damaging since the 

mechanical restoration of linked functions is exceedingly tricky. Compared to the technological developments shown in adult above-

knee prosthetics, which encourage various gait and mobility improvements, programs addressing children's prosthetic needs have not 

made comparable progress [3]. This is most likely a sign of the population's challenging technological and functional needs, as well 

as the population's narrow commercial market. Nonetheless, addressing children's rehabilitation needs is a significant endeavor and 

a crucial societal investment for the future [4]. Muhsin et al. (2010) [5] conducted a review of the pertinent literature and designed 

and constructed three prosthetic pylons using different thicknesses of composite materials (6 layers,  9 layers and 12 layers ). 

Mechanical parameters such as y, ult, and e were determined for all types of pylons. 

Additionally, a design pylon fatigue tester and an impact pylon test were performed on all pylons. The results indicated that all sorts 

of new prosthetic pylons are lightweight and inexpensive compared to regular pylons. Thus, the weighted method is preferred for 

selecting the optimal pylon; this method is based on experience. From this procedure, the optimal pylon (KP) is determined, which 

explains why Pylon II  (9 layers) is good. Victoria S. Richardson et al. (2008) [6] The shank section of the device, which substitutes 

the tibial region of the leg, was analyzed using the computer application COSMOSWorks for finite element analysis. CIR's present 

prosthetic device has a hollow, cylindrical shape with a rib on the posterior side. The purpose of this study was to identify which 

combination of circular outer diameters and rib lengths resulted in the lowest total von Mises stresses and the slightest displacement. 

Four hollow elliptical cross-sectional forms with minor and significant diameters were modeled and compared to the circular 
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parameter study results. The models were imported into COSMOSWorks for static analysis, and the results were visualized using 

contour plots. Each model's output was examined and compared to establish the maximum stresses and overall stress distributions. 

The displacement was evaluated, emphasizing the flexibility across the Shank, as the removal can simulate normal ankle movement. 

The ISO Test Standard 10328 was used to define the structural testing requirements for lower limb prostheses. The final results 

examined the overall stress distributions and displacements of each of the COSMOSWorks models to determine which form would 

best sustain the load given by ISO Test Standard 10328. The results indicate that increasing the diameter and length of the ribs has a 

beneficial effect on the von Mises stress results and displacement by lowering their values across the Shank. This work investigates 

the impact on the Shank of varying the material used in manufacturing and the effect of different designs and selecting the optimal 

strategy. 

PROSTHETIC TECHNOLOGIES  

Technological improvements in prosthetic systems continue to be critical in rehabilitating people who have had lower-limb 

amputations or limb deficits. After surgical intervention, prosthetic fitting, physical therapy, and training, it is essentially the 

functional symbiosis of the biological (human) and artificial (prosthetic) systems that enables a successful rehabilitative outcome. 

Despite their numerous technical and performance constraints, lower-limb prostheses prescribed for children are often used, with 9 

out of 10 children utilizing their limbs for more than 9 hours per day and a rejection or abandonment rate of less than 1% [ 7, 8]. 

Transfemoral or above-knee prostheses refer to a prosthesis for patients who have had an amputation above the knee. Knee 

disarticulation patients (transection between the tibial and femoral condyles) also lack functional aspects of the knee, but their 

prostheses are usually referred to as knee disarticulation prostheses; the primary distinction is in the provision for managing the long 

residual limb in order to maintain proportionality between the thigh and shank segments. 

GAIT CYCLE    

The gait cycle is a process that repeats the steps of walking. The step time is calculated from the point at which the first foot makes 

contact with the ground to the point at which the second foot makes contact with the ground. The distance between two separate feet 

is described as the stride length [9,10]. The gait cycle is separated into two distinct phases: standing (heel strike, midstance, and toe-

off) and swing. About 60% of the walking period is devoted in the stance phase, while 40% is spent at various moments during the 

gait cycle in the rocking phase [11]. The most significant part of the gait cycle is the effect of ground response force on the foot at 

the point of contact with the heel, where the force generated equals 1.25 of the body weight. And almost equal to the force applied 

during the toe-off phase [12]. The following are the study's boundary conditions: A 30-year-old man, weighing 80 kilograms, walks 

regularly. Consider the illustration (1). 

 

Figure 1. 2-phase of gait cycle [13] 

THE SHANK 

Shanks are frequently classed as endoskeletal or exoskeletal. These two are distinguished because one is a (pylon/rod) and the other 

is a shell. Given that the Shank serves only as a stiff body, either of these designs is appropriate, and both are available in commercially 

available prosthetics as well as imperfect world prosthetics. In the undeveloped nations, material availability and also the interface 

between these components and the system's knee and ankle components dictate which of these designs is preferred. End skeletal 

systems, which by definition appear lesser realistic, maybe enhanced with a pleasant covering. [14].  
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METHODOLOGY 

This section discusses in-depth the theoretical cut above knee paradigm. ANSYS WORKBENCH 2020 R2 software was used to 

analyze the stresses on the Shank, which was designed using five different composite materials and three geometric shapes. 

Composite Materials Selection  

Due to the unique features of composite materials, there has been an increase in interest in them as an engineering material in recent 

years. A prime example of this interest may be found in the field of building, where lightweight and high resistance are required for 

various applications. The mechanical properties of the materials used to create the composite materials and the shank manufacturing 

processes from composite materials are shown in table (1). The shank manufacturing processes from composite materials were carried 

out through several groups, as shown in table (2). 

Table 1. mechanical properties of materials. 

Materials 
Density    

(g/cm3) 

Young’s modulus 

(Gpa) 

Shear modulus 

(Gpa) 
Poisson’s Ratio State 

Glass fiber[15] 2.6 4 74 0.25 woven 

Perlon[16] 1.14 3.3 2.6 0.39[17] knit 

Polyester[15] 1.16 [18] 4 1.4 0.4 Liquid (resin) 

SiO2[19] 2.4 61 23 0.29[20] Nano-particle 

Table 2. Type Of Samples 

Geometric Shapes Selection 

In designing the Shank, the geometric shape significantly affects stresses, as it is parallel to the impact of changing materials. The 

dimensions used in the design process were shown in table (3). Three shank geometric shapes were chosen, as shown in figure (2)  

below. 

Table 3. Design Parameters Of Shank (Pylon) 

Geometry A (mm2) Do  (mm) Di (mm) Length (mm) column 

Circle 377 34 26 300 Short column 

Ellipse 377 34 a=14, b=12 300 Short column 

hexagon 377 34 h=14.3 300 Short column 

 

Group Name symbol Type of materials Fiber stockinet layers 
Total No. of 

layers 

Group A λ1 Polyester + Perlon layers  at (0º/90º) 9  Perlon  layers 9  layers 

Group B λ2 
Polyester + Perlon layers  at (0º/90º) + glass fiber  at 

(0º/90º) 

3  Perlon  layers  + 3 

glass fiber  layers  + 3 

Perlon  layers 

9  layers 

Group C λ3 

Polyester + Perlon layers  at (0º/90º) + silicon  
dioxide 

anano particals 0.01wt% 

9  Perlon  layers 9  layers 

Group D λ4 
Polyester + Perlon layers  at (0º/90º) + silicon dioxide 

anano particals 0.05wt% 
9  Perlon  layers 9  layers 

Group E λ5 
Polyester + Perlon layers  at (0º/90º) + silicon dioxide 

anano particals 0.1wt% 
9  Perlon  layers 9  layers 
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a b c 

Figure 2. three shank geometry cross section shape:(a)circle (b) ellipse (c) hexagonal  

ANALYZING THE PYLON MATHEMATICALLY AND SIMULATING HUMAN MOVEMENT  

The ultimate objective of the biomechanical analysis is to ascertain what muscles are really doing: a timing of their contractions, as 

well as the force acting, generated. Models and analytics for analysis and statistical procedures are two independent techniques for 

modeling and understanding human gait. The computational approach is used to derive an alternate center of gravity, ankle moment, 

and dorsiflexion angle for the lower limb "above the ankle joint" from the free body diagram of the lower limb, assuming the body is 

a straight line with joints at the knee and hip. Consider the illustration (3). When the equilibrium equation is applied, the following 

equations of motion in the X and Y directions arise.. 

 

Figure 3. Force is distributed in conjunction with ground reaction force. (GRF) [5]. 

Fx = Mtẍc (1) 

𝐹𝑦 = 𝑀𝑡  (𝑔 + 𝑦𝑐)̈  (2) 

The angle of inclined with vertical axes is: 

𝜃 = 2 tan(
−𝐾1 ± √(𝐾1

2 + 𝐾2
2 − 𝐾3

2)

(𝐾3 − 𝐾2)
) 

(3) 

The location of the COM can be obtained as 

𝑦𝑐 = 𝑏𝑖 cos 𝜃 

𝑥𝑐 = 𝑏𝑖 sin 𝜃 
(4) 

 

  



Numerical Optimum Design of a Prosthetic Shank Made of Different Composite Materials and Cross- Sections Areas for an AK Amputee 

333 

 

The equation can be used to determine the ankle moment (5). 

𝑀𝑋𝑌 = 𝐹𝑁𝑁 − 𝐹𝑀 + 𝐹ℎℎ − 𝑚𝑔𝑎 (5) 

Where : 

𝐾1 = {(𝑀𝑡 + 𝑚)𝐼 − (𝑀𝑡
2𝑏𝑖

2)𝑔 − 𝐼(𝐹𝑁 + 𝐹𝑀) 

𝐾2 = 𝐹ℎ 𝐼 

𝐾3 = 𝑀𝑡𝑏𝑖  (𝐹𝑁 𝑁 − 𝐹𝑀 𝑀 + 𝐹ℎ ℎ ) 

(6) 

Where  𝐹𝑁 and 𝐹𝑀; are the perpendicular ground response forces to the force plate, as measured by front and rear transducers, 

respectively.  𝐹ℎ is the horizontally measured ground response force parallel to the force plate using a transducer. 

STRESSES EFFECT ON THE SHANK  

Prosthetic Pylons are available in a variety of designs. These prosthetic pylons fulfill critical roles, including supporting the body 

against gravity while standing or walking, reducing shock as during gait cycle, and avoiding fatigue failure. The new design satisfies 

the need for a lighter pylon for the older amputee population while being reasonably priced. Composite materials were used to 

construct the new pylon design. Ground reaction forces are applied vertically and horizontally. They cause moments and forces to be 

generated at the ankle. When the heel makes contact with the pylon end, two types of stresses are generated: bending and compression. 

At mid-stance and toe-off, there is only compression stress. Additionally, there are two strains (compression and bending). 

 

Figure 4. The effects of forces and moments on the prosthesis [5]. 

𝜎𝐺 =
±𝐹𝑦 cos 𝜃−𝐹𝑥  sin 𝜃

𝐴
±

[(𝐹𝑦  sin 𝜃+𝐹𝑥 cos 𝜃 )𝑞−𝑀𝑥𝑦](𝑑𝑜 2)⁄

𝐼
  (7) 

Only those cycles surpassing a certain peak threshold contribute to fatigue cracking under variable-amplitude loading. 

At swing phase the: 

𝜎𝐺 = 𝜎𝑚𝑖𝑛 = 0 (8) 

At Stance phase (heel strike): 

𝜎𝐺 = 𝜎𝑀𝑎𝑥 =
𝐹𝑦  cos 𝜃−𝐹𝑥  sin 𝜃

𝜋(𝑑𝑜
2−𝑑𝑖

2) 4⁄
+

[(𝐹𝑦  sin 𝜃+𝐹𝑥  cos 𝜃 )𝑞−𝑀𝑥𝑦](𝑑𝑜 2)⁄

𝜋(𝑑𝑜
2−𝑑𝑖

2) 64⁄
  (9) 

THEORETICAL STUDY 

The theoretical mechanical parameters of ingredients for glass fiber woven, perlon knit, polyester resin, and silicon dioxide are full 

in Table 2. The laminated material's elastic properties are found using the simple rule of mixtures. Young's moduli (E1  in direction 

1, E2  in direction 2, E3  in direction 3), Poisson's ratios (𝜐12, 𝜐13 and 𝜐23), in-plane shear modulus (G12), and transverse shear moduli 
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(G13 and G23) are the parameters referred to in Figure (5). The material, major axes of a typical woven fiber reinforced lamina are 

defined in this diagram. Axis 1 runs parallel to the fiber length and indicates the lamina's longitudinal direction; axes 2 and 3 show 

the lamina's transverse in-plane and through the thickness directions, respectively. 

 

Figure 5. Axes of reference for the lamina [21]. 

The fiber volume fraction 𝑣𝑓 It can be calculated by equation (10).  

𝑣𝑓 =
𝑉𝑓

𝑉𝑐

 (10) 

Where Vf and Vc are the volume of the fiber and composite, respectively.  

With the assistance of equation (10), we can approximate the fiber volume fraction (𝑣𝑓) for each group. It was (19.7%) perlon fiber 

for group A, (14.5%, 15.4%) perlon and glass fiber respectively for group B, (14.88%, 0.4% ) perlon and silicon dioxide nano-

particles ( Sio2) respectively, for group C, (12.5%, 2% ) perlon and  SiO2 respectively, for group D and (13.89%, 4% ) perlon and 

silicon Dioxide ( Sio2) respectively, for group E. According to the densities of fiber and matrix presented in table (2). 

Density is calculated by using equation (11). 

ρc = ρf 𝑣𝑓 + ρm 𝑣𝑚 (11) 

Where 𝑣𝑓 and 𝑣𝑚, are volume fractions of the fiber and matrix respectively, ρc, ρf and ρm the density of composite, fiber and 

matrix, respectively. 

The woven fabric composite material's elastic constants are then quantitatively computed using the constituent property-based 

relationships. For the fill and warp directions, the young's modulus and Poisson's ratio are calculated and summed over the 

transverse and longitudinal values for the respective unidirectional layer. The elastic constants of the unidirectional composite were 

calculated via the equations (13-18) and their connections using the basic rule of mixtures [22,23]. 

𝐸1 = 𝐸𝑓𝑣𝑓 + 𝐸𝑚𝑣𝑚 (13) 

𝐸2 = 𝐸𝑚  [ 
𝐸𝑓 + 𝐸𝑚 + (𝐸𝑓 − 𝐸𝑚)𝑣𝑓

𝐸𝑓 + 𝐸𝑚 − (𝐸𝑓 − 𝐸𝑚)𝑣𝑓

] (14) 

𝜐12 = 𝜐𝑓𝑣𝑓 + 𝜐𝑚𝑣𝑚 (15) 

𝜐23 = 𝜐𝑓𝑣𝑓 + 𝜐𝑚𝑣𝑚  [
1 + 𝜐𝑚 − 𝜐12  𝐸𝑚 𝐸1⁄

1 − 𝜐𝑚
2 + 𝜐𝑚𝜐12 𝐸𝑚 𝐸1⁄

] (16) 

𝐺12 = 𝐺𝑚  [
𝐺𝑓 + 𝐺𝑚 + (𝐺𝑓 − 𝐺𝑚)𝑣𝑓

𝐺𝑓 + 𝐺𝑚 − (𝐺𝑓 − 𝐺𝑚)𝑣𝑓

] (17) 

𝐺23 =
𝐸1

2(1 + 𝜐23)
 (18) 
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Where indices m and f denote matrix and fiber, respectively.  

Following the determination of the unidirectional composite material's physical properties, the woven fabric composite material's 

elastic constants are approximated using equations (19-24) [15]. 

[
2𝐸1(𝐸1+(1−𝜐12

2 )𝐸2)−𝜐12
2 𝐸2

2

𝐸1𝐸1(𝐸1+2𝐸2)+(1+2𝜐12
2 )𝐸2

2]
𝑈𝐷

= [
1

𝐸1
]

𝑊𝐹

  (19) 

[
4

𝐸1
 

𝜐12𝐸2(𝐸1−𝜐12
2 𝐸2

𝐸1(𝐸1+2𝐸2)+(1+2𝜐12
2 )𝐸2

2]
𝑈𝐷

= [
𝜐12

𝐸1
]

𝑊𝐹

  (20) 

[
1

𝐸1
 
𝐸1(𝜐12+𝜐23+𝜐12𝜐23)+𝜐12

2 𝐸2

𝐸1+(1+2𝜐12)𝐸2
]

𝑈𝐷

= [
𝜐13

𝐸1
]

𝑊𝐹

  (21) 

[
(1−𝜐23

2 )𝐸2
2+(1+2𝜐12+2𝜐12𝜐23)𝐸1𝐸2−𝜐12 

2 𝐸2
2

𝐸1𝐸2(𝐸1+(1+2𝜐12)𝐸2)
]

𝑈𝐷

= [
1

𝐸3
]

𝑊𝐹

  (22) 

[
1

𝐺12
]

𝑈𝐷

= [
1

𝐶12
]

𝑊𝐹

  (23) 

[
1+𝜐23

𝐸2
+

1

2𝐺12
]

𝑈𝐷

= [
1

𝐺13
]

𝑊𝐹 

  (24) 

Where UD and WF denote unidirectional fiber and woven fiber, respectively. 

FINITE ELEMENT ANALYSIS   

Numerous phenomena seen in science and engineering are often explained using differential equations derived from their continuum 

mechanics models. The pylon shape was created using modeling (volume, hollow cylinder), all dimensions were fixed, and the file 

was saved as an IGES extension for use with the ANSYS WORKBENCH 2020 R2 program[24]. The pylon geometry might well 

have meshed in this software in the manner shown in figure (6). See table (4) for mesh details. 

Table 4. Mesh Details 

Shape Node Element Element size (mm) 

Circular 90440 18000 2 

Ellipse 94358 18300 2 

Hexagonal 86518 15900 2 

 

   
a b c 

Figure 6. Modelling of pylon  

RESULTS AND DISCUSSIONS  

In this section, the effect of many parameters on the Shank by using the different geometry and material. 

Figure (7) represents the effect of changing the shape of the inner cross-section of the Shank on the stresses generated in it, as we 

notice the different values of the stress generated during the process of walking between the sections used. The highest stress values 

were obtained in the hexagonal section, while the lowest values were obtained when using the ellipse section. As for the commonly 

used (circular) section, the results were between the highest value (hexagon) and the lowest value (ellipse). The most crucial 

explanation for the generation of stresses with a high value in the hexagonal section is the occurrence of stress concentration sites 

due to sharp edges. As for the ellipse section, the stress value decreased due to the diameters of the ellipse. This difference causes a 

change in the moment of inertia concerning the two axes (X, Y), which affects the value of stresses according to the Euler equation 

(25,26)[25]. About changing the type of material used. Five groups of composite materials were used ( λ1, λ2, λ3, λ4 and λ5). We 
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obtained the lowest stress value in (λ5) due to the increased amount of material reinforcement nano-particles. When combining the 

two effect processes obtained from changing the shape of the inner section of the design and changing the materials, the results were 

as follows. 

The maximum stresses will be 3.0231 Gpa in hexagonal shape and λ1 material. The minimum stress will be 2.8555 Gpa in ellipse 

shape, and λ5  see the test result in the table (5). 

𝑃𝑐𝑟 = 𝐶
𝜋2𝐸𝐼

𝑙2   (25) 

𝜎𝑐𝑟 =
𝑃𝑐𝑟

𝐴𝑥
  (26) 

Where C is an end condition constant, l  length of column. 

Figure (8) shows the effect of changing the shape of the internal section of the design on the amount of deflection that occurs in the 

Shank when examined by the ANSYS software. The largest deflection value is obtained when the inner section is (hexagonal), 

followed by (circular), while the (ellipse) form produces the lowest deflection value. The most important explanation for this is the 

discrepancy in the deflection values between different designs because of the change in the shape of the internal section, which in 

turn affects the distribution of stresses. 

On the other hand, the figure shows the value of the difference in deflection when using different composite materials (λ1, λ2, λ3, λ4 

and λ5). It was found that the highest value of the deflection when using the article (λ5) and the lowest value of the deviation when 

using the article (λ4). The difference in the results is explained as follows: 

From the equations (27,28), we notice that the stress is directly proportional to the strain generated as a result of its impact, according 

to what is shown in table (5).. 

𝜎 = 𝐸ɛ (27) 

𝜎 ∝  ɛ (28) 

And when nano-particles are used to reinforce the composite materials in large quantities, this weakens the bonds of adhesion between 

the nano-particles and the bonding material (matrix), which in turn leads to a weakening of the design in general. As for (λ5) through 

its results, it was found that it was as close as possible to the ideal state (the mixing ratio), so it gave good results. 

Finally, when the impacts of altering the inside part of the design and altering the composite materials were combined, the following 

results were obtained: The maximum deflection happens in a hexagonal shape with a λ5 material and is 0.39217 mm, while the smallest 

deflection occurs in an elliptical shape with a λ4 material and is 0.21476 mm. 

Figure (9) express the effect of the different geometries (circle, ellipse and hexagonal ) and materials ( λ1, λ2, λ3, λ4 and λ5) on the 

safety factor. Where it is subject to the equation(29)[26]. The value of which changes according to the change in the design stress and 

the yield stress of the materials used the maximum value of the safety factor is 15 in the circle, ellipse and hexagonal shapes with λ2 

material, while the minimum value will be  9.9 ×  10−6 in a hexagonal shape with λ5. 

𝐹. 𝑆 =  
𝜎𝑦

𝜎𝑑

 (29) 

Figure (10) represents the effect of the different of geometries (circle, ellipse and hexagonal ) and materials ( λ1, λ2, λ3, λ4 and λ5)  on 

the mass. The difference in masses of the used Shank with the stability of the cross-sectional area is due to the different materials 

used (difference in densities) table (1). the maximum and minimum values of mass for an (ellipse, λ2) and (hexagonal, λ1) are  157.25g 

and 129.31g, respectively, because of the difference in the density of the materials. 

Figure (11) shows the effect of the different of geometries (circle, ellipse and hexagonal ) and materials ( λ1, λ2, λ3, λ4 and λ5) on the 

cost. The discrepancy in the prices of materials used in manufacturing and the quantities of additives led to significant differences in 

the total cost. The maximum and minimum values of the cost for an ellipse with λ5 and circle with λ1 are  5 $ and 1.4 $, respectively. 

The figures (12 – 14) show the test processes for the sample with the shape (ellipse) and the material (λ4), which gave the best results. 

As for the figures (15 - 17), they represent the results of the test of the worst sample, which was made in the form of (hexagonal) and 

of material (λ5). As a result of the many tests, and for short, only these results were chosen, which represent the best and worst results. 

As for the rest of the results, they are attached to table (5). 
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Table (6) represents the criteria for choosing the optimal design (Kp). A number of five criteria were selected to be based on (Kp). It 

is (stresses, deflection, safety factor, mass and cost). Each of these criteria was given a percentage of 20%, and thus the design that 

reaps the highest rate will be optimal (Kp). Where (ellipse, λ4 ) got the highest percentage (90.1%). The lowest percentage was for 

the share of (hexagonal, λ5 ) with a rate of (55.1%). 

 

Figure 7. shows the effect of the geometry with change 

material on the stresses. 

 

Figure 9. shows the effect of the geometry with change 

material on safety factors. 

 

Figure 8. shows the effect of the geometry with change 

material on a deflection. 

 

Figure 10. express the effect of the geometry with change 

materials on the mass. 

 

Figure 11. express the effect of the geometry with change material on cost. 
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Figure 12. stress analysis of Shank (λ4 ) elliptical shape. 

 

Figure 13. total deformation (λ4 ) elliptical shape. 

 

Figure 14. factor of safety (λ4 ) elliptical shape. 

 

Figure 15. stress analysis of Shank (λ5 ) hexagonal shape. 
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Figure 16. total deformation (λ5 ) hexagonal shape. 

 

Figure 17. factor of safety (λ5 ) hexagonal shape. 

Table 5. Shank Analysis Data  

materials Geometry Stresses (Mpa) Deflection (mm) S.F Cost ($) Mass (g) 

Group A 

c 2.9382 0.37116 10.21 1.4 130.5 

e 2.9159 0.3681 13.433 1.6 131.04 

h 3.0231 0.37327 11.504 1.5 129.31 

Group B 

c 2.9105 0.37126 15 1.7 156.06 

e 2.8935 0.3682 15 1.9 157.25 

h 2.9854 0.37336 15 1.8 155.17 

Group C 

c 2.9017 0.35441 6.8925 1.9 131.14 

e 2.8863 0.35149 9.0522 2.1 132.41 

h 2.9718 0.35642 7.7692 2 130.66 

Group D 

c 2.9208 0.21655 11.401 2.1 133.44 

e 2.9022 0.21476 14.986 2.5 134.46 

h 2.9991 0.21778 12.846 2.3 132.68 

Group E 

c 2.866 0.38997 1E-5 4.5 136.83 

e 2.8555 0.38676 1.3E-5 5.2 137.88 

h 2.9226 0.39217 9.9226E-6 5 136.05 
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Table 6. Percentage of shank analysis data. 

CONCLUSIONS 

In this study, the type of material used was changed five times ( λ1, λ2, λ3, λ4 and λ5 ) in addition to that three designs (circular, 

ellipse and hexagonal) were used. By following up on the results from the ANSYS software, the following was extracted. 

A. The stress generated in the Shank decreased significantly in the oval shape of the type of material λ5. This decrease was due to 

the increase in the percentage of nano-particles added and the oval shape of the Shank. 

B. The deflection was very little change with the change in the shape of the design, as it was limited to changing the type of 

material, so it was as little as possible in λ4 in the ellipse shape. 

C. The safety factor was affected by both changes, as it was a high value in λ2 and almost disappeared in λ5. 

From the previous, we can say that changing designs and manufacturing materials play an essential role in the impact of stresses, 

deflection and safety factors. Also, through the study, materials with low prices were selected, and the weight aspect was considered. 

From table (6), the best results appeared in the ellipse made of material λ4, and that we recommend. 

NOMENCLATURES 

Symbol Description Unit 

AK Above knee ----- 

θ The inclined angle of the center of the body Rad 

bi Distance from ankle to COM of body mm 

E Young's Modulus of elasticity N/mm2 

FX & Fy Horizontal and vertical ankle force N 

FN & FM Vertical ground reaction force N 

Fh Axial ground reaction force N 

G Shear modulus N/mm2 

g Gravitational Constant m/s2 

I Mass moment of inertia Kg. m2 

N , M & h Distance from ground reaction force and ankle mm 

Materials Geometry %Stresses %Deflection %S.F %Cost %Mass 100% 

Group A 

c 19.4 11.5 13.6 20 19.9 84.4 

e 19.5 11.6 17.9 17.5 19.7 86.2 

h 18.8 11.5 15.34 18.6 20 84.2 

Group B 

c 19.6 11.57 20 16.5 16.5 84 

e 19.7 11.6 20 14.7 16.4 82.4 

h 19.1 11.5 20 15.6 16.6 82.8 

Group C 

c 19.6 12.1 9.2 14.7 19.7 75.3 

e 19.786 12.22 12.1 13.3 19.5 76.8 

h 19.2 12 10.36 14 19.8 75.3 

Group D 

c 19.5 16.2 15.2 13.3 19.3 83.5 

e 19.7 20 19.98 11.2 19.2 90.1 

h 19 19.7 17.13 12.2 19.5 87.5 

Group E 

c 19.9 11 0.135 6.2 18.9 56.1 

e 20 11.1 0.15 5.4 18.7 55.3 

h 19.5 10.9 0.176 5.6 19 55.1 
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Mt Mass of body Kg 

Mxy Moment at ankle N.mm 

xc & yc Center of body mm 

ẋc and ẏc The velocity of the center of the body m/sec 

ẍc and Ÿc Acceleration of center of body m/sec2 

K1,K2 & K3 Constant of equation of motion Kg2 m3/s2 

Ix Area  moment of inertia m4 

Kp Optimum choose pylon ----- 

υ Poisson ratio ----- 

A Cross section area mm2 

Do External diameter mm 

Di Internal diameter mm 

a, b Large and small diameters for ellipse, respectively  mm 

h Hexagonal side dimension mm 

σd Design stress N/mm2 

σy Yield stress N/mm2 
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