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To simulate the structure of living tissues and find alternatives with similar properties, and to reduce the 
differences between orthopedic and hip implants, functional grading is used to fabricate artificial 
replacements for a part of the knee joint, study their mechanical properties, and analyze the results using 
the finite element method. Functionally graded blends (10%-50% wt. PLA)/ (90%-50% wt. UHMWPE)/ 
50% wt. PVA) are used. A porous implant is chosen instead of a solid one to reduce the stress-shielding 
effect. Finite element analysis (FEA) is used to analyze the stress-shielding effect of FGB under the 
loads acting on porous hip implants as an alternative to dense stems. Hardness and tensile tests are 
performed to analyze the behavior of functionally graded blend samples and a functionally graded porous 
hip implant model under critical loads, and are analyzed using a digital microscope to determine the 
count and average pore size. The implant design is found to be sensitive to the functional grading factor  .
Under tensile conditions, when the prosthetic leg model (PFGBs) structure takes a gradient according to 
stiffness values from the lowest (39.08) to the highest (46.9), dislocation and loosening are observed at 
the maximum tensile force at a displacement of (50 mm) for the highest total deformation of (16.564 
mm) and the maximum von Mises stress of (12.736 MPa). While the prosthetic leg model under tension, 
when the (PFGBs) structure takes a gradient according to stiffness values from the highest (46.9) to the 
lowest (39.08), dislocation and loosening occur at the maximum tensile force and at the point of contact 
of the ball head with the leg under tensile loading conditions at a displacement of (50 mm) for the highest 
total deformation of (18.904 mm) and the maximum von Mises stress of (22.559 MPa). 
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1. INTRODUCTION 
 
Functional gradients are key in living tissues, and nanotechnology enables precise control of implant 
composition at the nanoscale. This allows optimization of mechanical strength and biocompatibility, 
closely mimicking natural tissue structure [1]. However, biocompatibility evaluation of the biological 
response of FGBs made of hydroxyapatite and polymer matrices suggests that the optimized FGBs 
promote better cell adhesion and proliferation compared to conventional homogeneous materials  [2]. 
There are solutions to the causes of aseptic loosening, the most significant of which are the impact of 
residual particles due to wear, pressure protection, and, finally, micro-movements. Given that such 
problems occur approximately 15 years after surgery, it is necessary to design a prosthetic system that 
simultaneously enhances the biomechanical interaction between the prosthesis and the bone, while 
simultaneously reducing the pressure on the surrounding tissues[3] .  The development of a synthetic, 
high-density polyvinyl chloride (HMWPEU) gradient-structured biomaterial produced improved in vivo 
growth healing mechanisms [4].  
 
When it comes to the use of porosity in design, it has been observed to have a negative impact on 
mechanical properties such as stiffness and strength, while providing superior performance in other areas 
such as vibration reduction, thermal insulation, energy absorption and dissipation, etc., making it suitable 
for medical and engineering applications. In addition to its direct impact on natural frequencies [5], the 
bone adaptation around the graft is a problem, and radial gradation using a low-stiffness material in the 
outer layer has a significant impact on the bone adaptation process [6]. Although previous literature has 
focused on conventional homogeneous-structured prostheses, the functional adaptation and practical 
application of porous mesh prostheses on the host bone need to be investigated. Compared with 
conventional homogeneous-structured prostheses, functionally graded mesh prostheses have an optimal 
stress distribution with superior mechanical and biological properties [7]. Challenge the variations 
between native tissues as complex materials (porosity, mineralization, and fiber alignment) to achieve 
suitable replacements by mimicking the gradients in heterogeneous tissues to influence strength, 
plasticity, and cell signaling [8].  Gradients also include signals, as cell migration has been observed in 
response to gradients of soluble chemo attractants, surface-bound molecules, and stiffness [9].The most 
studied factors in relation to cell gradients are (structure, porosity, stiffness, and biochemical 
concentration). While scaffolds are often used for soft tissues, hydrogels for more flexible materials, and 
rigid polymers and ceramics as alternatives for hard tissues due to their slow absorption and ability to 
withstand high mechanical loads [10]. 
 
This study evaluates the feasibility of using functionally graded bio-composites (FGBPs) for prosthetic 
limb stems. It investigates the deformation mechanisms of the constituent materials experimentally and 
via finite element simulations, and analytically examines the tensile behavior of the spherical head and 
stem, providing insights into their structural performance. 
 
2. EXPERIMENTAL 
2.1 Materials 
 
The matrix phase is ultra-high molecular weight polyethylene (UHMWPE) in the form of white granules, 
with a molecular weight below 1,700,000, supplied by LOBA CHEME PVT.LTD. The second phase is 
poly lactic acid (PLA) (98% purity) in the form of a white powder, at 151°C, supplied by BASF 3D 
Printing Solutions BV. Poly vinyl alcohol (PVA) is added to matrix to obtain a porous structure 
(appearance of PVA: white powder, molecular weight (1,700-1,800) originating in Germany, packed in 
the UK by ME Scientific Engineering LTD. 
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2.2 Preparation (FGB)  
 
The powder technology theory is used to prepare functionally graded samples as well as porous graded 
samples by mixing powders (poly lactic acid with ultra-high molecular weight polyethylene) in the solid 
state at the volume fractions shown in Table (1). Porous samples are also prepared with the same volume 
fraction gradient shown in Table (2).  
 

Table 1 FGB compositions. 
 

Samples PLA wt. % UHMWPE wt. % 
PLA\UHMWPE1 10 90 
PLA\UHMWPE2 20 80 
PLA\UHMWPE3 30 70 
PLA\UHMWPE4 40 60 
PLA\UHMWPE5 50 50 

 
Table 2 PFGB compositions. 

 
 
 
 
 
 
 
 
 
Poly  lactic acid is mixed with ultra-high molecular weight polyethylene in powder form at the weight 
ratios calculated in Table (1) and pressed into a mold measuring (185 mm x 195 mm and 4 mm deep, 
assuming a 1 mm mold tolerance), Figure (1, a). The samples are pressed into the mold in a heat press 
at a pressure of 5 MPa and a temperature of 175 °C and gradually cooled to room temperature. Poly 
vinyl alcohol (PVA) is added in the liquid state (the solution is added in a ratio of 100 g of deionized 
water: 10 g of polyvinyl alcohol). The mixture is continuously mixed by mechanical stirrer to ensure the 
homogeneity of the mixture for 10 minutes  and gradually cooled to room temperature. It is worth noting 
that powder technology requires a heating temperature of up to 185°C  with increasing volume fraction 
of PLA and vice versa, as the volume fraction decreases (from  PLA\UHMWPE1 to  PLA\UHMWPE   2 ) 
the heating temperature reaches 175 °C. The experimental work involved the fabrication of six different 
samples (FGBs and PFGBs) using powder technology, Figure (1, b, c).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Samples PLA wt. % UHMWPE wt. % PVA wt.% 
PLA\UHMWPE\PVA1 9 81 10 
PLA\UHMWPE\PVA2 16 64 20 
PLA\UHMWPE\PVA3 21 49 30 
PLA\UHMWPE\PVA4 24 36 40 
PLA\UHMWPE\PVA5 25 25 50 
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Figure 1 (a) the Steel Mold (b) The Sheet of FGBs, and (c) The Sheet of PFGBs. 
 

2.3 Methods  
2.3.1 Mechanical hardness test for blends properties of FGBs & PFGBs   
 
Mechanical hardness test for blends properties of FGBs & PFGBs (20 mm width, 30 mm length, 3 mm 
thickness) are tested using a Shore D hardness tester (TH 210 FJ), made in Germany according to ASTM 
D2240 [11], which is required to measure the flexural strength of the material. A needle is placed 
perpendicular to the specimen to obtain accurate readings. The specimen surface had to be smooth and 
clean, (Figure 2, a, b). Each specimen is tested five times at different positions on the specimen 
simultaneously. It is observed that the final hardness values of the specimens depended significantly on 
the volume fraction, Figure (3, a, b). 
 
 
 
 
 
 
 
 

 
 
 
 

Figure 2 Hardness samples for PFGB's Composite Materials. 
 
Figure (3, a) shows the processing characteristics of the matrix (PLA: UHMWPE), with fractional 
volume as in table (1). The maximum stiffness decreases with increasing PLA wt. % loading. The 
decrease in maximum stiffness values shows that the presence of PLA in the blends tends to reduce the 
workability and elasticity of the matrix.  Mixing Two Polymers  phase-separated mixtures are what we 
get when trying to mix most polymers.  But phase-separated materials are often more useful. These 
mixtures are called immiscible mixtures. Polyvinyl alcohol is immiscible with UHMWPE. Instead, the 
polyvinyl acid will separate from the UHMWPE  into small clumps. Under an electron microscope, the 
small clumps of UHMWPE make a big difference to the material. It is a fairly brittle material, hard and 
brittle. However, the clumps are elastic and can absorb energy under stress. This prevents the polyvinyl 
acid from breaking. This immiscible mixture has a greater ability to stretch  rather than break than regular 
polyvinyl acid, meaning it is more rigid and flexible [12]. 
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Figure (3, b) shows the processing properties of the matrix (PLA:  UHMWPE: PVA), with the fractional 
size as shown in Table 2. The decrease in maximum hardness values shows that the presence of PVA in 
the blends tends to reduce the hardness values of the matrix. The ratio (21 wt. % PLA: 49 wt. %: 
UHMWPE: 30 wt. % PVA) has the highest value. One of the most important ways to create a strong, 
immiscible blend is to use approximately equal amounts of the two polymers. When the relative amounts 
of the two polymers are approximately equal, we obtain a different morphology than when one of them 
is significantly excess; they form two continuous phases. This means that both phases will bear the 
burden of any stress on the material, making it stronger [13]. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 Hardness data analysis chart for (a) FGBs, and (b) PFGBs. 
 

Figure (4) Shows the digital microscopic images of PFGBs. Microscopic images are taken by a digital 
microscope and the total count pores and average pore size are calculated using ImageJ software. Table 
(3) shows the pore count and average pore size for each layer. It is noted that the highest value for the 
count pores is for the mixture (PLA\UHMWPE\PVA 5) and therefore it is used as a surface layer for the 
artificial prosthetic structure.  The addition of PVA reduces the mechanical properties of the mixture and 
textures the matrix due to its hydrophilic properties and biodegradability, making it more suitable for 
medical engineering applications. 
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Figure 4 Illustration of Digital Microscopic Images for PFGBs with their standard deviation. 
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Table 3 PFGB compositions. 
 
 
 
 
 
 
 
 
2.3.2 Strength measurement of FGBs & PFGBs for tension test 
 
Figure (5), a tensile test specimens is cut from a functionally graded blend sheet as dimensioned in Figure 
(1, b, c) according to ASTM D638 [14], the test is performed at a speed of 5 mm/min, with the load 
applied until the specimen fails. Stress–strain data are obtained. Five FGBs and PFGB specimens are 
tested at a time, and the mechanical properties are calculated based on the average of the five specimens' 
data.  
 

 
 

 
Figure 5 Universal Tensile Test of FGB Composite Materials [14]. 

 
Figure (6, a) shows the load-deformation curves for each layer of FGB composites, illustrating the 
behavior of each layer under tensile load. The effect of phase separation of the two polymers is evident 
from the observation of the curved trajectory and the gradual decrease in the area under the curve (the 
plastic region) for all solid samples. Therefore, the graded material generally becomes more elastic and 
bends more flexibly as the percentage of added poly  lactic acid increases and the area under the curve 
decreases accordingly. For immiscible materials such as poly  lactic acid and ultrahigh molecular weight 
polyethylene, phase separation occurs. At different percentages, the material with a higher volume 
fraction outperforms the one with a lower volume fraction has been reported that the more elastic 
component can surround the less elastic component, forming a continuous matrix phase[14,15].  At 
higher speeds, this may not be achieved, and at lower speeds, the stress may decrease and the distance 
under the curve may increase, depending on the level of stress distributed among the polymers in the 
mixture. Nevertheless, the obtained results confirm the results of the hardness test in the paragraph 
above. This indicator confirms the results of the hardness test in the above paragraph. 
 
Fig.  (6,b) shows the load-deformation curves for each layer of PFGB composites, illustrating the 
behavior of each layer under tensile load. A continuous structure is one in which a continuous secondary 
phase is interconnected within a continuous matrix. Therefore, considering PLA as a continuous 
secondary phase allows the continuous structure to produce conductive polymer blends [16,17]. When 
the secondary phase is patterned, it can be used in tissue engineering scaffolds [18,19]. Therefore, PVA 

Samples Pores Count Average Size 
PLA\UHMWPE\PVA 1 86 9.773E-6 
PLA\UHMWPE\PVA 2 95 5.347E-6 
PLA\UHMWPE\PVA 3 50 2.511E-6 
PLA\UHMWPE\PVA 4 127 5.122E-6 
PLA\UHMWPE\PVA 5 157 1.676E-6 
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plays a crucial role in shaping the overall matrix structure, and altering its concentration can transform 
the matrix phase into a dispersed one. The dispersed phase helps form a structure with stronger 
properties. However, the area under the curve gradually decreases with varying volume fractions and 
under varying load conditions, time, and at room temperature. 
 
 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 

Figure 6 Experimental load–deformation curves from the tension test for (a) FGBs and (b) PFGBs. 
 
2.4 Effective Material Properties 
 
The active material properties of the FGB plate are assumed to change continuously along its thickness 
direction. These properties are obtained using a simple power law distribution or an exponential law that 
calculates the volume fraction of each FGB component.  
 
2.4.1 Exponential law 
 
Exponential law of FGB states that (“For a FGB structure of uniform thickness ‘h’, the material 
properties ‘P(z)’ at any point located at ‘z’ distance from the mid-plane surface is given by [20]:  
 

𝑃𝑃(𝑧𝑧) = 𝑃𝑃𝑡𝑡𝑒𝑒
 �−𝜆𝜆 �1−2𝑧𝑧ℎ ��, where, 𝜆𝜆 = 1

2
ln �𝑃𝑃𝑡𝑡

𝑃𝑃𝑏𝑏
�                                                                                                      (1) 

 
𝑃𝑃(𝑧𝑧) Refers to material property like Young’s modulus of elasticity (E), shear modulus of elasticity (G), 
Poisson’s ratio (υ), and material density (ρ) of the FGB structure. 𝑃𝑃𝑡𝑡 and 𝑃𝑃𝑏𝑏 are material properties at 
top (z=+h/2) and bottom (z=-h/2) surfaces. λ is material grading indexes which depend on the design 
requirement. 
 
2.4.2 Power law 
 
The power-law distribution can be written as [21]: 

𝑉𝑉𝑃𝑃𝑃𝑃𝑃𝑃(𝑧𝑧) = �
𝑧𝑧
ℎ

+
1
2
�
𝑛𝑛

,    𝑉𝑉𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈(𝑧𝑧) =  1 −  𝑉𝑉𝑃𝑃𝑃𝑃𝑃𝑃(𝑧𝑧)                                                                                    (2) 
 
where n is the power law index, 0 ≤ 𝑛𝑛 ≤ ∞ . The functionally graded two-component material and its 
properties, such as Young's modulus E and bulk density ρ, are obtained using the following steps[22]:  
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+ 𝐸𝐸UHMWPE                                                                                       (3) 
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+ 1
2
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𝑛𝑛

+ 𝜐𝜐UHMWPE                                                                                        (5) 
 
In the present work, the power-law distribution is used to continuously gradate material properties in the 
thickness direction. Table (4) illustrates the mechanical properties of FGBSs. 
 

Table 4 The properties of FGBs. 
 

 

Layers 
 

Blend 
Properties 

Young's modulus E(MPA) Poison's ratio Density (g/cm3) 
Layers2 PLA\UHMWPE1 49.8 0.352 1.243 
Layers3 PLA\UHMWPE2 48.8 0.402 1.215 
Layers4 PLA\UHMWPE3 50.4 0.346 1.264 
Layers5 PLA\UHMWPE4 49.3 0.358 1.225 
Layers6 PLA\UHMWPE5 52.24 0.33 1.328 

 
2.4.3 FGB plate with porosities 
 
Suppose we have a plate assigned a Cartesian coordinate system, x, y, z, where x, y is the mid plane of 
the plate and z is the thickness coordinate (−ℎ

2
≤ 𝑧𝑧 ≤ ℎ

2
). The plate's length, width, and total thickness 

are a, b, and h, respectively, Figure (7). 
 
 

 
 

Figure 7 Geometry and coordinate system of the PFGB plate. 
 

 
The material properties of P-FGB plates are written as [23] : 
𝑃𝑃(𝑧𝑧) = (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 −   𝑃𝑃𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈) �1 + 2𝑧𝑧

ℎ
�
𝑛𝑛

+  𝑃𝑃𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 −  𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃                                                                        (6) 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = ∝\2(1 − 2 �|𝑧𝑧|
ℎ
�)(𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 + 𝑃𝑃𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈)                                                                                           (7) 
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Accordingly, the effective Young’s modulus 𝐸𝐸(𝑧𝑧), and the mass density ρ(z)   of porous FGB plates can 
be written using Eq. (5): 
 

�𝐸𝐸
(𝑧𝑧)

ρ(𝑧𝑧)�=�
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 𝐸𝐸𝑃𝑃𝑃𝑃𝑃𝑃 + 𝐸𝐸𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈  
ρ𝑃𝑃𝑃𝑃𝑃𝑃 + ρ𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈

�                     (8) 

 
Where α is the porosity distribution factor (porosity volume fraction),𝐸𝐸𝑃𝑃𝑃𝑃𝑃𝑃,𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 =  𝐸𝐸𝑃𝑃𝑃𝑃𝑃𝑃 − 𝐸𝐸𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈  , 
and ρ𝑃𝑃𝑃𝑃𝑃𝑃,𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 = ρ𝑃𝑃𝑃𝑃𝑃𝑃 − ρ𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 , the Poisson ratio ν(z)   is assumed to be constant ( v(z)=ν  ), . Table 
(5) illustrates the mechanical properties of PFGBSs. 
 
 

Table 5 The properties of PFGB. 
 

Layers Blend Properties 
Young's modulus E(MPA) Poison's ratio Density (g/cm3) 

Layers1 PLA\UHMWPE\PVA5 43.6 0.27 1.108 
 
As shown in Figure (8, a, b), the composition of the interlayer is represented by the following power law 
equation: 
C= (X/d)P                                                                                                                                                  (9) 
 
where C is the volume fraction variations of the PLA and UHMWPE phases, d is the thickness of the 
interlayer, X is the distance from the PLA phase, and p is a numerical constant related to phase 
distribution or compositional gradient. The properties of the interlayer material are estimated assuming 
their linear dependencies on composition. Figure (8, a) shows the behavior of PLA\UHMWPE layers 
that behaves linearly and gradually with increasing volume fraction of the consistent of blends, and 
curing begins to rise. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8 FGBs phase distribution profiles with varying power-law exponent: (a) VPLA and (b) VUHMWPE 

vs. non-dimensional thickness. 
 
 
 
 
 



Exp. Theo. NANOTECHNOLOGY 10 (2026) 109-121 
 
2.4.4 Finite element model for FGBs   
    
Finite element models depict the components of functionally graded material layers to study their matrix 
exchange relationships and the factors affecting their failure. To understand and predict the influence of 
material, as well as geometric parameters, on the mechanical behavior of flexible composites filled with 
functionally graded matrices, finite element investigation may be a very feasible strategy. To achieve 
this, a simple discrete model (ANSYS 16) represents a model of FGB composites with properties varying 
from the porous top layer to the graded base. In this analysis, a three-dimensional model of the FGB 
system is constructed, as shown in Figures 9 (a) and 9 (c), and then meshed, as shown in Figures 9 (b) 
and 9 (d). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9 Three-dimensional model of (a) Tensile test sample, (b) Meshed Tensile sample, (c) FGB 

system sample, and (d) Meshed FGB system sample. 
 
Finite element amounts are contrasted and test ones for tensile tests of functionally graded materials. 
Figure (9, a) indicates FE model with boundary conditions for tensile test investigation, total length (165 
mm), gage length (57 mm), thickness of (3) mm (each layer of FGB with number of nodes (10010) and, 
number of elements (7384)), Figure (9, b). Moreover, Figure (9, c) the nodes are integrated at the 
interface permitting appropriate coupling amongst layers and interfaces for FGBs with total length 
(145mm) for stem prosthesis, diameter (32 mm ) for ball head  [24], number of nodes (6221), and number 
of elements (7045), Figure (9, d). The mesh is optimized for the prosthetic limb stump model as well as 
the loading models under tensile conditions because mesh optimization affects the accuracy of the results 
[25]. The Poisson's ratio and elastic modulus of FGBs are defined at a variety of weight fractions of 
(PLA, UHMWPE, and PVA) from experiments (tensile test), and are given as input to FEA as shown in 
table (3). The results obtained from the ANSYS program are as shown in Figure (10, a, b). 
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Figure 10 Numerical simulation results of the FGBs model: (a) total deformation and (b) equivalent 

stress. 
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Figure 11 Prosthetic Stem Model Results Obtained From: Numerical Simulation (a), (b), (c), and (d) 

Illustration of the arrangement of FGB layers.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a)Total Deformation at (50mm) Displacement.               (b) Equivalent Elastic Strain. 

 

(c) Equivalent Stress.                                               (d) FGBs layers.  
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Figure 12 Prosthetic Stem Model Results Obtained From: Numerical Simulation (a), (b), (c), and (d) 

Illustration of the arrangement of FGB layers.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13 Diagram illustrating various profiles for: (a) PFGBs layer under Von-Mises stress, and (b) 

PFGB1 (Bottom-up hardness values), PFGB2 (Up-bottom hardness values). 
 
 
 
 

(a)Total Deformation at (50mm) Displacement.               (b) Equivalent Elastic Strain. 

 

(c) Equivalent Stress.                                               d) FGBs layers.  
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4. RESULTS AND DISCUSSION 
 
Figure (10, a, b) shows the variation in mechanical properties of heterogeneous mixtures associated with 
the composition (PLA, UHMWPE and PVA) under tensile conditions, by fixing the distal end of the test 
specimen and the lower leg to the artificial leg model and applying a displacement (40 mm) in the 
opposite direction to the fixation areas in both models (test specimen and leg). Describing the situation 
is often very difficult due to the change in blend properties depending on the controlling conditions. The 
lowest total deformation and highest von Mises stress values can be observed for blends 
(PLA\UHMWPE1, PLA\UHMWPE\PVA 5), which makes them more ductile. This indicates that the 
predominant phase is the high molecular weight polyethylene phase that surrounds the matrix, it's elastic 
and ductile properties prevail under tension. The highest total deformation and lowest stress are found 
in blends (PLA\UHMWPE 2, PLA\UHMWPE 3, PLA\UHMWPE4, and PLA\UHMWPE 5), which are 
less ductile. Here, the volume fractions gradually change with slight variation in von Mises stress values. 
This indicates that the similarity of volume fraction values creates a more cohesive structure that 
combines the properties of the two components, as discussed previously in the hardness and tensile 
testing sections. 
 
Figures 11(a, b) and 12(a, b) show the artificial prosthetic stem models under tensile loading with 
different FGB stiffness gradients. In Figure 10, the gradient increases from the lowest (39.08) to highest 
(46.9). Maximum tensile force caused dislocation and loosening at the ball-head–stem interface, with 
total deformation of 16.564 mm and von Mises stress of 12.736 MPa at 50 mm displacement. In Figure 
11, the gradient decreases from the highest (46.9) to lowest (39.08), resulting in similar interfacial 
dislocation under maximum load, with higher deformation (18.904 mm) and von Mises stress (22.559 
MPa). These effects arise from the functionally graded nature of the FGBs, which feature uneven 
mechanical properties across layers, producing non-uniform stress and strain distributions. Interfaces 
between layers, often less stiff than the bulk, become critical points under tensile loading. Differences 
in Young’s modulus across layers further amplify localized stress, leading to dislocation and loosening 
at the interface under maximum tensile load. This highlights the importance of gradient design in 
optimizing the mechanical performance of functionally graded prosthetic stems. 
 
Figure (13, a) shows that each layer's behavior is similar to its behavior during the experimental test. 
Compare Figure (13, a) with Figure (6, a), where the surface porous layer has the highest deformation 
at the lowest time and stress, compared to the remaining layers, where stress concentrations vary 
depending on the amount of time required to reach failure and the volume fraction of the mixture 
components. Figure (12, b) shows the difference in three-dimensional stress when the layers are arranged 
according to the highest stiffness value after the porous layer. The model has higher deformation values 
than the model whose layers are arranged according to the lowest stiffness value after the porous layer. 
In general, the use of a mixture of two polymers with mechanical properties close to the bone enhances 
the transfer of load from the adjacent area to the distal area [25]. In particular, the use of PLA and 
UHMWPE with different volume fractions allows the structure to be designed based on the properties 
of actual bone, such that at maximum stress, the stem structure maintains its properties. However, the 
tensile strength has a significant effect on the bearing head, attributed to the loss of mass due to stress 
shielding and also sensitive to the design [26], material used [27], volume fraction exponent [28]. The 
most important error ratios for both the laboratory experimental results and the results obtained from for 
all PFGB layer are listed in the Table 6, are written as[29]: 
Errors = 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸−𝑇𝑇ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
                                                                                                        (10) 
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Table 6 Errors ratios between experimental and analytical test for PFGB. 
 

PLA\UHM
WPE1 

PLA\UHM
WPE2 

PLA\UHM
WPE3 

PLA\UHM
WPE4 

PLA\UHM
WPE5 

PLA\UHMWP
E\PVA5 

45% 43% 43% 55% 35% 39% 
 
5. CONCLUSIONS  
 
This research focused on the feasibility of using FGBP as a selective material for the production of 
prosthetic limb stems. The study focused on studying the deformation and stress mechanisms, revealing 
the strength of the selected materials, and revealing the unique properties of each material under loads, 
both experimentally and using finite element theory. The deformation and stress mechanisms of the 
prosthetic limb stem were also applied analytically. The study reported results showing that under tensile 
conditions, when the prosthetic leg model structure (PFGBs) takes a gradient according to stiffness 
values from the lowest (39.08) to the highest (46.9), dislocation and loosening are observed at the 
maximum tensile force at a displacement of (50 mm), the highest total deformation of (16.564 mm), and 
the maximum von Mises stress of (12.736 MPa). While the prosthetic leg model is under tension. While 
when the PFGBs structure takes a gradient according to stiffness values from the highest (46.9) to the 
lowest (39.08), dislocation and loosening occur at the maximum tensile force and at the point of contact 
of the ball head with the stem under tensile loading conditions at a displacement of (50 mm) for the 
highest total deformation of (18.904 mm) and a maximum von Mises stress of (22.559 MPa). A major 
limitation of this study is the lack of in vivo biomechanical loading [30][31]. The laboratory results of 
the tensile test were largely consistent with the analytical results obtained from the application of finite 
element theory. The load transfer mechanism at the point of contact plays a crucial role. If the load is 
not distributed evenly due to gradient formation, this can lead to higher stress concentrations at the 
interface. Softer layers exhibit localized elastic-plastic behavior, meaning that the UHMWPE phase 
predominates, while softer layers (with a higher PLA content) may not deform plastically. Similar 
volume fraction values create a more cohesive structure that combines the properties of both 
components. The addition of PVA has been shown to reduce mechanical properties, increase the 
compatibility of the blend[32][33], and impart texture to the matrix due to its hydrophilic properties and 
biodegradability, making it more suitable for engineering applications. Finally, we hope that future steps 
of this study will include the behavior of the material under real physiological or anatomical conditions 
(in vivo), to ensure the suitability of the study for application. 
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