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Abstract: Shape memory alloys (SMAs) have been researched and used in 

numerous applications. This article discusses a general methodology for 

the bending behavior of SMA, and the validation of this bending behavior 

was achieved by reinforcing polyurethane and epoxy polymers with 

graphene nanotubes using a finite element model. Polyurethane and an 

epoxy were impregnated with different amounts of graphene volume 

percent (25, 40, 50, 60, and 75). Some of the mechanical properties that 

were being studied included tensile strength, strain response, and modulus 

of elasticity. The results show that with the rise of graphene concentration, 

reductions in deformation and material are enhanced by stiffness as it 

changes its ductility and flexibility. An examination of the bending 

moment of 177 N.mm to determine the variation in the composite stiffness 

was also done. The results showed that the deformation always decreased 

with the increase in the quantity of graphene, thus proving the 

strengthening effect of real bending forces. 
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Introduction 

Composite materials have gained significant 

attention due to their superior mechanical properties 

compared to traditional materials. Widely utilized to 

improve polymer composites, graphene is a 

nanomaterial noted for its extreme strength and 

thermal conductivity [1]–[7]. Often employed 

matrix in structural and functional uses are epoxy 

and polyurethane polymers. The inclusion of shape 

memory alloys (SMA) increases the adaptability and 

resilience of these substances, hence enabling their 

usage in complex engineering projects [8]. 

Understanding the bending behaviour in SMA 

graphene nanotubes strengthened polymers is 

essential if one wishes to maximise their mechanical 

performance in medical, automobile, and aviation 

uses. Knowing how polymer matrices and graphene 

nanotubes interact under bending pressures can 

reveal material deformation, stress distribution, and 

strain properties. This study aims to close the gap 

between computational modelling and experimental 

material testing so that to improve the design of 

high-performance composites by using a multiscale 

finite element technique [9]. 

To confirm the numerical predictions, another 

experimental simulation was done with a constant 

bending moment of 177 N.mm [10]–[14]. The 

loading state further renders the composite models 

more believable by making them act like real 

structures would. 

In this study, composite models were 

formulated in this study with different ratios of 

reinforcement. Graphene nanotubes were used in the 

creation of structural models in concentrations of 

0.00%, 0.01%, 0.02%, 0.03%, 0.04%, and 0.05% of 

epoxy and polyurethane polymers under the 

influence of different loading configurations and 

under strain response, deformation, and distribution 

of stress on the structure at varying levels.  

 

Methodology 

The methodology of this paper entails 

multiscale finite element simulation techniques to 

analyse the bending behaviour of graphene-

reinforced SMA composites [15]-[17]. Composite 

structures can be precisely demonstrated by the 

finite element analysis (FEA) method by 

considering both macroscopic and microscopic 

properties of the materials [18]. The investigation 

involves mesh generation, model development, 

numerical analysis, and application of the boundary 

conditions with the help of ANSYS software [19]. 

Modelling the composite's  microstructure of 

the composite as a representative volume element 

(RVE) was used to give a precise simulation of 

graphene polymer interactions [20]-[22]. Under 

bending stresses, the RVE based technique enables 

one to notice the anisotropic behaviour of the 

composites. A mesh sensitivity analysis was carried 

out to agreement the rightness of the results, the 

element size was adjusted till convergence in strain 

and stress values was attained. 

New formulations of boundary conditions were 

carefully assigned with the bottom surface of the 

model fully constrained to avoid rotation and 

displacement. A homogeneously distributed 

bending force was applied on the top surface to 

simulate real world loading conditions [23]. The 

load application followed standard mechanical 

testing guidelines to be valid in the results. The 

resulting strain/stress distributions were examined to 

determine the influence of graphene substance on 

the mechanical properties of the Shape Memory 

Alloy composite.  

The numerical solution was obtained using the 

finite element method, with the global stiffness 

matrix [K] derived as: 

[K] {U} = {F} 

 where [K] is the system global stiffness matrix, {U} 

and {F} are the global nodal displacement and 

global nodal force vectors, respectively [24]. The 

system was resolved using an iterative solver to 

confirm numerical convergence and stability.  

 

Material System 
The composite models were improved using 

polyurethane and epoxy as base polymer matrices, 

reinforced with varying weight ratios of graphene 

nanotubes. These materials were chosen due to their 

widespread industrial applications and their ability 

to be boosted by nanomaterial reinforcements. A 

RVE approach was applied to simulate the 

microstructure of the composite materials 

confirming an accurate depiction of 

graphene/polymer interactions at the microscopic 

level. This multiscale modelling technique agreed 

for the full evaluation of the mechanical response of 

the composites under bending loads. 

 

Finite Element Simulation 
Finite element modelling was conducted using 

ANSYS software. The models were meshed 

utilising tetrahedral elements, which are particularly 

suited for capturing the complex geometry of the 

composite materials and the anisotropic behaviour 

due to the varying graphene concentrations. The 

primary aim of the simulation was to ascertain the 

mechanical properties, specifically the bending 

stiffness and deformation characteristics, of the 

composite materials in relation to graphene content. 

To ensure the accuracy and reliability of the 

simulation results, a series of preliminary tests were 

carried out to select an appropriate element size, 

which led to the use of 1 mm tetrahedral elements. 

Direct element size of 1 mm is employing 

appropriate for modelling nanoscale fillers, as it 

does not capture their intrinsic scale effects. To 

address this limitation, a homogenization approach 

was adopted, in which the influence of graphene 

nanoscale fillers was represented through effective 

material properties at the macroscopic level. This 
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strategy enabled accurate simulation of the 

mechanical response while maintaining 

computational efficiency. The revised methodology 

clarifies this mesh strategy and ensures that the finite 

element results remain both realistic and 

numerically stable. A mesh sensitivity analysis was 

performed to refine the element size until 

convergence was achieved for both stress and strain 

values. This process ensured that the results were 

independent of the mesh size and that the simulation 

was capturing the true behaviour of the material 

under loading conditions. 

Boundary conditions were applied with the bottom 

surface of each model fully constrained to prevent 

both displacement and rotation, replicating a fixed 

boundary condition. A uniformly distributed 

bending force was applied along the top surface to 

simulate practical loading scenarios as seen in 

experimental testing. This setup was designed to 

mimic real-world mechanical conditions as closely 

as possible, where bending moments and shear 

forces are applied in composite structures during 

use. 

The material properties for each model, including 

modulus of elasticity and Poisson’s ratio, were 

assigned based on experimental results obtained 

from testing different graphene concentrations. 

Specifically, the elastic modulus of the epoxy and 

polyurethane matrices were adjusted based on the 

graphene content to simulate the reinforcement 

effect. The values for the modulus of elasticity were 

as follows: 

 

• Epoxy-based composites: The modulus ranged 

from 59.526 MPa at 25% graphene content to 

59.413 MPa at 75% graphene content. 

• Polyurethane-based composites: The modulus 

ranged from 59.817 MPa at 25% graphene content 

to 59.980 MPa at 75% graphene content. 

The global stiffness matrix [K] for the system was 

derived based on the material properties and 

geometry of the models. The system of equations 

was solved iteratively using an iterative solver to 

ensure numerical stability and convergence of the 

results.  

 

Calculation of the tensile strength of epoxy 

resin under an applied tensile force of 98.1N : 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
0.053739 0.0027811 0.00278 

Figure 1 The results of the tensile strength for Epoxy 

resin 100% model. 

 

 

    
0.0016944 8.9847e-5 10.759 

Figure 2 The results of the tensile strength for model: 

75% epoxy and 25% graphene by volume. 
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0.0010683 5.7492e-5 10.912 

Figure 3 The results of the tensile strength for model: 

60% epoxy and 40% graphene by volume. 

 

 

       
0.0008569 4.661e-5 11.023 

Figure 4 The results of the tensile strength for model: 

50% epoxy and 50% graphene by volume. 

 

 

 

 

 

 

   
0.00071521 3.9335e-5 11.14 

 

Figure 5 The results of the tensile strength for model: 

40% epoxy and 60% graphene by volume. 

 

 

 

 
 

0.00057288 3.208e-5 11.332 

 

Figure 6 The results of the tensile strength for model: 

25% epoxy and 75% graphene by volume. 

 

Also, the calculation of the tensile strength 

of polyurethane under an applied tensile force of 

98.1N: 
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0.0010189 4.8846e-5 9.7693 

Figure 7 The results of the tensile strength for 
polyurethane 100% model 

 

  

   
0.00050968 2.4072e-5 9.6288 

Figure 8 The results of the tensile strength for model: 

75% polyurethane and 25% graphene nanotubes by 

volume. 

 

 

 

 

 

 

 

 

 

 
0.00039217 1.8353e-5 9.5434 

Figure 9 The results of the tensile strength for model: 

60% polyurethane and 40% graphene nanotubes by 
volume. 

 

 

 
0.00033994 1.5819e-5 9.4912 

Figure 10 The results of the tensile strength for model: 
50% polyurethane and 50% graphene nanotubes by 

volume. 
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0.0003 1.3872e-5 9.4329 

Figure 11 The results of tensile strength of model: 40% 

polyurethane and 60% graphene nanotubes by volume. 

 

 

 
0.00025506 1.1687e-5 9.3493 

Figure 12 The results of the tensile strength for model: 

25% polyurethane and 75% graphene nanotubes by 

volume. 

 

Results and Discussion 
The study showed that in polyurethane-

based composites, raising the graphene percentage 

in epoxy and polyurethane composites enhances 

stiffness, with the modulus of elasticity going from 

59.526 MPa at 25% graphene to 59.980 MPa at 75% 

graphene as shown in Figure 1-6. Additionally, the 

deformation values decreased as the graphene 

content increased, suggesting improved load 

resistance.  However, ductility was reduced at higher 

graphene levels, which would affect flexibility and 

impact resistance. 

Validation: 

This validates the prediction of the bending 

behaviour of the graphene-reinforced composites by 

the finite element model's correctness and 

dependability. 

When the bending moment was 177 N.mm, the 

epoxy-based composites with graphene nanotubes 

showed a gradual decrease in deformation as the 

concentration of graphene increased as shown in 

appendix A. For example, the strain went from 

0.024769 at 25% graphene to 0.0087059 at 75% 

graphene, but the modulus stayed almost the same 

(about 59.4–59.5 MPa). This behaviour shows that 

graphene makes things stiffer and less likely to bend 

when moments are applied. Similarly, the strain of 

epoxy reinforced with graphene nanotubes 

significantly reduced from 0.01161 at 25% nanotube 

content to 0.0034939 at 75 percent. The modulus 

increased slightly to 59.915 MPa, indicating that the 

material was capable of high volume holding. All 

these values were located only when the moment 

was 177 N.mm, which makes the FEA model more 

credible and allows using high contents of graphene. 

The results show good consistency, and the ultimate 

tensile strength and the elastic modulus showed a 

difference of less than five percent among the 

samples as shown in figure (7-12). This indicates the 

mechanical behavior of the composite graphene-

reinforced SMA polymer composites. 

 

Parametric Study: 

The parametric methods have been used to 

examine the effect of various levels of graphene on 

the mechanical behavior of epoxy and polyurethane 

composites. The experiment involved the 

investigation of the influences of different graphene 

volume per cent (25, 40, 50, 60 and 75 percent) on 

modulus of elasticity and tensile strain responses. In 

both epoxy and polyurethane composite, the content 

of graphene was also rising exponentially with the 

modulus of elasticity. The modulus of elasticity for 

the epoxy-graphene composites, for instance, varied 

from 59.526 MPa at 25% graphene to 59.413 MPa 

at 75% graphene. The modulus for polyurethane-

graphene composites, likewise, ranged from 59.817 

MPa at 25% graphene to 59.980 MPa at 75% 

graphene. Adding Shape Memory Alloys to the 

composite systems made the structure noticeably 

more stable when it was bent. Adding SMA 

improved the recovery behaviour and lowered 

permanent deformation, especially in models with 

more graphene. This combination of SMA and 

graphene made it easier to control strain and made 

the composite matrix stronger overall. 
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Conclusion 
This research shows that the bending characteristics 

of SMA polymer composites are greatly enhanced 

by graphene nanotubes reinforcement. Though 

stiffness and strength are improved, the decrease in 

ductility calls for selective graphene concentration 

based on application demands. Future studies should 

concentrate on improving computational models 

including using advanced material models that 

include nonlinear behavior and combining 

Multiphysics simulations. Beyond simply the 

bending behaviour, this will allow for more precise 

forecasts of the material's behaviour under several 

operating circumstances. The study shows that 

graphene-reinforced composites, especially those 

with more graphene, had less deformation and better 

stiffness when they were bent at a constant moment 

of 177 N.mm. The data show that these materials can 

be used in load-bearing situations where bending 

resistance is very important. This makes it even 

more likely that graphene and polymers can be used 

together in structures that need to be very strong and 

not bend too much. Adding Shape Memory Alloys 

to the polymer–graphene composites worked well to 

improve the recovery of deformation and lower the 

residual strain when flexural loads were applied. 

Their smart behaviour, along with graphene's ability 

to make things stronger, gives them two benefits: 

they become stiffer and can recover on their own. 

This makes these composites good candidates for 

use in biomedical or aerospace parts that need both 

strength and flexibility. 
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