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Abstract: The rotational components are widely used in many engineering applications such as 

turbine blades, high compressor blades, gyroscopes etc. The vibration analysis of such components 

is very essential to understand their dynamic behaviour at complex environment. Present work mainly 

focuses on the development of a novel AI-based approach for the vibration analysis of a functionally 

graded (FG) rotating beam exposed to high temperature environment. To account the non-linearity 

and complex interaction between material compositions, centrifugal force and high thermal load feed 

forward multilayer perceptron based artificial neural network model is proposed. The vibration 

responses of FG beam for different grading indices, temperature changes and rotational speeds are 

first calculated using finite element based simulation and furthermore FE data is imported in ANN 

model for training and testing. After input-output interactions the vibration behaviour is predicted 

and compared with FE simulation with unknown inputs. The results show that the proposed intelligent 

approach is powerful tool to predict the dynamic response of thermally loaded rotating FG 

components especially at condition monitoring.   
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1.  Introduction 

 Nowadays, the rotational components at high elevated temperature such as automobile 

shafts, compressor blades, centrigul pumps are widely used in many industry[1–4]. The 

dynamic behaviour of such components is very crucial for designer to understand the 

performance and operation life at harsh working conditions. To predict the vibration 

response with high accuracy and minimum computational time, an effective technique is 

necessary to develop.  

 Non-uniform temperature rise affect the dynamic performance of the rotating 

components. non-uniform temperature changes induces the non-linear thermal stresses and 

disturb the material compositions, leads to increase thermal instability[5–7]. Parida and 

Mohanty [8] examined the vibrational behaviour of rotating FG plate under non-uniform 

temperature changes. Chen et al. [9] reported comparable findings while examining 

rotating pre-twisted functionally graded (FG) sandwich blades operating in thermal 

environments. Furthermore, Zhang and Li [10] analyzed the nonlinear forced vibration 

behavior of pre-deformed rotating blades subjected to uniformly distributed gas pressure 

under a thermal gradient. 

Various numerical and analytical approaches have been developed and reported in the 

literature to address the static and vibration response of thermally loaded rotating FG 

components. Shahba et al. [11] employed the finite element method to investigate the free 

vibration characteristics of spinning conical beams composed of functionally graded 

material. Entezar et al.[12] studied the stress distribution of rotor and disk with various 

thickness using refined finite element method. Heydarpour et al.[13] investigated elastic 

response of FG cylindrical shells in thermal environment using differential quadrature 

method. 
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Furthermore, due to the highly coupled and non-linear systems that arise from the interaction of rotational and thermal 

processes, analytical and traditional numerical methods are computationally very expensive and often have limited 

accuracy and generalization capabilities [14–16]. For complex thermal-mechanical coupling problems, analytical solutions 

are often limited to idealized geometries and boundary conditions, while traditional finite element methods (FEM) can 

require significant computational resources, especially when a large range of operational parameters is being investigated 

[17–19]. To overcome the limitations of the traditional technique, it is necessary to develop an advance AI based approach 

to capture the vibration behaviour of the componnets in such complex conditions. Recently, artificial intelligent based 

neural network and fuzzy logic techniques are emerged as effective tool for capturing dynamic response of nonlinear 

complex systems [20]. The advantages of these technique is that , it can capture dynamic behaviour of components with 

high accuracy and minimum computational efforts by learning simulation data sets. The data set contain input and output 

of the system. Neural network perform training and testing of these data set using effective activation function and easily 

predict the dynamic characteristics of the nonlinear systems. Therefore, to understand the effect of temperature, centrifugal 

force, material compositions and other non-uniform conditions on the vibration characteristics of the thermally stressed 

rotating FG beam , AI tool is best alternative for traditional numerical technique.  Recently, Siavashi et al. [21] studied the 

vibration and stability behaviour of the nano shell structure using intelligent model with diferent shape and boundary 

conditions. Yang et al. [22] used intelligence approach to identify the cracks in railway tunnel during earthquakes. High 

prediction accuracy was achieved while comparing actual cracks in tunnel structures. 

This research aims to develop a novel intelligent-based approach for the extensive vibration response of thermally-

stressed rotating FG beams. The main goal is to develop a predictive model that can accurately identify the vibrational 

properties of the beam, including the complex interactions between rotational and thermal effects. The objective is to 

present an effective neural network model that can accurately and computationally represent the non-linear interactions 

governing the system dynamics, compared to traditional methods. The developed methodology can serve an effective tool 

for engineers and researchers involved in the design, optimization, and condition monitoring of rotating machinery 

operating in high-temperature environments. The remaining sections of this paper explain the mathematical model, the NN 

model, results and discussion, followed by the conclusions and future scopes of the present work. 

2.  Mathematical Model 

The schematic of functionally graded rotating beam with length L, thickness h is shown in Fig. 1. The beam is exposed to 

uniform thermal environment.  

 
Figure 1. Schematic of thermally stressed FG beam 

 

2.1 Material Model 

The functionally graded beam is graded in thickness direction as SiC as ceramic and Aluminium as a metal. The upper 

phase contains pure ceramic and the lower phase contains pure metal. The effective material properties like elastic modulus, 

density and thermal expansion coefficient are obtained using the power law, which is expressed as: 

𝑃(𝑧) =  𝑃𝑐(𝑧) + (𝑃𝑚(𝑧) − 𝑃𝑐(𝑧)) (0.5 +
𝑧

ℎ
)

𝑛𝑧
                                                             (1) 

Where 𝑃(𝑧), 𝑃𝑐(𝑧) and 𝑃𝑚(𝑧) represent the effective material property, ceramic material and metal, respectively.  The 

grading index in thickness direction is indicated as nz.  
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2.2 Dynamic Model 

Let transverse displacement w(x,t) and cross-section rotation φ(x,t) be the primary fields in the beam. The beam is also 

subjected to thermal load and rotational effect, therefore total axial stress is 𝑁𝑇𝑜𝑡𝑎𝑙 =  𝑁𝑡ℎ + 𝑁𝑅 .  

Where  

𝑁𝑡ℎ = 𝐸𝑒𝑓𝑓 𝛼𝑒𝑓𝑓𝐴∆𝑇                                                                                                          (2a) 

𝑁𝑅 = ∫ 𝜌𝑒𝑓𝑓𝐴 Ω2(𝑠)𝑑𝑠
𝐿

𝑥
=

1

2
𝜌𝑒𝑓𝑓𝐴 Ω2(𝐿2 − 𝑥2)                                                      (2b) 

The governing equation of motion including thermal and rotational effect using Timoshenko beam theory can be 

obtained as: 

 𝜌𝑒𝑓𝑓𝐴
𝜕2𝑤

𝜕𝑡2 −
𝜕

𝜕𝑥
[𝑘𝑠𝐺𝑒𝑓𝑓𝐴 (φ −

𝜕𝑤

𝜕𝑥
)] −

𝜕

𝜕𝑥
(𝑁𝑇𝑜𝑡𝑎𝑙

𝜕𝑤

𝜕𝑥
) = 𝑞(x, t)                                                  (3a) 

𝐼𝑟
𝜕2φ

𝜕𝑡2 −
𝜕

𝜕𝑥
(𝐸𝑒𝑓𝑓 𝐼

𝜕φ

𝜕𝑥
 ) + [𝑘𝑠𝐺𝑒𝑓𝑓𝐴 (φ −

𝜕𝑤

𝜕𝑥
)] = 𝑚(x, t)                                                              (3b)     

Where 𝑞(x, t) is transverse distributed load, 𝐼𝑟  indicates rotary inertia per unit length and 𝑘𝑠is shear correction factor. 

The governing equations are converted to their weak form and discretized using standard Timoshenko beam finite elements. 

Assembly yields the semi-discrete system without external load as: 

       𝑀𝑑̈ + (𝐾 + 𝐾𝐺)𝑑 = 0                                                                                         (4) 

In which M, K and KG are the mass and stiffness matrices. The global DOF vector is represented as d. The above equation 

is solved to obtain the eigen value and eigen vector. 

2.3 Neural Network Model 

A feed-forward neural network maps an input vector x to an output y through a series of weighted transformations. For 

a single hidden layer network, the mathematical model can be expressed as: 

𝑦ℎ = 𝑓1(𝑊1𝑥 + 𝑏1)                                                                                           (5) 

𝑦𝑜 = 𝑓2(𝑊2𝑥 + 𝑏2)                                                                                           (6) 

Where 

𝑊1,𝑊2 are weight matrices, 𝑏1, 𝑏2  are bias vectors, 𝑓1 is the hidden layer activation function and 𝑓2 is the output activation 

function. The training objective is to minimize the prediction error: 

𝑚𝑖𝑛𝑊,𝑏‖𝑦𝑝𝑟𝑒𝑑 − 𝑦𝑡𝑎𝑟𝑔𝑒𝑡‖
2
                                                                   (7) 

3. Results and Discussions 

In present study, the cantilever rotating beam with length L = 300mm, width b = 60mm and thickness h = 15mm is 

considered , which are standard dimensions of a high speed compressor blade[23]. A user interactive programme is 

developed and implemented in MATLAB (v2018a). The temperature and speed range is decided based on practical 

application. The material properties are taken from literature [14,24]. 

3.1 Validation Study 

To validate the present approach, a FG rotating cantilever beam is considered with length L=1000mm, width b= 20mm 

and thickness t = 20mm. The alumina (ceramic) and steel (metal) are considered as FG material. The material properties 

are taken as same as reference [25]. Table 1 shows the comparison of fundamental frequency of rotating FG beam for 

various grading index value. 

Table 1. Comparison of natural frequency with different grading index 

Grading index (nz) Present (FE) results Ref. [25] results Error(%) 

0 34.965 35.677 2.03 

4 18.987 19.464 2.51 

8 17.954 18.309 1.97 
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From Table 1, it is clear that the present approach is in very good agreement with published results. In the present study, 

finite element method has been employed and Rayleigh-Ritz method has been employed by the published paper. The 

published data has been found to have an error of less than 3%. 

3.2 FE simulation results 

Fig. 2 illustrated the variation of natural frequency of rotating beam with different temperature change and FG material 

compositions. Due to the temperature-dependent degradation of the elastic modulus, both SiC and Al become less rigid as 

the temperature increases from 50 °C to 300 °C, and the resulting thermal expansion generates compressive thermal stress. 

These combined effects significantly reduce the effective bending rigidity of the beam, leading to a decrease in the natural 

frequency. 

 

 
Figure 2. Variation of natural frequency of FG rotating beam for different temperature change and gradation index 

The findings also reveal that the FG material composition affects the beam's frequency values. Lower power-law indices 

(ceramic-rich) maintain higher natural frequencies and exhibit better thermal stability because SiC is more effective than 

aluminum in maintaining stiffness at higher temperatures. The fact that FGMs behave differently at moderate and high 

temperatures is evidenced by the non-linear decrease in stiffness at higher thermal levels. Overall, the results show that the 

ceramic-rich gradient helps maintain structural integrity and vibration resistance under thermal loading, and that 

temperature is a key factor in the dynamic behavior of rotating FGM beams. 

Similarly, the effect of rotational speed of high compressor blade on vibration response of FG beam is shown in 

Fig. 3. As the rotational speed increases (from 500 rad/s to 2000rad/s), the natural frequency tends to increase due to the 

additional centrifugal stiffening effect, which introduces additional axial tension along the beam length. 

 
Figure 3. Variation of natural frequency of FG rotating beam for different rotational speed and gradation index 

This tensile force generated by rotation effectively increases the overall stiffness of the beam, shifting the natural 

frequency to higher values, especially in the higher speed range. However, the extent of this increase depends significantly 
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on the FG power-law index. The FG beam with higher SiC composition exhibits better natural frequencies across all 

rotational speeds, because ceramic material offers more stiffness and better resistance to rotational stiffening effect. On the 

other hand, rotating components with a higher metal content (higher nz) are less rigid and therefore have lower natural 

frequencies. Overall, the trend shows that by choosing the appropriate gradation value of FGMs, designers can tune the 

dynamic performance of the rotary instruments. 

3.3 Neural Network Predictions 

To train and validate the neural network model, FE simulation data were used to predict the vibration response of 

thermally stressed rotating functionally graded beams. Total 27 datasets were prepared , in which 70% data were used for 

training, 15% data were for testing and rest 15% data were used for validation. The multi-layer perceptron back propagation 

algorithm with 10 hidden neurons were used. The architecture of neural network 3-10-1 is illustrated in Fig. 4. 

 

Figure 4. Architecture of neural network 

The error plot, regression plot, and comparison with FE results are illustrated to prove the accuracy of proposed 

intelligent model. The difference between the neural network predictions and the corresponding FE findings across all test 

samples is depicted in the error plot in Fig. 5. This plot illustrates the  learning efficiency of neural network by showing 

the size and distribution of prediction errors. When the error band is small and exhibits only minor variations, that means 

the neural network effectively captures the non-linear relationships between rotational speed, temperature gradient, 

material gradation, and vibration response 

 
Figure 5. MSE error plot 

To further analyze the performance of the neural network, regression plots of the training, validation, and testing datasets 

were used, as shown in Fig. 6. These plots show the network output and the corresponding FE value for each learning step. 

Correlation coefficients close to 1 (R ≈ 1) indicate good performance. Moreover, to demonstrates the effective learning 

capacity, minimum overfitting and generalization with higher accuracy and stability of the proposed network for all data 

set is determined by different regression plots. The smooth convergence of regression curve for training , testing and 

validation indicates the accuracy and stability of the proposed neural network model.  
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Figure 6. Regression plot of proposed NN model 

After training and testing of the input-output data set, the unknown input value of  grading index, temperature and 

rotational speeds are varied and predict the natural frequency using proposed neural network model. The predicted values 

are compared with original FE simulation results as shown in Table 2. It is evident that predicted results are very close to 

FE results. Approximately less than 5% error is found between these AI and traditional approach. This results indicates the 

accuracy and stability of proposed intelligent technique to capture the dynamic behaviour of the thermally stressed rotating 

FG components. Therefore, it can be concluded that AI based prediction technique is best approach for predicting 

vibrational characteristics of the complex structures with reduced computational load and time.  

Table 2. Comparative results of proposed NN model and FE simulation 

Input parameters Output parameters Error 

nz T (°C) Ω (rad/s) NN Output FE output (%) 

1.5 25 800 296.79 283.12 4.60 

2.5 35 1500 400.16 391.95 2.05 

0.5 105 1400 431.42 410.97 4.74 

0.25 120 750 351.00 335.31 4.47 

0.3 235 560 327.01 318.15 2.70 

4 220 1750 438.44 425.38 2.97 

4.6 230 1440 373.17 368.25 1.31 

4. Conclusions 

Present work investigated the vibration characteristics of a rotating functionally graded beam subjected to high thermal 

and centrifugal load. Initially, the effect of rotational speed, power law index and temperature changes on natural frequency 

of the FG components were calculated using finite element approach. It was observed that increasing of grading parameter 
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reduces the fundamental frequency of the FG beam due to higher metal content. Similarly, higher rotational speed exhibits 

greater fundamental frequency. On other hand, higher temperature reduces the rigidity of the FG beam, consequently 

decrease the free vibration performance of the FG rotating beam.   

   Furthermore, to reduce the computational cost and rapid prediction of natural frequency, an effective AI based feed 

forward neural network model was developed by using back propagation algorithm. The FE simulation data was used to 

train the proposed network and different error plots were drawn to show the accuracy of model. It was observed that 

proposed NN model effectively predict the dynamic parameter with high efficiency and low computational time.  

This work can be extended to multi-objective optimization of material combinations, experimental validation and 

exploration of advanced composite material like porous graphene material for rotating components.  
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