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1. Introduction 
 

In the realm of modern manufacturing, the integration of 

sensors into the sheet forming process represents a 

significant advancement, enhancing both efficiency and 

precision (Dai et al. 2023a, b, Gu et al. 2023, Li et al. 

2023a, Peng et al. 2023, Sabzevari et al. 2023, Shariati et 

al. 2023, Xiang et al. 2023, Yang et al. 2023, Zhang et al. 

2023a, b, Zhao et al. 2023, Zheng et al. 2023). By 

embedding sensors within the machinery and materials, 

manufacturers can continuously monitor critical parameters 

such as pressure, temperature, strain, and material flow in 

real-time (Habibi et al. 2016, 2018a, b, 2019b, d, e, 

Ebrahimi et al. 2019a, Esmailpoor Hajilak et al. 2019, 

Pourjabari et al. 2019, Safarpour et al. 2019a, Zhu et al. 

2022b, Dai et al. 2023b, Lu et al. 2023a, b, Ma et al. 2023, 

Tang et al. 2023, Wang et al. 2023, Zheng et al. 2023). This 

data-driven approach allows for immediate adjustments, 

reducing defects and ensuring consistent product quality. 

Furthermore, the use of sensors facilitates predictive 

maintenance, minimizing downtime and extending the 

lifespan of equipment (Seleznev et al. 2009, Shi et al. 2011, 
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Wolbring and Leopatra 2013, Kim et al. 2017). 

Ultrasonic testing can be used to determine grain size in 

sheets. Ultrasonic testing is a non-destructive evaluation 

technique that uses high-frequency sound waves to inspect 

materials and detect various properties, including grain size 

and thickness of the sheet metals (Shariati et al. 2012, 

2016a, b, 2019, 2020d, e, f, g, h, i, j, 2021a, b, Fan et al. 

2022, Luo et al. 2022, Wang et al. 2022, Xia et al. 2022, 

Zhu et al. 2022a, Ghasemi and Vanini 2023).  

Grain size has a significant impact on the springback 

phenomenon in metal forming processes (Fazaeli et al. 

2016, Habibi et al. 2017, 2019a, c, Safarpour et al. 2018, 

2019b, Amelirad and Assempour 2019, Alipour et al. 2020, 

Ebrahimi et al. 2020a, Ghazanfari et al. 2020, Safarpour et 

al. 2020, Amelirad and Assempour 2021, Chen et al. 2022). 

Springback refers to the elastic recovery of the metal after 

the forming forces are removed, causing the material to 

deviate from its intended shape. Fine-grained materials 

typically exhibit higher yield strength and better 

formability, which can reduce the extent of springback 

because the material’s higher strength provides greater 

resistance to elastic deformationc (Gau et al. 2007, Li et al. 

2010, Kim et al. 2011, Liu et al. 2011). Conversely, coarse-

grained metals tend to have lower yield strength and 

increased elastic recovery, leading to more pronounced 

springback. Additionally, fine-grained structures can improve 

the uniformity of deformation, leading to more predictable 
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forming— and forming limits are critical for ensuring high-quality production and minimizing waste. This paper presents a 

novel approach that leverages the Internet of Things (IoT) and Artificial Neural Networks (ANN) to enhance springback and 

forming limits prediction accuracy. By integrating IoT-enabled sensors and devices, real-time data on material properties, 

forming conditions, and environmental factors are collected and transmitted to a central processing unit. This data serves as the 

input for an ANN model, which is trained with crystal plasticity simulations and experimental data to predict springback with 

high precision. Our proposed system not only provides continuous monitoring and adaptive learning capabilities but also 

facilitates real-time decision-making in manufacturing processes. Experimental results demonstrate significant improvements in 

prediction accuracy compared to traditional methods, highlighting the potential of IoT and ANN integration in advancing smart 

manufacturing. This approach promises to revolutionize quality control and operational efficiency in the industry, paving the 

way for more intelligent and responsive manufacturing systems. 
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and consistent springback behavior. Understanding and 

controlling grain size is therefore crucial in optimizing 

metal forming processes to minimize springback and 

achieve precise dimensional accuracy in the final product 

(Ebrahimi et al. 2019b, c, 2020b, Hashemi et al. 2019, 

Moayedi et al. 2019, 2020a, 2020b, Mohammadgholiha et 

al. 2019, Mohammadi et al. 2019, Adzima et al. 2020, 

Habibi et al. 2020, Oyarhossein et al. 2020, Shariati et al. 

2020a, b, Shokrgozar et al. 2020, Guo et al. 2022). 

The evaluation of springback using crystal plasticity 

involves modeling the behavior of individual grains within 

a polycrystalline metal during and after deformation (Xu et 

al. 2018, Wang et al. 2019, Adzima et al. 2020). Crystal 

plasticity accounts for the anisotropic nature of grain 

deformation and the interactions between grains, providing 

a detailed understanding of how microscopic mechanisms 

contribute to macroscopic springback. By incorporating 

factors such as grain orientation, slip systems, and 

hardening behavior, crystal plasticity simulations can 

predict the extent and distribution of springback more 

accurately than traditional continuum models (Dai et al. 

2023b, Gu et al. 2023, Li et al. 2023a, Lu et al. 2023a, b, 

Ma et al. 2023, Peng et al. 2023, Sabzevari et al. 2023, 

Shariati et al. 2023, Tang et al. 2023, Wang et al. 2023, 

Yang et al. 2023, Zhang et al. 2023a, b, c, Zhao et al. 2023, 

Zheng et al. 2023, Guo et al. 2024, Liang et al. 2024, Song 

et al. 2024, Xiao et al. 2024, Yin et al. 2024, Yu et al. 2024, 

Zhang et al. 2024a, Zhang et al. 2024b, Zisong and Habibi 

2024a). This detailed approach allows for better optimization 

of forming processes and material properties to minimize 

springback and achieve precise dimensional control in 

metal parts (Li et al. 2023b, 2024, Wu et al. 2023, Zisong 

and Habibi 2024b, Zisong and Habibi 2024a). 

The application of Artificial Neural Networks (ANN) in 

predicting springback in sheet metals leverages the real-

time data collected from in situ sensors during the forming 

process (Jang 1993, Esfahani et al. 2016, Xie et al. 2022). 

ANNs, with their ability to model complex nonlinear 

relationships, can analyze large datasets from sensors 

measuring parameters such as force, temperature, strain, 

and displacement (Hashemi et al. 2019, Al-Furjan et al. 

2020e, o, q, s, Bai et al. 2020, Cheshmeh et al. 2020, Li et 

al. 2020a, Lori et al. 2020, Najaafi et al. 2020, Shariati et 

al. 2020c, Xiong et al. 2020, Guo et al. 2021b, Liu et al. 

2021a, Tang et al. 2023, Huang et al. 2024, Wang et al. 

2024, Zhiqiang et al. 2024). By training the ANN on 

historical data, where the input sensor readings are 

correlated with measured springback outcomes, the model 

learns to predict the springback behavior of new sheet metal 

parts under similar conditions (Jia et al. 2009, Elangovan et 

al. 2010, Derogar and Djavanroodi 2011). This predictive 

capability allows for immediate adjustments during the 

forming process, enhancing precision and reducing trial-

and-error in achieving desired geometries. Consequently, 

using ANN in conjunction with in situ sensor data 

streamlines the production process, improves accuracy, and 

reduces material waste and production costs (Mohamed et 

al. 2016, Jiang et al. 2017, Adamović et al. 2018, Hirasawa 

et al. 2018, Adamian et al. 2020, Al-Furjan et al. 2020c, d, 

Li et al. 2020b, Liu et al. 2020a, b, 2021b, Wang et al. 

2020, Zare et al. 2020, Zhou et al. 2020, Dai et al. 2021a, b, 

Guo et al. 2021a, Habibi et al. 2021, He et al. 2021, Huang 

et al. 2021, Shao et al. 2021, Wu and Habibi 2021, Zhang et 

al. 2021, Kong et al. 2022). Coupling the Internet of Things 

(IoT) with Artificial Neural Networks (ANN) in sheet metal 

forming brings a transformative approach to manufacturing, 

enabling intelligent and adaptive process control. IoT 

facilitates the collection of vast amounts of real-time data 

from an array of in situ sensors monitoring variables such as 

force, temperature, strain, and material thickness (Tzounis 

et al. 2017, Al-Furjan et al. 2020a, b, g, f, h, i, j, k, l, m, n, 

p, r, t, u, v, 2021a, b, Li and Niu 2020, Ghosh et al. 2021). 

This continuous data stream is fed into ANNs, which are 

trained to recognize patterns and predict outcomes like 

springback behavior. By analyzing this sensor data, ANNs 

can provide actionable insights and precise predictions, 

allowing for immediate adjustments to the forming process. 

This integration enhances process efficiency, reduces 

defects, and ensures consistent quality by dynamically 

adapting to variations in real time. Furthermore, the IoT-

ANN synergy supports predictive maintenance and process 

optimization, driving innovation and competitiveness in the 

manufacturing sector. 

In the current study, we present a novel approach that 

leverages the Internet of Things (IoT) and Artificial Neural 

Networks (ANN) to enhance springback prediction 

accuracy (Tian et al. 2022, Zhao et al. 2022, Xu et al. 

2023b). By integrating IoT-enabled sensors and devices, 

real-time data on material properties, forming conditions, 

and environmental factors are collected and transmitted to a 

central processing unit. This data serves as the input for an 

ANN model, which is trained with crystal plasticity 

simulations and experimental data to predict springback 

with high precision (Zhang et al. 2022, Long et al. 2023, 

2024). Our proposed system not only provides continuous 

monitoring and adaptive learning capabilities but also 

facilitates real-time decision-making in manufacturing 

processes. Experimental results demonstrate significant 

improvements in prediction accuracy compared to 

traditional methods, highlighting the potential of IoT and 

ANN integration in advancing smart manufacturing. This 

approach promises to revolutionize quality control and 

operational efficiency in the industry, paving the way for 

more intelligent and responsive manufacturing systems(Liu 

et al. 2024) 

 
1.1 Gathering forming data using IoT 
 

In the current study, an ultrasonic system is utilized to 

determine the thickness and grain size of the sheet. Using 

this device, the thickness of the sheet could be measured 

with an acceptable accuracy up to 0.001mm. However, the 

measurement of the grain size is not accurate and indeed it 

is not required to be determined exactly and only a 

description of fine, coarse and medium grain size should be 

sufficient for the type of analyses we are conducting in this 

study. 

In addition, effect of temperature on the sheet forming 

and springback is reported in various studies. Therefore, a 

temperature sensor is added to the forming system to 
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Table 1 Chemical Composition of St14 Steel Sheet 

Fe W Cu Ti V Mo Cr 

Rem. 0.039 0.053 0.001 0.006 0.026 0.049 

Ni Mn P S Si C Ni 

0.052 0.214 0.021 0.028a 0.031 0.03 0.052 

 

 

measure the temperature. One another sensor used in the 

IoT system is the hardness measurement which is 

performed by automatic online devices. A schematic 

diagram and position of the three different sensors are 

depicted in Fig. 1. The collected data from the sensors are 

collected and send to central processing computer for 

further decision making about the spring back amount and 

the punch movement to achieve a desirable springback and 

final part angle according to tolerances. 

 

 

2. Experimental setup 
 
2.1 Material 
 
This study uses St14 sheets with a thickness of 

0.5±0.02mm to investigate formability under various rolling 

conditions. The chemical composition of the sheets is 

detailed in Table 1. 

 
2.2 Heat treatment2.1.2 Rice husk ash 
 

To mitigate the effects of previous processing, the 

received sheets underwent heat treatment. The treatment 

was carried out at 900°C to 1000°C, with the sheets held at 

this temperature for 1 to 6 hours. The specimen was then 

cooled to room temperature in the furnace. This process 

 

 

produces a more homogeneous microstructure with 

different grain sizes. In Table 2, the grain sizes produced 

from Ultrasonic measurement. 

 
2.3 Metallography 
 

The microstructure of St14 steel was examined using 

metallographic procedures. Samples from the heat-treated 

sheets were cut along the rolling direction, and sections 

were mounted. The samples were then ground with 

sandpaper up to 3000 grit and polished with 1μm diamond 

paste. To reveal the grain structure, a 2% Nital solution was 

used. The results are illustrated in Fig. 2 for the as-received 

samples and in Fig. 2 for the treated samples. 

As shown in Fig. 2, the grains are spherical after heat 

treatment and the grains increased in size, with increase in 

the soaking temperature and time. The grains became 

spherical, and the spheroidized cementite decreases in 

amount, indicating significant decarburization in the 

furnace’s oxygen atmosphere. 

The detailed presentation of the microstructure is crucial 

due to its significant impact on springback. Even with 

similar thickness and chemical composition, variations in 

grain morphology can result in vastly different formability. 

For future studies, it is essential to report the mechanical 

and metallurgical properties of the sheet, as well as the 

testing conditions, to ensure comprehensive comparisons. 

 
2.4 3-point bending 
 

The three-point bending test provides valuable insights 

into the mechanical properties of sheet metals, which are 

essential for applications involving bending and flexural 

loads, such as in automotive, aerospace, and construction 

 

Fig. 1 IoT system with thermal and ultrasonic sensors 
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Fig. 3 Dimensions of the sheet, and bending punch and 

supports 

 

 

industries. It helps in material selection, quality control, and 

in the design of components to ensure they can withstand 

operational stresses. In a three-point bending test for 0.5 

mm thick St14 steel sheets, certain dimensions are crucial 

according to ASTM standards. For sheet metals, ASTM 

E290 is commonly referred to for bend testing of metallic 

materials. The important dimensions and parameters to 

consider are as follows. 

 

 

Thickness (t): 0.5 mm 

Width (b): 2 mm (10 times the thickness) 

Length (L): 40 mm (considering a span of 20 mm plus 

extra length for secure placement) 

Span Length (L): 20 mm (40 times the thickness, 

allowing for practical testing conditions) 

Support Radius (R1): 1 mm 

Loading Nose Radius (R2): 1 mm 

These dimensions ensure that the test adheres to the 

ASTM standards, providing reliable and consistent results. 

The schematic setup is shown in Fig. 3. 

 
2.5 Thickness measurement 
 
Ultrasonic thickness measurement is a widely used non-

destructive testing (NDT) technique for determining the 

thickness of materials. This method employs high-

frequency sound waves to measure the thickness of a wide 

range of materials, including metals, plastics, composites, 

and ceramics. Thickness measurement is based on the time 

it takes for an ultrasonic pulse to travel through a material 

and reflect back from the opposite surface. We utilized a 

portable ultrasonic device from Krautkramer with a 5MHz 

transducer to measure the thickness of the sheet prior to the 

bending test. The device measures the time taken for the 

round trip of the ultrasonic pulse and calculates the 

thickness based on the speed of sound in the material. 

  
AGS = 80µm AGS = 48µm 

  
AGS = 26µm AGS = 15µm 

Fig. 2 Grain structure of the heat treated speciment in different soaking teperature and time. (A) 1000°C – 6hrs, (B) 

1000°C – 2hrs, (C) 900°C – 6hrs and (D) 900°C – 2hrs 
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The device was calibrated using a sample of 2±0.001 

mm thickness or using calibration blocks. Calibration ensures 

accurate measurements by accounting for the specific speed 

of sound in the material being tested. Water utilized as 

couplant in the current study and it is applied between the 

transducer and the sheet surface to eliminate air gaps and 

ensure efficient transmission of ultrasonic waves. 

Advantages of this test could be categorized in its 

accuracy and nondestructive nature of the test. Similarly, 

the measurement could be rapidly conducted and reported 

using connection devices similar to Wi-Fi or data cables. On 

the other hand, surface condition like rough, corroded, or 

coated surfaces may affect the accuracy of measurements. 

The sound velocity in steel sheets with slightly different 

chemical and stiffness properties could be varied. Also, 

automatic thickness measurement may be affected by 

improper application of the water couplant. 

 

2.6 Grain size measurement 
 
The ultrasonic wave velocity and attenuation are 

influenced by the grain size, allowing the determination of 

grain structure through analysis of the returned signal. By 

comparing the measured data with metallography data, the 

average grain size can be estimated. This non-destructive 

technique provides valuable insights into the microstructure 

of steel sheets, which is crucial for understanding and 

predicting their mechanical properties and behavior in 

various applications. 

 
2.7 Temperature measurement 
 
The temperature of the sheet metal are varied from room 

temperature (50°C) to 250°C in a 50°C steps for the 

calibration of the model ANFIS model. These temperatures 

are measured using a calibrated infrared thermo-meter 

which could provide highly accurate data and transmit it 

through the designed IoT network. 

 
 
3. Crystal plasticity simulation 

 
For the simulation of the effects of the temperature and 

grain size on the springback of the St14 sheet metal, we 

utilize the MOOSE package (Shao et al. 2023, Xu et al. 

2023a, Zhang et al. 2023). Using this package, it is possible 

to perform multiphysics simulations and it has a wide range 

of kernels for crystal plasticity simulations. This type of 

simulation could be integrated with the temperature kernel 

to obtain the response of material under different 

temperature and grain sizes. The main formulations of the 

crystal plasticity are detailed in (Amelirad and Assempour 

2019). The same formulation is implemented in a MOOSE 

kernel for the aim of crystal plasticity simulations.  

In the context of body-centered cubic (BCC) single 

crystals, the formulation for kinematics and constitutive 

equations involves understanding the crystal’s response to 

deformation at the atomic level, particularly in terms of slip 

systems and their associated mechanisms. The total 

deformation of a crystal is described by the deformation 

gradient tensor: 

𝑭 =
𝜕𝒙

𝜕𝑿
 (1) 

where 𝑋 and 𝑥 are the reference and current coordinates, 

respectively. The deformation gradient can be 

multiplicatively decomposed into elastic and plastic parts: 

𝐅 = 𝐅𝑒𝐅𝑝 (2) 

 
3.1 Constitutive Equations for BCC Single Crystals 
 
BCC crystals typically deform by slip along specific 

crystallographic planes and directions. The most common 

slip systems in BCC crystals are: 

- Slip directions: [111] 
- Slip planes: (110), (112), (123) 
 

3.2 Schmid’s Law 
 

The resolved shear stress (τα) on a slip system (α) is 

given by Schmid’s law: 

τα = mα: T (3) 

where 𝑚α is the Schmid tensor for the slip system α, and 

𝑇 is the Cauchy stress tensor. 
 

3.3 Flow Rule 
 

The plastic shear (Yuhua et al. 2017, Chen et al. 2020, 

Wang et al. 2024) rate (γα̇) for a slip system (α) is given 

by: 

γα̇ = γ0̇ (
|τα|

τ𝑐
α
)

𝑚

sgn(τα) (4) 

where, γ0̇  is reference shear rate, τ𝑐
α  represents critical 

resolved shear stress for slip system α and 𝑚 is the rate 

sensitivity exponent. 

 

3.4 Hardening Law 
 

The evolution of the critical resolved shear stress (τ𝑐
α) 

can be described by a hardening law: 

τ𝑐
α̇ =∑ℎαβ|γβ̇|

β

 (5) 

where (ℎαβ) is the hardening matrix representing self and 

latent hardening effects between slip systems (α) and (β). 
 

3.5 Kinematic Relations 
 

The plastic part of the deformation gradient evolves as: 

Fṗ(Fp)−1 =∑γαsα̇

α

⊗nα (6) 

In which, 𝑠α is the slip direction vector for slip system 

(α) and 𝑛α is the slip plane normal vector for slip system 

(α). 
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Elastic Constitutive Equations 

The stress-strain relationship for the elastic part can be 

written as: 

T = ℂ: Ee (7) 

In which, ℂ is the fourth-order elasticity tensor and 𝐄𝐞: 

Elastic strain tensor, related to the elastic deformation 

gradient by: 

𝐸𝑒 =
1

2
[(𝐹𝑒)𝑇𝐹𝑒 − 𝐼] (8) 

These equations collectively describe the deformation 

behavior of BCC single crystals under various loading 

conditions. 

 
3.6 Generating crystal structure using Neper 
 
The model utilized here is a 2D sheet model generated 

using Neper package (Quey et al. 2011). Some examples of 

generated sheets are shown in Figure 4. The texture of all 

sheet models is considered to be random. These models are 

imported in the MOOSE software (Permann et al. 2020) 

and supports and punch has been added to it in the moose 

software. 

 

 

4. ANFIS network setup 
 

Adaptive Neuro-Fuzzy Inference System (ANFIS) is a 

powerful hybrid intelligent system that combines the 

learning capabilities of neural networks with the human-like 

reasoning style of fuzzy logic (Sabzevari et al. 2023). When 

applied to a problem where grain size, temperature, and 

thickness are inputs, and springback is the output, ANFIS 

can model the complex nonlinear relationships between 

these variables effectively. Here’s how our ANFIS network 

can be configured for this application: 

 

4.1 Inputs and Output 
 
The inputs of the ANFIS network as depicted in Fig. 5 

are the average size of grains in the metal sheet, which 

affects its mechanical properties, the processing or operating 

temperature, influencing the material’s behavior during 

deformation and the thickness of the metal sheet, a crucial 

factor in its bending and springback characteristics. On the 

other side, the amount of elastic recovery that occurs when 

the sheet metal is unloaded after bending. It is a critical 

 

 

parameter in metal forming processes as it affects the final 

shape of the part. 

 
4.2 ANFIS Structure 
 

As seen in Fig. 5 the structure of the ANFIS model 

consists of a fuzzification layer in which the input variables 

(grain size, temperature, and thickness) are fuzzified using 

appropriate membership functions. These could be Gaussian, 

triangular, or trapezoidal functions, depending on the nature 

of the input data and the desired level of granularity. For 

this application in current study we utilized Gaussian 

membership function. The Gaussian membership function 

is mathematically expressed as: 

𝜇(𝑥) = exp(−
(𝑥 − 𝑐)2

2𝜎2
) (9) 

where, 𝜇(𝑥) is the degree of membership of xxx in the 

fuzzy set, 𝑥 is the input value, 𝑐 is the mean (center) of 

the Gaussian curve and 𝜎 is the standard deviation, which 

controls the width of the Gaussian curve. 

Subsequently, a set of fuzzy rules is established, 

typically of the form: If (Grain Size is Small) and 

(Temperature is High) and (Thickness is Thin), then 

(Springback is Low), If (Grain Size is Large) and 

(Temperature is Low) and (Thickness is Thick), then 

(Springback is High). These rules are based on expert 

knowledge or derived from data. In the next layer, the fuzzy 

inference system (usually a Mamdani or Sugeno type) 

processes the fuzzified inputs according to the fuzzy rules 

and generates fuzzy output sets. Finally, the fuzzy output 

sets are converted into a crisp output (springback value) 

using a defuzzification method like the centroid of area or 

weighted average. 

 
4.3 Learning Algorithm 
 
ANFIS uses a hybrid learning algorithm that combines 

gradient descent and least squares estimation to fine-tune 

the membership functions and optimize the fuzzy rules. 

During training, the network adjusts these parameters to 

minimize the error between predicted and actual springback 

values. Gathering experimental and verified simulation data 

on the effects of grain size, temperature, thickness, and 

corresponding springback values is the crucial and the most 

important step in the learning procedure. Without reliable 

data the ANFIS could provide inaccurate predictions. 

For the purpose of training, a subset of the data is used  

 
(a) AGS = 20µm 

 
(b) AGS = 10µm 

 
(c) AGS = 7.5µm 

Fig. 4 Polycrystalline sheet models generated using Neper software 
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Fig. 5 The structure of ANFIS model for prediction of 

springback in sheet metals considering temperature, grain 

size and thickness as inputs 

 

 

Fig. 6 Comparison of experimental results and crystal 

plasticity simulations in calculating spring back value 

 

 

Fig. 7 Comparison of metallography and ultrasonic 

measurments of grain size in sheet specimen 

the ANFIS model. The training process involves adjusting 

the parameters of the membership functions and rules to 

accurately map the inputs to the output. In the current study 

we used 70% of the initial data poll to train the ANFIS 

network. Next, the trained model using a separate subset of 

data (15%) to ensure it generalizes well to unseen data. 

Testing the network is performed using the remaining 15% 

of the data. After this step the ANFIS model may be used to 

predict springback for new combinations of grain size, 

temperature, and thickness. 

One advantage of the ANFIS model is its ability to 

reflect the nonlinear relationships between inputs and 

springback values. In addition, the system can be trained 

and adjusted based on new data, making it flexible and 

adaptive to changes in material properties or processing 

conditions. Moreover, the fuzzy rules provide a transparent 

way to understand how different inputs affect the output, 

which is valuable for process optimization and decision-

making. Using an ANFIS network to predict springback 

based on grain size, temperature, and thickness is a robust 

approach that leverages the strengths of both neural 

networks and fuzzy logic. It provides accurate predictions 

and valuable insights into the factors influencing springback, 

which are crucial for optimizing metal forming processes. 
 
 

5. Results 
 
5.1 Validation of the results 
 
At the first step the results of the MOOSE should be 

compared to the experimental results. In this regard, the 

values of the hardening parameters should be calibrated to 

the St14 material is this study. For this purpose, the values 

of given in Ref. (Zisong and Habibi 2024b). The 

experimental procedure was to bend the specimen in room 

temperature to 120° angle and leave them to recover their 

elastic deformation. The angle of the specimen after the 

recovery was measured using image analysis in ImageJ 

software. The values of the spring back angle are given in 

Figure 6. This figure shows that the crystal plasticity 

simulations provides accurate results in comparison to the 

experimental data. Therefore, these results could be utilized 

in the training of the ANFIS network. 

 

5.2 ANFIS training, validation and testing  
 
In total, 184 number of simulations are performed in 

different grain size, thickness and temperature conditions. 

The training and validation error curves are depicted in Fig. 

7. By error, we mean the mean squared error (MSE). 

 
5.3 IoT data in comparison to actual measurements 
 
In the current section, the grain size, thickness and 

temperature data collected from IoT system is compared to 

the actual values measured using metallography, micro-

meter, and contact thermocouple. 

Fig. 8 shows the difference between metallography 

observation and ultrasonic measurements in determining 

grain size of the sheet metals. The correlation between these  
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(a) 

 
(b) 

Fig. 8 (a) Training and validation error in the ANFIS model 

(b) values of springback as predicted by ANFIS in 

comparison to crystal plasticity simulations. 

 

 

Fig. 9 Comparison of thermocouple and infrered laser 

measurments of temperature in sheet specimen 

 

 

data are 𝑅2 = 0.97 which extremely satisfactory for the 

type of application we have in this study.  

Fig. 9 shows the difference between thermocouple and 

infrared measurements in determining temperature of the 

sheet metals. The correlation between these data are 𝑅2 =
1 showing the correct measurement of temperature using 

infrared sensor. 

 

Fig. 10 Effects of temperature and grain size on the spring 

back of the St14 sheet metals 

 

 

Fig. 11 Effects of thickness and grain size on the spring 

back of the St14 sheet metals 

 

Table 2 Chemical Composition of St14 Steel Sheet 

Micrometer measurement Ultrasonic measurement 

0.501 0.513 

0.600 0.595 

0.712 0.714 

0.802 0.798 

0.900 0.906 

1.02 1.013 

1.110 1.091 

1.203 1.211 

1.312 1.306 

1.397 1.391 

1.502 1.503 

 

 

Table 2 shows the difference between micrometer and 

ultrasonic measurements in determining thickness of the 

sheet metals. The correlation between these data are 𝑅2 =
1  showing the correct measurement of thickness using 

ultrasonic device. 
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5.4 Parametric study 
 
In this section, the predictions of ANFIS network in 

determining springback in St14 sheet metals are presented 

with changes in grainsize, thickness and temperature. Fig. 

10 shows the effects of temperature on the springback in 

sheet metals. The curves suggest that increase in the grain 

size decreases the spring back value as also shown by 

experimental results. In addition, increase in the 

temperature slightly decrease the spring back from 20 to 

150°C and suddenly the effects become considerable above 

200°C. The 250°C curve suggests slight effect of grain size 

on the spring back and the spring back diminishes in high 

temperatures. 

Fig. 11 shows the effects of thickness on the springback 

in sheet metals. The curves suggest that increase in the 

grain size decreases the spring back value as also shown by 

experimental results. In addition, increase in the thickness 

decrease the spring back. At higher thickness of 1.5mm the 

springback is very low around 3.5° for all grain sizes. 

The forming limit of the material are also influenced by 

the amount of thickness and forming temperature. Fig. 12 

 

 

 

demonstrate the effect of grain size on the forming limit of 

the sheet metals. This figure shows that in this type of steel 

increase in the grain size improve the forming limits of the 

sheet. However, caution should be exercised for 

implementing these results in ultrafine and extremely coarse 

grain sizes.  

The performance of the ANFIS network in determining 

effects of temperature on the forming limit are established 

in Figure 13. It is obvious that increase in the temperature 

increases the forming limits of the sheet. In addition, the 

trained ANFIS network shows satisfactory results in 

predicting forming limit curves (FLCs) of the St14 sheet 

metal with matching results with crystal plasticity 

simulations. 
 

 

6. Conclusions 
 

In the era of smart manufacturing, precise prediction of 

springback—a common issue in ultra-thin sheet metal 

forming— and forming limits are critical for ensuring high-

quality production and minimizing waste. This paper 

 
Fig. 12 Effects of grain size on the forming limit curves of the St14 sheet metals with thickness t=0.5mm 

 
Fig. 13 Effects of temperature on the forming limit curves of the St14 sheet metals with thickness t=0.5mm 
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presents a novel approach that leverages the Internet of 

Things (IoT) and Artificial Neural Networks (ANN) to 

enhance springback prediction accuracy. By integrating 

IoT-enabled sensors and devices, real-time data on material 

properties, forming conditions, and environmental factors 

are collected and transmitted to a central processing unit. 

This data serves as the input for an ANN model, which is 

trained with crystal plasticity simulations and experimental 

data to predict springback with high precision. Our 

proposed system not only provides continuous monitoring 

and adaptive learning capabilities but also facilitates real-

time decision-making in manufacturing processes. 

Experimental results demonstrate significant improvements 

in prediction accuracy compared to traditional methods, 

highlighting the potential of IoT and ANN integration in 

advancing smart manufacturing. This approach promises to 

revolutionize quality control and operational efficiency in 

the industry, paving the way for more intelligent and 

responsive manufacturing systems. The main results of the 

current study could be summarized in the following items: 

• Increase in the temperature slightly decrease the spring 

back from 20 to 150°C and suddenly the effects become 

considerable above 200°C. The 250°C curve suggests slight 

effect of grain size on the spring back and the spring back 

diminishes in high temperatures. 

• Increase in the grain size decreases the spring back 

value as also shown by experimental results. 

• Increase in the thickness decrease the spring back. At 

higher thickness of 1.5mm the springback is very low 

around 3.5° for all grain sizes. 

• Increase in the grain size improve the forming limits of 

the sheet. However, caution should be exercised for 

implementing these results in ultrafine and extremely coarse 

grain sizes. 

• The trained ANFIS network shows satisfactory results 

in predicting forming limit curves (FLCs) of the St14 sheet 

metal with matching results with crystal plasticity 

simulations. 
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