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Abstract

:

Incremental sheet forming (ISF) is an advanced flexible manufacturing process to produce complex 3D products. Unlike the conventional stamping process, ISF does not require any high cost dedicated dies. However, numerical computation for large-size ISF processes is time-consuming, and its accuracy for spring back due to unclamping tools after ISF cannot satisfy industrial demand. In this paper, an advanced numerical model considering complicated forming tool paths, trimming, and spring back was developed to efficiently simulate the multi-stage deformation phenomena of incremental sheet forming processes. Numerical modeling accuracy and efficiency are investigated considering the influence of tool path, material properties of the blank, mesh size, and boundary conditions. Through a series of case studies and comparisons with experimental results, it is observed that the numerical model with kinematics material properties and a moderate element size (5 mm) may reproduce the deformation characteristics of ISF with good accuracy and can obtain practical efficiency for a large-size ISF part.
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1. Introduction


Incremental sheet forming (ISF) is a technology for forming customized parts, characterized by money-saving and rapid prototyping. This technology is now being applied in the automobile industry by manufacturing thin sheet parts without the assistance of dies and punches. There are many forming processes in industrial applications. One of them is the incremental bending process for complicated curved sheet metal [1]. The blank sheet is bent incrementally, step by step. An incremental bending prototype is designed and manufactured. The most widely used conventional forming process is stamping [2], which has the drawback of high investment costs. As time passes, many vehicles and equipment become scarce, and large-quantity productions are not possible [3]. Our target in this paper is to analyze the deformation behaviors of large-size incremental forming parts with ac-acceptable accuracy and efficiency for industrial applications. The target parts may be automotive parts, ship hull components, airplane fuselages, or others. Kumar et al. [4] addressed incremental sheet forming (ISF) through a series of small incremental deformations using a forming tool and a CAD model. The process simulation is limited to small-size batch production and is time consuming. Ambrogio [5] and A. Gohil et al. [6] investigate the influence of some relevant process parameters on the dimensional accuracy of incremental sheet forming. Many papers have been published on incremental sheet forming, most of which simulate small sizes of sheet plates [7].



Tegan et al. [8] comprised literature reviews on single-point incremental forming and presented parameters that influence the formability accuracy of sheet metals, such as material thickness, wall angle, moving tool shapes, and tool path. Kim and Park [9] investigated experimental and numerical parameters that affect the formability of incremental sheet forming, such as tool size, tool path, friction at the interface between tool and sheet, and the plane anisotropy of the material. It was found that the formability accuracy may be improved when a ball tool of a particular size is used with a small feed rate and a little friction. Kumar et al. [10] carried out quantitative studies to show different process parameters and techniques that affect the forming forces significantly. Although the process mechanics are based on a pure-stretching deformation, some bending zones close to the clamping fixture are not avoidable. Wu et al. [11] applied a universal backing plate (U-backing plate) consisting of fixed-width sub-plates to reduce the bending deviation by positioning sub-plates along any horizontal direction. Numerical and experimental investigations of the fabrication of truncated pyramids were conducted using Al 5052-O aluminum alloy sheets of size equal to 240 × 240 × 0.5 mm. Many factors were examined to eliminate the bending deviation. Also, Wu et al. [12] presented a novel parametric multi-step toolpath that uses one additional step to form a non-axisymmetric component with the Al2024 sheet. Acceptable accuracy of geometry below ± 0.6 mm may be obtained experimentally and numerically by adjusting the influencing factors of the multi-step toolpath. Yamashita et al. [13] investigated different tool paths and different tooling shapes in their research work; however, higher values of material density and tool speed were assumed, which caused a higher inertia force during forming. Some methods of sheet forming are carried out at different temperatures. So, it requires experimental tests that suitably represent the contact phenomena related to temperature and friction properties [14]. A recent study applied a contact-induced vibration tool (V-Tool) with a flat elliptical-shaped tip into the ISF of a 0.5 mm Al5052 sheet. Hyperbola shapes were manufactured by the ISF using the V-Tool. It was found that shear deformation plays a more significant role in obtaining high formability [15]. Additionally, many researchers have attempted to improve formability accuracy by applying different material properties in FEM models with implicit and explicit time integration schemes. Kim and Yang [16] conducted numerical analyses on a blank model with an isotropic elastic-plastic material. The effect of the traveling pattern of the tool and the density of the sheet material were examined. Tamer et al. [17] present a comparison of the numerical models using implicit and explicit approaches, along with validation of experimental results. Only the parameters of the tool shapes are investigated in their work to measure the thickness distribution through the forming section.



After the metal workpiece is formed and the tools are extracted from the workpiece, the elastic deformation will be released, and only the plastic deformation will remain. The release of the elastic deformation creates a different shape than that created using the moving tool [18]. For this reason, a sensible spring back is generally obtained when an incremental forming process is carried out, compromising, for instance, the geometrical accuracy and a deviation of accurate shapes [19,20]. Many researchers have considered the effect of kinematic hardening material when modeling the blank to improve the formability accuracy by applying, for example, Yoshida-Uemori parameters [21,22,23]. Xia et al. [24] adopted a procedure consisting of variations of the particle swarm optimization (PSO) method to acquire the Yoshida-Uemori (Y-U) hardening model parameters. The formability of the shape is improved because of the improved fitting accuracy of the Y-U hardening mode. In addition, much of the literature has considered and investigated other types of materials when applying incremental sheet forming, such as high-strength and composite materials [25,26].



In incremental sheet forming, the forming simulation is very slow and more time-consuming than the traditional forming simulations. Ulla et al. [27] applied the approach of multi-tooling to minimize the simulation time by utilizing the Abaqus software. Markus [28] applied an adaptive remeshing strategy based on a multi-mesh method for incremental sheet forming simulation. Despite the method reducing the computational time, however, the application was limited to small-size models and ignored many design parameters that have a significant effect on the accuracy of the forming shape. Usually, the adaptivity technique [29] is based on tool curvature or deformation gradients; only the elements close to the tool can be refined. In ISF, the tool is very small, and only a small region of blank can be refined. As a result, much more frequent mesh adaptivity cycles are needed, which will also decrease the computation time [30].



In this paper, a series of FEM analyses, using LSDYNA software [31], is applied to a large-size plate to simulate the forming, releasing the clamps, and trimming flange processes. The phenomenon of spring back is simulated after each forming stage. Large models can capture intricate details of the forming process, resulting in more precise outcomes. Using a large model for ISF can help minimize the need for physical prototypes and experimental trials. Controlling factors such as tool path (tool feed rate, step size), blank element size, material properties, and boundary conditions are explored to examine the influence of these factors on numerical modeling accuracy and efficiency. Comparing the numerical results with experimental ones shows that the developed FEM modeling had good accuracy and practical efficiency for large-size ISF.




2. Experimental Data and Model of ISF


A CNC (Computer Numerical Control) machine (with a tool of 20 mm diameter and 100 mm) height is used to form a large plate of dimension 900 × 740 × 0.7 mm. The plate is made of mild steel (equivalent to A 653 M-DS-DS in ASTM) with a modulus of elasticity of 2.05 × 105 MPa and a density of 7.80 × 10−9 (ton/mm3). The tool is made of tungsten carbide with a diamond coating on the tip, while the base is made of stainless steel.



The elements layout of the experiment, which composes the base, template, blank sheet, and blank holder, are shown in Figure 1. The template plate serves as a reference or template for the incremental deformation process, while the blank holder is used to hold and control the movement of the sheet metal during the process.



The direction of the moving tool changes with each tool’s path. According to a target model, the maximum forming depth is 70 mm. The traveling speed of the tool is 66.67 mm/s. This speed represents the design speed for this experimental model. The forming process is performed at room temperature without any lubricant material.



Real tool paths during the experiment in X, Y, and Z are shown in Figure 2.



The experimental (measured) model after forming, releasing the clamps, and trimming flanges are presented as shown in Figure 3.



The plate thickness after forming is drastically reduced around the forming area. Samples of the measured thicknesses for the experimental model in the forming area along the X and Y directions are shown in Figure 4.




3. Description of the FEM Model


To investigate the forming accuracy and practical efficiency of the ISF modeling, many numerical simulations are carried out. A large-size plate of 900 × 740 × 0.7 mm is modeled using a quadrature shell element, as shown in Figure 5. The rigid tool of 20 mm diameter and 100 mm height is simulated with a fine mesh of element size equal to 2.5 mm. An automatic free contact surface between the blank and template plate with a gap equal to 0.1 mm is adopted while forming contact with the blank, and the tool is considered. A proper value of the friction coefficient equal to 0.1 is adopted in the simulation model [11]. The tool paths applied in the simulation are schematically shown in Figure 6. According to a target model, the maximum forming depth of 70 mm requires a total path number equal to 350.




4. Parameters Influencing Numerical Modeling Accuracy and Efficiency


The incremental sheet forming process suffers from several drawbacks, such as an inaccurate forming shape compared with the target shape and consuming computational time. Different controlling parameters, though representing a major role in decreasing these drawbacks, are considered through FEM modeling. These are mainly the tool feed rate, the material properties, boundary conditions, and the blank element size.



	
Tool feed rate in FEM modeling






The toolpath used in the ISF process represents the equivalent of a machining operation. In this research work, the real feed rate of the tool when it moves over the sheet is Vr = 66.66 mm/s. The moving tool rotates clockwise and anti-clockwise in each tool path, as shown in Figure 7. The step size means how far the tool presses into the sheet (900 × 740 × 0.7 mm), with each path being 0.3 mm. A series of analyses are carried out to determine the optimum tool feed rate and the mass scaling factor when conducting the forming simulation. Different feed rates are investigated during the forming simulation, such as V = 100 Vr, 500 Vr, and 1000 Vr, respectively, to acquire good formability and optimize the computational time. When assuming a tool feed rate equal to 100 Vr and a mass scaling factor equal to 1, more computational time is consumed; nevertheless, the size of the element. As applied, a mass scaling factor equals 10, and an unacceptable forming shape is noticed. It was concluded from this analysis that the optimum values of the tool feed rate and the mass scaling factor, which predict an acceptable forming shape and less CPU are 500 Vr and 1, respectively.



	
Boundary conditions






To represent the real condition of the experimental model, two different boundary conditions are assumed in FEM analyses. Firstly, the blank is not deformed in the region of the contact area between the blank and the template plate. All elements in this region are assumed to be constrained by the translation and rotation movements.



Secondly, only the edge elements of the blank, where the clamps exist, are constrained from the movements, and allow automatic surface contact in the area between the blank and template plate. These two boundary conditions are illustrated in Figure 8.



	
The blank element size.






The blank is uniformly discretized into quadrilateral elements with different sizes ranging from 2.5 to 5 mm to achieve an accurate forming shape and optimize the computational time. A coarse element mesh of size equal to 10 mm is applied out of the forming area, while a fine element mesh of size 2.5, 3, or 5 mm is applied into the forming area. Figure 9 shows different FEM models furnished with different element sizes.



	
The material properties of FEM modeling






After the onset of plastic deformation (yield point), the stress generated in the material continues to grow as deformation increases. This phenomenon is called strain-hardening. Good forming remains below the necking level so that excessive thinning is avoided. Two different materials of strain hardening are modeled, such as the isotropic and kinematic hardening of materials. One of the most famous surface plasticity models is the Yoshida-Uemori [23] model (Figure 10), which has been frequently implemented in finite element software. The main advantage of this model is its applicability to any anisotropic yield criteria. Yield surface f, limit surface F, and back stress α and β are defined in the following equations:


  f   = ϕ   σ − α   − Y = 0  



(1)






  F = ϕ   σ − β   − ( B + R ) = 0  



(2)






  d β = m       b   Y       σ − α   − β   d     ε   p    ¯   



(3)






a = B + R − Y



(4)






dR = m (Rsat − R) dεp



(5)






    α   ∗   = α − β = C [     a   Y       σ − α   −    a       α   ∗    ¯       α   ∗   ]     ε   p    ¯   



(6)







The characteristics of the isotropic material properties and parameters of the Yoshida-Uemori models applied in this work are shown in Table 1 and Figure 11. The E, Ea and ξ are the initial Young’s modulus, saturated Young’s modulus, and coefficient for describing the change of Young’s modulus with plastic strain in the form of exponential function [23].




5. Multi Stages of FEM Modeling


The sequences of forming simulations of the target model comprise the following stages:



5.1. Forming Simulation Stage


In this stage, the FEM model is simulated using explicit software, LS-dyna [31]. The boundary conditions and forming contact surfaces are described as explained before. The objective of this stage is to simulate the forming process like the experimental model, as shown in Figure 3. A series of small incremental deformations using the rigid tool with predefined paths in x, y, and z directions is applied, as described in Figure 6.




5.2. Unclamping Stage


This stage describes the simulation of removing clamps from the blank. After the forming and unclamping processes, the deformed shape of the tool will be a combination of elastic and plastic deformation. The release of elastic deformation is the phenomenon of spring back. Here, this phenomenon is simulated using implicit software. The forming model, which is initially strained, is prevented from having a rigid body motion by constraining its translation movements for only three nodes, which are equal to 6 DOF.




5.3. Trimming Flanges Stage


This stage describes the simulation of cutting the flanges of the workpiece. Due to the trimming process of flanges, a spring back analysis is also simulated to release stresses after trimming using implicit software. Here, the rigid body motion of the blank is prevented. The stages of FEM modeling are shown in Figure 12.



The type of solver, termination time, and boundary conditions applied for each simulation stage are described in Table 2.





6. Characteristics of Accurate Numerical Modeling


A FEM model, furnished with a 5 mm mesh size, is analyzed to examine the forming properties, such as effective plastic strain and plate thickness distribution in the forming area.



6.1. The Effective Plastic Strain


In this section, the effective plastic strain distribution helps in evaluating the formability of the material. It measures the ability of a material to undergo plastic deformation without failure or defects. By analyzing the effective plastic strain distribution after forming a simulation, it can be determined whether the model will deform uniformly or exhibit localized distortion. Figure 13 shows the distribution and contour of the effective plastic strain at section (x = 0) along the y-axis at the end of simulations (time = 17.9 s).



It was noticed that the effective plastic strain is uniformly distributed in the forming area, which exhibits better formability.




6.2. The Minimum Plate Thicknesses


Figure 14 shows a comparison between the plate thickness distribution after forming simulation along sections (X and Y) and the measured thicknesses in the experimental model (illustrated in Figure 4). It is noticed that the plate thickness after forming the simulation becomes a thinner value at the side equal to 0.48 mm, which agrees with the measured values (blue ones). The thinning reduction ratio represents an essential parameter for assessing the formability of materials. It provides insights into how easily a material can be deformed into a specific shape without cracking or failure. If the thinning reduction ratio exceeds a critical value, it may indicate excessive localized stretching or necking, which can lead to material failure. An error analysis of the minimum plate thickness by calculating the percentage of the difference between measured and analytical values is performed as shown in Table 3. It has been found that thickness prediction accuracy may be higher than 90%.





7. Results of Analyses


Two variables are investigated to examine the accuracy of the forming numerical model. Firstly, the forming characteristics are examined concerning the maximum effective plastic strain and minimum plate thickness. Secondly, the forming shape is examined after releasing the clamps and trimming flanges with the shape of the experimental (measured) model.



7.1. Optimum Element Size


A comparison between two FEM models with different element sizes, such as 2.5 mm and 5. Mm is performed. The two models have the same isotropic material properties and fixed boundary conditions (FBC). Figure 15 shows the contours of the plate thickness distribution and the effective plastic strain after forming simulation. In addition, Figure 16 shows a comparison between FEM forming geometry and the experimental shape (illustrated in Figure 3) after releasing the clamps and trimming processes.



As shown in Figure 15 and Figure 16, both the FEM models of 5 mm and 2.5 mm element sizes have attained acceptable forming characteristics (maximum effective plastic strain and acceptable plate thickness reduction ratio). Regarding forming shapes after releasing clamps and trimming stages, the FEM geometries deviated from the measured shape. However, the computational time of the model with a 5 mm element size (51 h) is much less than that of the model with a 2.5 mm element size (151 h). To acquire an accurate shape that is close to the shape of the measured model, different materials and boundary conditions are investigated.




7.2. Effective Material Properties


Based on the above results, a FEM model furnished with a 5 mm element size and a tool feed rate equal to 500 Vr is simulated for forming the plate with two different materials of strain hardening, such as isotropic and kinematic hardening, as described before in Section 4. Figure 17 shows the contours of the plate thickness distribution and the effective plastic strain after forming analysis. The simulation model with isotropic material has attained sufficient forming characteristics regarding thickness reduction ratio (0.34%) and maximum effective plastic stain distribution (0.61%). However, the forming geometry after releasing the clamps and trimming simulation deviates from the experimental shape, as shown in Figure 18.



Despite the simulation of the FEM model equipped with kinematic hardening of the material, it consumes a lot of CPU (72 h), and the thickness reduction ratio of the forming shape is 0.50%. Nevertheless, it has the maximum effective plastic stain distribution (0.93%) and a final forming geometry close to the measured geometry as shown in Figure 18. Therefore, the FEM model is characterized by kinematic hardening of material and has an element size equal to 5 mm, predicting acceptable forming geometry and efficient computing time after simulation stages.



Figure 19 summarizes a comparison between the previous FEM analyses when applying different boundary conditions. Figure 19a shows a plan view of the forming simulation at different heights of the model, starting from the top to the bottom of the model.



The experimental model nearly matches the FEM model using the kinematic hardening of the material. It is shown clearly that the model with kinematic properties and a contact boundary condition has attained a final simulation geometry close to the measured ones, as shown in Figure 19b. To evaluate a deviation of the FEM geometry from the experimental shape, the following error analysis is performed. Heights at different locations of the forming geometry for both models along section X are extracted. The percentage of the different values between measured and FEM geometry is calculated, as shown in Table 4.



Where Z1 and Z2 represent heights along section X, as shown in Figure 19b. The height’s locations are selected based on the maximum deviation. It is found from the above analysis that FEM geometry deviates about 2 to 3 mm from the measured geometry, as shown in Table 4.





8. Conclusions


The research work in this article involves the development of an advanced numerical model considering the complicated forming tool path, trimming, and spring back. Numerical modeling is designed to efficiently simulate the multi-stage deformation phenomenon of incremental sheet metal forming processes. The simulation accuracy and efficiency of numerical modeling for large-size and multi-stage incremental sheet forming were investigated. The following conclusions can be drawn:




	
Changing the tool feed rate in the numerical model from experimental 66.66 mm/s to 33,330 mm/s (500 Vr) will highly accelerate the simulation efficiency without losing its accuracy. The simulation time for the multi-stage incremental sheet forming with a large-size blank of 900 × 740 × 0.7 mm was reduced to 72 h, whose efficiency has been accepted by the automotive industries in the design and development phases.



	
The numerical model characterized by a Yoshida-Uemori kinematic material model and contact boundary condition for clamping obtained higher accuracy compared with the conventional isotropic hardening material model.



	
Compared with the measured thickness distribution and geometry shape, the thinning due to large-size incremental sheet forming and spring back after unclamping and trimming were accurately predicted using the developed numerical modeling. The thickness prediction accuracy can be higher than 90%, and the spring back prediction deviation may be less than 3 mm compared with measured values.
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Figure 1. (a) Layout and dimensions of experiment elements of the ISF. (b) Experiment elements of ISF. 
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Figure 2. Tool paths of the experimental model in X, Y, and Z directions. 
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Figure 3. Target and experimental models after unclamping and trimming flanges. 
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Figure 4. Samples of measured thicknesses of the experimental model along X and Y directions. 
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Figure 5. Sizes of the FEM model. 
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Figure 6. Characteristics of the tool path in the simulation model. 
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Figure 7. Schematic illustration of tool characteristics. 
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Figure 8. FEM models with different boundary conditions. 
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Figure 9. FEM models with different element sizes. 
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Figure 10. Schematic illustration of the two moving surfaces of the Y-U model. 
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Figure 11. Isotropic and kinematic properties of the material. 
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Figure 12. Stages of FEM modeling simulations. 
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Figure 13. Distribution of effective plastic strain at section (x = 0) along the Y-axis. 
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Figure 14. Comparison of plate thickness distribution in FEM and experimental models along sections X and Y. 
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Figure 15. Contours of plate thickness and effective plastic strain (after forming stage-size element effect). 
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Figure 16. Comparison between FEM geometry and experimental shape at section X (after unclamping and trimming stages-size element effect). 
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Figure 17. Contours of plate thickness and effective plastic strain (after forming stage-material effect). 
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Figure 18. Comparison between FEM and experimental models in Section X (after unclamping and trimming stages-material effect). 
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Figure 19. (a) A plan view showing the forming simulation after trimming compared with the measured model. (b) Comparison between FEM and experimental models in Section X (after unclamping and trimming stages-boundary effect). 
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Table 1. Properties of isotropic material and Parameters of kinematics material.






Table 1. Properties of isotropic material and Parameters of kinematics material.












	Density   ρ   [ton/mm3]
	E [Mpa]
	Ea [Mpa]
	ξ
	Anisotropy Ratio



	7.8 × 10−9
	2.05 × 105
	1.50 × 105
	30.8
	1.6



	Y [Mpa]
	C
	B [Mpa]
	Rsat [Mpa]
	b [Mpa]



	150
	300
	170
	190
	20



	m
	h
	
	
	



	10
	0.5
	
	
	










 





Table 2. FEM characteristics for each simulation stage.
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	Simulation Stage
	Solver
	Termination

Time
	Boundary Conditions





	Forming
	Explicit
	17.9 s
	Contact area



	Release the clamps
	Implicit
	1 s
	6 DOF of 3 nodes



	Trimming
	Implicit
	1 s
	6 DOF of 3 nodes










 





Table 3. Error analysis of the minimum plate thickness.






Table 3. Error analysis of the minimum plate thickness.












	Experiment
	X-Axis
	Y-Axis
	% in X
	% in Y





	Min Thick (Left side)
	0.486
	0.49
	−0.0043
	0.0188



	Min Thick (Right side)
	0.49
	0.487
	0.0362
	0.0075



	FEM
	
	
	
	



	Min Thick (Left side)
	0.488
	0.4807
	
	



	Min Thick (Right side)
	0.472
	0.4833
	
	










 





Table 4. Error analysis of geometry deviation in the Z direction along the x-axis.






Table 4. Error analysis of geometry deviation in the Z direction along the x-axis.












	Experiment
	Z1 (mm)
	Z2 (mm)
	% in Z1
	% in Z2





	Height (Left side)
	53.85
	47.206
	0.0155
	0.05293



	Height (Right side)
	55.446
	46.21
	0.0579
	0.06655



	FEM
	
	
	
	



	Height (Left side)
	53.012
	44.682
	
	



	Height (Right side)
	52.231
	43.125
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