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Abstract: Two-point incremental forming method is considered a modern technique for 

manufacturing shell parts. The presence of bottom punch during the process makes this technique 

far more complex than its conventional counterpart i.e. single-point incremental forming method. 

Thus, the numerical simulation of this method is an essential task, which leads to the reduction of 

trial/error costs, predicts the tearing of sheet and investigates various aspects of this complex 

method. Most of the previous works regarding numerical simulation of incremental forming 

method have concentrated on the single-point type of this technique. Moreover, all of these 

simulations have considered simple geometries like truncated cone, truncated hemisphere and 

truncated regular pyramid, which are based on well-known mathematical functions. In this study, a 

novel simplified procedure is presented for the finite element simulation of two-point incremental 

forming of free-form parts. The procedure is based on the extraction of tool-path points by using 

CAM software and the finite element model. In the current study, it will be shown how simulated 

results can be applicable for gaining useful information about the tearing of deforming sheets, 

selecting suitable numerical machines for practical forming processes and the deformation quality 

of sheets.           
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1. Introduction 

The incremental forming process is a technique in which the sheet is formed by a spherical-head tool 

under a series of small incremental deformations. Studies have shown that in addition to the metal sheets, 

this process is applicable for the polymeric and composite sheets [1, 2]. The spherical-head tool required 

for this process is connected to a CNC machine or a robot arm, and has the head diameter of 5 to 20 mm. 

Based on the connecting points between the tools, sheet and punch, this technique is divided into SPIF 

(Single-Point Incremental Forming) and TPIF (Two-Point Incremental Forming). Trzepiecinski et al. [3] 

studied the characteristics of incremental forming of the sheet using the following two methods: Single-

Point Incremental Forming and Two-Point Incremental forming. Parande et al. [4] have reviewed the use 

of incremental sheet metal forming in order to reduce the cost of Rapid Prototyping and increase in 

forming limit curve against other conventional forming methods. 

There are several researches about the behaviour of sheet during incremental forming process. The 

methods used in these studies can be generally categorized into the analysis and simulation. In analytical 

approach, the use of fundamental rules in deforming metals, the formability of metal sheets and the 

induced stresses in this process are analyzed. In 2008, by using “Membrane Analysis”, Martins et.al [3] 

presented a comprehensive analysis about the formability of sheet in SPIF process. In 2009, Jackson et al. 

[4] presented the sheet deformation mechanism in the incremental forming process. Interestingly, all of the 

analytical approaches have investigated the SPIF process. However, the numerical simulations have 

focused on the analysis of incremental forming. Mainly, the numerical method used in these analyses is 

FEM (Finite Element Method). The first step towards the numerical simulation of this process was taken 
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by Iseki et.al [5] in 1993. By analyzing the two-dimensional simplified model by using FEM, he 

investigated this process. The research carried out in 2009  by Silva et al. [6] can be considered the most 

recent one studying this field. In his investigation, the three-dimensional simulation by LS-Dyna software 

gives a comprehensive analysis of this process, and the shell elements are used for simulating the metal 

sheet deformation. Zahedi et al. [7] analyzed the forming of two-layer sheet metals in SPIF process by 

simulating a cone with a variable angle in ABAQUS finite element software. Jackson et al. studied an 

artificial neural network (ANN) based on a prediction model developed to evaluate average surface 

roughness (Ra) and maximum forming angle (Ømax) during SPIF forming of AA5052-H32 material.  

Considering previous researches about TPIF, two points should be highlighted. First, most of the 

simulation-based analyses have been performed for SPIF process, and the reason is the simplicity of 

implementation and simulation of SPIF compared to TPIF. Among few articles using numerical 

simulation of TPIF, references [8, 9] can be mentioned. Second, in all presented articles, numerical 

simulations have been done for the definite-form and regular (symmetric) parts like the truncated cone, 

truncated hemisphere and truncated regular pyramid, and there is not a numerical simulation about the 

incremental forming of free-form parts. The main reason behind this issue is the difficulties associated 

with the implementation of tool-path in the simulation of free-form parts. For definite-form and regular 

parts, as those mentioned above, the tool-path has been easily defined and implemented in simulation by 

simple mathematical functions. 

In this study, a facilitating workflow is presented for the simulation of TPIF on free-form parts. The 

simulation of this process is absolutely crucial in analysing the formability of sheet in TPIF tool forces as 

well as reviewing the effects of different parameters including tool radius, sheet thickness, tool step-down, 

optimized tool-path, etc. Since the simulation of this process requires much attention to details, a detailed 

workflow of finite element model of this process is presented. This workflow helps the reduction of 

modelling errors; and the path for future researches about analysing different parameters of TPIF is paved. 

2. Two-Point Incremental Forming of FE (Finite Element) Modeling 

In this section, the detailed workflow of FE modelling in TPIF has been illustrated. It should be noted that 

this workflow is applicable in every free-form part. 

2.1. Introducing the example problem 

The geometry of example free-form part, regarding the FE modelling procedure, is shown in Fig. 1. The 

studied sheet is Aluminum 2024 in 400 × 400 mm square shape with the thickness of 1mm before the heat 

treatment. Except for the movement along depth direction, all freedom degrees on four sides of square 

sheet are considered to be zero. The movement along depth direction is controlled by a holding ring, 

which has only one freedom degree along depth. The radius of spherical-head tool for forming process is 

10 mm. The friction coefficient between tool and sheet is assumed to be 0.1 and the tool has angular 

velocity of 30Rad/s along its axis [13]. 

 

 
 

Fig. 1. Saddle-like part for simulation of TPIF. 
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2.2. General workflow of FE modeling 

The workflow diagram and software used in FE modeling are shown in Fig. 2. Generally, the workflow of 

simulation can be categorized in 3 steps: 1. the extraction of tool-path points; 2. the performance of initial 

FE modeling without considering tool path; 3. the implementation of tool-path points in the initial FE 

Model. In the first step, the tool-path points need to be extracted, and for this reason, CAM software can 

be used. Once the G-code is extracted from the CAM software, by using a customized Excel file, the final 

points of tool-path can be obtained. In the second step, the initial FE modeling of TPIF should be carried 

out. In this study, ABAQUS finite element software is chosen for this task. In this step, FE modeling is 

carried out without considering tool movement during analysis. After the initial modeling is carried out, 

the ABAQUS ‘inp’ file of finite element model is extracted from software. Obviously, this initial ‘inp’ file 

lacks tool-path definition. In the third step, in order to implement the tool-path, a special MATLAB script 

is employed. This script reads the tool-path points from Excel file and modifies the initial ‘inp’ file, finally 

adding the definition of tool-path to the FE model. Hence, this script gives a final ‘inp’ file as an output 

that contains tool-path definition. Moreover, in this script, some parameters including mass-scaling 

coefficient, tool-path points distance tolerance, etc. are variable, and the user can change them if needed. 

2.3. Extraction of tool-path points 

In order to extract the tool-path points, at first some modifications must be done on CAD model of the part 

in order to create an appropriate model. In TPIF process, sheet is gradually placed on the punch and gets 

its form. Therefore, the punch should have no sharp edges; otherwise, during simulation and even practical 

process, tearing of sheet will be inevitable. Therefore, by stretching the sharp edges, an appropriate punch 

CAD model for TPIF process is created. The appropriate punch CAD model of the free-form part 

presented in Fig. 1 is depicted in Fig. 3. Note that while the sheet formed by this punch will differ from the 

main piece, by cutting the additional fractions, the desirable part will be achieved.  In the next step, the 

tool-path on punch is extracted by CAM software in which, by setting the machine type on “Mill” and the 

path type on “Surface finish/contour”, the tool-path on punch is obtained, as presented in Fig. 3. In the 

extraction of tool-path, the maximum step-down of tool is set on 1 mm. The selection of this value 

depends on the desirable surface quality of final product and sheet formability.  

2.4. Initial FE modelling 

In this stage, the initial FE modelling of TPIF process by using ABAQUS software is presented. The 

reason for calling this modelling as ‘initial’ is the lack of defined tool-path in this modelling. As 

mentioned earlier, after this initial modelling, the tool-path is added to ‘inp’ file of initial modelling by a 

MATLAB script.  

 

 

 
Fig. 2. General workflow of FE modeling and used software. 
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Fig. 3. Tool-path obtained from CAM software on punch designed for part. 

2.4.1. Creating parts 

First, all necessary parts involved in this simulation are created. Due to their less deformation than sheet, 

tool, punch and holding ring, are modelled as the rigid bodies.  

2.4.2. Definition and specification of material properties 

Since tool, punch and holding ring are modelled as rigid bodies, there is a need to define materials for 

them, and only creating a reference point for determining their boundary conditions will suffice. The sheet 

metal used is made of Aluminum 2024. Density of this material is 2700 Kg/m3. In order to define linear 

elastic properties, elastic modulus and Poisson’s ratio of this material are taken to be 7000 MPa and 0.33, 

respectively. The diagram for changes in plastic strain against True stress for aluminium 2024 has been 

shown in the Fig. 4. 

 
Fig. 4. Diagram changes plastic strain against True stress for aluminium 2024  [14]. 

2.4.3. Assembly of parts 

The assembly of involved parts relative to each other is one of the most important steps in initial FE 

modelling, which should be done very carefully to prevent untimely tearing of sheet during simulation and 

divergence of numerical scheme. For the punch of saddle-like part, the accurate relative position is shown 

in Fig. 5. 

 

2.4.4. Definition of analysis step, boundary conditions, contact and necessary sets 

In current study, to perform the initial FE modelling, only one analysis step is required. This step is the 

explicit dynamics in which all translational and rotational freedom degrees are considered to be zero on 

the reference points of tool, punch, holding ring and four edges of sheet. The time of this analysis step is 

set on 1-6 sec. The main purpose of defining this step is inserting the expression of “Step-1” in .inp file so 

that MATLAB script can identify the place where the next steps should be added. In order to be 
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recognizable by MATLAB script, the name of the step must be given as “Step-1”. In addition, in 

MATLAB script, the boundary conditions of parts, including tool movement, are applied by using 

previously defined sets. Therefore, in initial FE modelling, it is necessary to define sets on reference 

points of tool, punch, holding ring, four edges of sheet and whole sheet and to define the name of these 

sets like the input parameters at the beginning of MATLAB script. The general contact algorithm is used 

for the contact between parts and the friction coefficient is also considered 0.1. 

 
Fig. 5. Accurate assembly of involving parts in numerical simulation. 

2.4.5. Meshing 

In the next step of FE modelling, by considering the required accuracy and capabilities of processor 

(CPU), the meshing is carried out. Two points are important in this stage. First, the mesh size of sheet 

cannot be large enough to cause the stretching and excessive distortion of sheet elements. Second, in 

contact formulation, due to the deformability, sheet plays the role of slave, while the rigid punch plays the 

role of master. In contact formulation in ABASQUS, there is a possibility for passing master surface nodes 

through the space between slave surface nodes. To reduce this non-physical possibility, the meshing size 

of slave surface should be smaller than the master surface. In the current problem, regarding the 

mentioned points, the appropriate meshing on sheet and punch is created. For sheet, the 4-node reduced 

integration shell element (S4R) is used. 

2.4.6. Extracting ‘inp’ file of initial FE modelling 

Finally, ‘inp’ file of initial FE modelling, which lacks tool-path, is obtained from ABAQUS. 

2.5. Implementation of tool-path in FE model 

In order to apply the tool-path in FE model, it is necessary to appropriately implement the extracted points 

in Excel file into ‘inp’ file of initial FE modelling. To do so, a script is written in MATLAB language. 

The general workflow used in this script is described herein. First, the extracted points in Excel file 

are read by MATLAB workspace. Then, if the distance between two consecutive points is more than the 

user-defined tolerance, one or more points should be inserted between these points so that the distance 

between any two consecutive points becomes less than the specified tolerance. The reason is that during 

the creation of points in G-code, if CAM software recognizes the path as a straight line, only the beginning 

and end points of that line should be printed in G-code. Hence, if the mentioned provisions are not 

assumed, during the simulation process, sheet will tear untimely. 

In the next stage, the modified points are classified in the consecutive groups (equal number of points 

in each group which is user-defined). Then, the initial ‘inp’ file is modified in a way that each of these 

group points passes a single explicit dynamic step. In order to specify the boundary conditions of tool, the 

tabular amplitude in ABAQUS is used. It should be noted that not all points are defined in one step 

because it has been proved that if excessive points are defined in the single tabular amplitude, the software 

will have problems during the solving procedure. After running MATLAB script, the final ‘inp’ file 

containing tool-path is created in working directory. 
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In Table 1, a summarized report of significant parameters is used for FE analyses, and experiments 

tests are provided. 

Table. 1. Significant parameters used for FE analyses and experiments test 

Sheet 

Dimensions 

Sheet 

Thickness 

Sheet Material Tool Diameter Friction coefficient 

between tool and sheet 

Tool Rotation 

Speed 

Step 

Down 

400 × 400 mm 1mm Aluminium 2024 10 mm 0.1 30Rad/s 1mm 

3. Results and Discussion 

In order to ensure the reliability of simulation results, they are compared with the data obtained from the 

experiment. The actual sample of punch created for a saddle-like part and configuration of experiment for 

TPIF practical process are shown in Fig. 4 and Fig. 6, respectively. 

Additionally, to investigate the quasi-static nature of simulation process, the changes of 

kinetic/internal energies of structure are compared in the course of analysis as shown in Fig. 7. As it can 

be seen from the figure, in comparison to the internal energy, the kinetic energy of the model is 

dispensable and the simulation has a quasi-static nature. 

            
Fig. 6. Actual punch created for saddle-like part. Fig. 7. Configuration of experiment of TPIF for 

saddle-like part.  

One of the results obtained from simulation which can help the practical process is the calculated 

value of the force exerted on the tool. The understanding from the force exerted on the tool provides the 

user with a good criterion for choosing the appropriate CNC machine to carry out the practical incremental 

forming process. The force exerted on the tool on depth direction during the simulation is depicted in Fig. 

8. If the sudden changes in the diagram are overlooked, the maximum value of the force exerted on the 

tool during the forming process equals 3KN. 

The equivalent plastic strain contours of deformed sheet, when the tool is passing down to 10, 20, 30, 

40mm, are demonstrated in Fig. 9. In fact, in points where the plastic strain is higher, the sheet tearing 

becomes more possible. In order to determine the possibility of sheet tearing, one should compare the 

main strains in each point with the forming limit diagram FLD (Forming Limit Diagram) of sheet. 

One of the main advantages of TPIF process simulation is predicting the possibility of sheet tearing. 

By means of simulation, the analysis of this issue becomes possible in two ways. One way is defining the 

properties of damage, i.e. damage initiation and evolution for the given material in ABAQUS software. In 

this case, by calculating the damage parameter in the integration points and reaching the fracture 

toughness of material, the sheet will tear in these points. The second way is that, in the definition of 

material properties, only the elastic, plastic and density are given. Then, at the end of simulation, the major 

and minor strains of sheet are compared with forming limit diagrams. If the position of [major strain, 

minor strain] is upper than the forming limit diagram, the tearing in that point might happen. In this study, 

the second approach has been employed to predict the sheet tearing. 
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Fig. 8. Comparing the histories of kinetic/internal 

energies during the course of TPIF simulation. 
Fig. 9. History of the force exerted on the tool in depth 

direction obtained from simulation. 

 

 

In practical process, the formed sheet, when the tool comes down by 34 mm from the initial location, 

is shown in Fig. 10. As shown in this figure, the sheet tearing is observed for the first time at this location 

of the tool. However, this issue is predictable with the help of simulation. To analyze this phenomenon, 

the forming limit diagram and the major and minor strains obtained from the results of simulation are 

compared. This comparison is related to the time when the tool passes the height of 34mm in vertical 

direction shown in Fig. 11. As it can be observed, in some points, the position of [major strain, minor 

strain] is higher than the forming limit diagram indicating a higher possibility of sheet tearing in these 

points, and this issue is in agreement with the results of the experiment. 

 
(a) The depth passed by tool: 10mm 

 
(b) The depth passed by tool: 20mm 

 
(c) The depth passed by tool: 30mm 

 
(d) The depth passed by tool: 40mm 

Fig. 10 Plastic strain counters induced in sheet during TPIF of the saddle-like part. 
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Fig. 11. Tearing seen in sheet, when tool has 

come down by 34mm. 

Fig. 12. Comparing the values of [major strain, minor 

strain] in deformed sheet with forming limit diagram 

when tool has reached the depth of 34 mm. 

 

In a more precise study at a depth of 32mm, the first amounts of major strain and minor strain 

obtained from simulation are higher than the diagram for the plate forming limit, and in comparison to a 

depth of 34mm, where the first tearing of the plate occurs in experimental tests, it illustrates 5.8% error. 

4. Concluding Remarks and Future Directions 

The purpose of the current study is presenting a facilitating workflow for the simulation of TPIF of free-

form parts. The recommended workflow of TPIF FE modeling has been carried out with the minimum 

amount of error and ambiguity. It is notable that all of the mentioned directions can be implemented and 

analyzed by the workflow presented in this study. In the end, it has been confirmed that the simulation of 

TPIF for free-form parts seems critical for decreasing the costs of trial/error in practical processes, 

predicting the possibility of sheet tearing and choosing the appropriate numerical-controlled machine for 

this process. The simulation results and experimental tests were compared and about 5.8% error between 

the simulation study and experiments was observed 

Some of the future directions that can be followed are: 

 Analyzing the effect of sheet thickness on tearing and required force for TPIF process 

 Using 3D continuum elements instead of shell elements and analyzing their effects on the results 

of simulation 

 Modeling sheet tearing during the simulation by defining the damage properties of sheet metal 

 Analyzing the merits and demerits of STIF (without underneath punch) as an alternative cheaper 

in TPIF for free-form parts in a way that the cost of underneath punch in STIF becomes 

eliminated 

 Investigating and optimizing different tool-paths for decreasing the possibility of sheet tearing in 

TPIF 
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 ای قطعات با فرم آزاددهی افزایشی دو نقطهشبیه سازی اجزاء محدود فرآیند شکل

 

 ، خلیل خلیلی*مجتبی اسماعیلیان

 .بیرجند، ایران بیرجند، دانشگاه مکانیک، دانشکده مهندسی

 

به دلیل  شود. این روشای محسوب میای تکنیکی نوین برای تولید قطعات پوستهدهی تدریجی دو نقطهروش شکل چکیده:

ای به هیچیدگیای دارای پطهنقدهی تدریجی تکاستفاده از سنبه زیرین در حین فرآیند نسبت به همتای خود یعنی روش شکل

 ارگی ورق وپ، بررسی ها در فرآیند عملیسازی عددی این تکنیک نوین به منظور کاهش هزینهمراتب بیشتری است. بنابراین، شبیه

 رسد.های مختلف فرآیند امری ضروری به نظر میبررسی پارامتر

های میقاتی برای قطعات با فرای در معدود تحقنقطه دهی تدریجی دوسازی شکلهای انجام شده، شبیهبر اساس بررسی 

 این در حالی ده است.شکره و هرم منتظم ناقص که مسیر ابزار به سادگی با توابع ریاضی قابل تعریف است، انجام مشخص نظیر نیم

استقلال  ی نیست و ایندود به فرم خاصای در این مقاله محدهی تدریجی دو نقطهسازی شکلاست که روش اتخاذ شده برای شبیه

ای از قطعات با ر روی دامنه گستردهای بدهی تدریجی دونقطهاز هندسه وجه تمایز اصلی این پژوهش است که امکان بررسی شکل

 کند.فرم دلخواه را فراهم می

ک نرم افزار اجزاء محدود و سپس به کم استخراج شده  مربوطه در این روش در ابتدا  نقاط مسیر ابزار با استفاده از نرم افزار

واند برای گیرد. در مطالعه حاضر نشان داده خواهد شد که چگونه نتایج شبیه سازی شده می تصورت می دهیفرآیند شکل تحلیل

دهی و ای شکلدستیابی به اطلاعات مفید در مورد پاره شدن ورق در حین تغییرشکل و انتخاب ماشین کنترل عددی مناسب بر

 .شکل یافته مورد استفاده قرار گیردیفیت مطلوب ورق تغییرک

 

 ای، روش اجزاء محدود، ماشین عددی، فُرم آزاد.دهی افزایشی دو نقطهشکل واژه های کلیدی:


