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Abstract. Hole-flanging is a process used to create flanges around holes in sheet 
metal parts. It traditionally relies on dies and punches, posing cost and time 
challenges for small quantities or prototypes. While Incremental forming does 
not require dedicated sets of tools and dies, and it provides more flexibility and 
adaptability with enhanced formability, and emerged as a better alternative to 
conventional press forming. However, precise and efficient tool path planning is 
essential to achieve high-quality hole-flanged components. Precise toolpath 
planning is one of the crucial and important part in designing of hole flanging 
process for both through numerical simulations and experiments.  The objective 
of the present work is to generate tool paths as well as associated G-codes using 
MATLAB code for different geometries of incremental hole flanging process 
using SPIF. Six different geometries of hole flanges were considered to generate 
tool path using MATLAB code. The proposed methodology was successfully 
applied for different shapes of hole flanges. Since the proposed methodology
provides unified programming technique in the current MATLAB environment, 
which performs dual duties, creating toolpath coordinates against time data and 
outputting a G-code file and it saves computational time and programming 
efforts. Hence, proposed methodology is found to be better for incremental hole 
flanging in contrast to previously existed methodology for development of 
toolpath for incremental forming cases. Thus, it was concluded that this proposed 
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1 Introduction 
Flanging is one of the most versatile sheet metal forming processes [1-2]. It is a contoured 
bending operation which finds its application in manufacturing of automobiles and aircraft parts, 
home appliances etc. [3-4]. Flanges appeared in variety of geometries namely straight, stretch, 
shrink, hole and joggled flange [5-7]. Out of these different variations of flanges, hole flanging 
is most widely ap-plied form of flanges in industrial applications [8-9].  

In the context of hole flanging through incremental forming different investigations on the 
basis of parametric studies were made by researchers in the recent past. Hole flanges can be made 
both through conventional forming as well as incremental forming [10]. Higher formability limit 
and reduced tooling cost, uniform wall thickness, and improved neck height were major benefits 
of incremental forming in contrast to conventional forming for forming of hole flanges [8,11]. 
Cui and Gao [11] found multistage diameter deformation strategy as one of the effective strategies 
for imparting improved formability of hole flanges through single point incremental forming. 
Makwana et al. [12] noticed increment in form-ability of square hole flanging upon increment in 
pre-cut square hole radii and on the contrary, there is a reduction in formability due to increment 
in tool rotation. Mushudi et al. [13] found flange angle as the most influential process parameter 
which aids in achieving greater flange height. Makwana et al. [14] observed grain refinement 
upon microscopic examination during square hole flanging of AA 5052 H-32 sheets, as 
deformation imparted by rotating tool. Fernandez et al. [15] evaluated the formability of stretch 
flanges in terms of principal strain by the medium of forming limit diagram. In another attempt, 
Dewang et al. [16] found through review work that localized necking is minimized in hole 
flanging through incremental forming as in contrast to conventional hole flanging. 

In the realm of manufacturing of hole flanges forming that it can be realized through 
experimental procedures via CNC machines, robotic arms and amino machines [17-21]. Before 
actual execution of experimental formation of hole flanges, an integrated approach of CAD and 
CAM is required [17-21]. In the first step, initially a 3D CAD model has been prepared via any 
CAD modeling software [17-21]. In next step, formulation has been done by already prepared 
CAD geometry into coding software such as MATLAB in order to get tool paths [17-21]. 
Afterwards X, Y and Z coordinates of tool path are extracted and further used for generation of 
G –codes of hole flanges [17-21]. Now these extracted G-codes can be fed to CNC machines. On 
the other hand, same coordinates can be integrated with time which can be utilized as input for 
FEM simulation of hole flanging process [17-21].  

On the other hand, in the context of tool path definitions in incremental forming, 
investigations were conducted in the recent past. It was realized that in incremental forming that 
both toolpath as well as intrusion depth had a considerable effect on geometrical accuracy of 
formed parts, since higher intrusion and lower depth lead to springforward as well as springback 
respectively [22]. Besides this, new methodology was devised for toolpath preparation via 
incremental forming approach by stretching angle through employment of C++, VC++, and 
OpenGL library [23]. In another attempt, two stage incremental forming investigation through 
SPIF, optimization of tool path via design of experiments (DoE) statistical approach resulted in 
reduction of time of processing as well as inaccuracy of formed parts [24]. In another attempt of 
double-sided incremental forming, tool-path was successfully generated and employed for 
manufacturing of multi-feature parts by integrating toolpaths in correct order for forming. 

It was noticed that majority of researchers worked on generation of tool paths using G-code 
generation for experimental and numerical simulation of incremental forming process by 
employing CAD, CAM and CAE and other software tools for arbitrary as a well for complex 
shapes [17-21]. It was also reported that tool-path planning was attempted for simple geometries 
of hole flanges through single point incremental forming (SPIF) and exclusive study for toolpath 
planning and generation for entire set of geometries of hole flanges using MATLAB program as 
well by integrated approach of CAD and CAM was not reported yet. The objective of the present 

work is to generate tool paths as well as associated G-codes using MATLAB code for different 
geometries of hole flanges which can be fur-ther utilized for experimental realization and 
numerical simulation. 
 

2 Methodology  
The process for generating a helical toolpath for single point incremental forming (SPIF) for hole 
flanging process using MATLAB involves several steps as shown in figure 1. Initially, the 
dimensions of the model or part geometry is created and then provided as input to MATLAB 
code. Based on this input, a three-dimensional part is formulated. After that again MATLAB code 
is utilized to create the toolpath for incremental hole flanging. Following that, the X, Y, and Z 
coordinates of the tool path are retrieved and utilized to generate G -codes for hole flanges. These 
derived G-codes may now be used by CNC machines. On the other hand, the same coordinates 
may be integrated over time and used as input for a FEM simulation of the hole flanging process. 
Figure 1 shows the flowchart to generate the tool path in terms of coordinate for numerical 
simulations and G-Code files for CNC machine. 

 

 
 
Fig. 1. Method to generate tool-path and G-code for incremental hole flanging. 
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This procedure is illustrated through an example, where the CAD geometry of the tapered hole-
flange parts is being formulated using input parameters, depicted in figure 2 (a).  Table 1 provides 
input parameters to formulate toolpath in MATLAB programming. This CAD geometry is 
encoded in MATLAB to generate a helical toolpath for incremental hole flanging, detailed in the 
first half segment of figure 2 (b). The MATLAB code yields X, Y, and Z-coordinates for the tool-
path, displayed in figure 2 (c) which has been visualized in three-dimensional graph using 
function “plot3”. Subsequently, the second half segment of MATLAB code is given in figure 2 
(b) which produces G-Code using the toolpath coordinates, as shown in figure 2 (d). MATLAB 
programming used to generate G-Code has been divided in to three parts, start, intermediate and 
end. This entire process is crucial for understanding and implementing the sequential steps in-
volved in the creation and implementation of the helical toolpath for incremental hole flanging. 

 

Table 1. Input parameters of tapered hole-flange. 

Geometrical Parameters Notation Values 
Flange radius R1 25mm 
Depth of cone d 10mm 
Step depth 𝛿𝛿𝛿𝛿 0.5mm 
Inclination angle of cone 𝛼𝛼 450 
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 (a) CAD Geometry (b) 3D plot of Tool Path (c) G-Code  (d) Tool path 
Simulation 

 
Fig. 3. (a) CAD geometry (b) 3D plot of Tool Path (c) G-Code, (d) Tool path Simulation. 
 

3 Results 
In the present work, six exemplary instances of unique hole flanging geometries were investigated 
to verify the current methodology. 3D CAD models of hole flanges were displayed in figure 3(a). 
The first one is a tapered hole (cone) flange part with a curved surface, the second one is a circular 
hole flange part with a zero-inclination angle, the third one is a tapered square hole (pyramid) 
flange part with flat surfaces, and the fourth one is a square hole flange. The fifth and sixth are 
asymmetric U-shaped hole flanges with tapered and without tapered holes, respectively.  

The toolpath for incremental hole flanging was generated by formulating the geometry of 
holes using input data in MATLAB code. Figure 3 (b) shows the X, Y, and Z coordinates of the 
created toolpath shown on 3-dimensional axes. G-Code has also been created using MATLAB 
code based on the toolpath coordinates. Figure 3 (c) depicts the three sections of G-Code: the 
start or header, the intermediate or tool movement, and the end or footer. Header section consists 
G90 to represent absolute location, G21 to represent millimeter units, and M28 to represent 
absolute distance. While the intermediate segment includes CNC tool X, Y, and Z movements. 
The end part features M5 to stop spindle rotation and G28 for tool home position. To test or 
visualize the toolpath motions, the resulting G-code was simulated using an open-source software 
"NC viewer v1.1.3" which is shown in Figure 3 (d).  

The current MATLAB code performs dual functions, generating toolpath coordinates versus 
time data and producing a G-code file through a unified programing approach. This process 

entails input geometry dimensions, formulating parts, utilizing MATLAB to create a toolpath, 
and subsequently employing the generated toolpath for both simulation and experimental 
fabrication purposes. 
 

4 Discussions 
Tool path definition is one of the crucial parts of design and fabrication of sheet metal parts 
formed by SPIF [10,16]. It was notice that proper definition as well as generation of tool path is 
significant process because it influences the geometric accuracy of formed parts [26]. Besides 
this it was also gathered that proper generation of tool path in incremental forming also influences 
resultant force acting on tool as well as on forming limit [26].  

In the present work, tool path for various geometries of hole flanges were presented and proper 
selection of tool path is quite interrelated with the three different output parameters namely 
geometry accuracy, resultant forces, and forming limit [10,11,26]. Therefore, tool path for hole 
flanging should be selected on the basis of such tool path which yield geometric accuracy, low 
resultant force on forming tool and higher forming limit [10,11,26]. Another aspect of selection 
of optimized tool path depends upon step size of tool path and speed of tool which in turn reduces 
the surface roughness of hole flanges [26].  
 

5 Conclusion  
The objective of the present work is to generate tool paths as well as associated G-codes using 
MATLAB code for different geometries of incremental hole flanging process using SPIF. Six 
different geometries of hole flanges were considered to generate tool path using MATLAB code. 
It is worth noting that the majority of researches emphasized the importance and use of tool path 
creation and G-code generation for experimental and numerical modelling of the incremental 
forming process utilizing various CAD, CAM, and CAE software tools. It was also observed that 
relatively few research focused solely on the creation of tool paths and G-Code for various hole 
flange shapes. The proposed methodology was successfully applied for different shapes of hole 
flanges. Since the proposed methodology provides unified programming technique in the current 
MATLAB environment, which performs dual duties, creating toolpath coordinates against time 
data and outputting a G-code file and it saves computational time and programming efforts. The 
current work concludes selecting tool paths for various hole flange geometries, emphasizing the 
correlation between tool path selection and geometry accuracy, resultant forces, and forming 
limit. Optimizing the tool path also considers step size and speed to reduce surface roughness. 
Hence, proposed methodology is found to be better for incremental hole flanging in contrast to 
previously existed methodology for development of toolpath for incremental forming cases. 
Thus, it was concluded that this proposed methodology can be effective for capturing any intricate 
shapes for incremental hole flanging.  
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