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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
methodology can be effective for capturing any intricate shapes for incremental
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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
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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.
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Geometry or Formulation to
Drawing of parts create the parts
[ MATLAB Coding ]

¥
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of Toolpath
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required in
Toolpath?
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v +
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Fig. 1. Method to generate tool-path and G-code for incremental hole flanging.

https://doi.org/10.1051/matecconf/202439301003



o3uepj 9]0y 01U0S 10} 9p09-0) puk yied [00} [eIUSWRIOUT 9)eIdUdT 0) Sd)S 17 S1

apo) gv1IvVIN (9)

//doi.org/10.1051/mateccont/202439301003

https

gV1LVIN WoJy pajesauas 3009-9 (P)

\u + SUWBUSTTI + ,, O1 POAES pue pajeisusb spoo-9,1dstp
{QISTT3)=s0123

ed |00l JO apo)- ¢ (eponh ‘QISTTI)I3UTAdI
yled ool jo apo)-o o7 azo uonenwis apod-5 S, reweuoTry)uSdos - ATo1TI
£, 2pooBTpoREau0D, = SUWRUSTTI

Sl 2TTJ B 03 2pOB-0O DABE %

suorieTedo 1o SpuswmoD BuUTpuS [EUCTITPPE AUE PPY %

8T-Z BA STX Ze+rIN
- 2uwoy g ¢,U\I% BZD. + Spodb = opoob

- % uoTielod 2TpUTds doas § {,UNGH, + =Spo2b = spoob r
191007 epoo-9 %
88.°0-Z T66°BT-A £L5°TZ-X OETTIN pus Anawoag mw:m_u_
98L°0-Z ST9°OT-A £9L°TZ-X PETIN |A S0+ ((T)B)AISZUNU + .3, + ((T)A)d3szunu
S8L'8-Z VET @T-A O¥E'TZ-X ZETIN + Wk .o+ ({T)X)TISZUNU + X , +TeZ+ull, + 2Ppodb = =pooh - 9|OH au0d pajedunil Aﬂv

Juted JueIIND BYF OF BACH %
(%) y3busT:T = T 103
Jutod 23BUTPICOD YoES IBAC 23EISIT 3

€8L°0-Z S8°6-A £TT ZT-X GETIN
Z8L°0-Z E9v'6-A £6Z°CZ-X 8ZTIN

T8L°0-Z ELB°6-A 9SP ZZ-X SZTIN LNt T00ZTd 109 ZA9.+5posh = apodb i

6LL°9-Z 89°8-A Z19°ZZ-X PZTIN {,UNESDURLETR SINTOSAY 28N {Z20H, + SPoRb = 9posb

. {L,UNSASISWITTTU ©1 S3TUN 188 {129, + =2posb = spoob

. :,mbutuoT1Ts0d 8INTosSqE 01 I8¢ (N9, = Spodb

*80ZT4 189 Z69 f(g'7)punoi=g

$3JURLSTP 33INTOSQE 3sh $ZgW w:&iommmww a

SU33BUTTTTW 03 53Tun 335 1Z9 { cpen oS i

ButuoT3iTsod 23InTOosqe 03 3I3S 96D p— ETTaY

3O UOTIBETTENSTA df % (5717, UIPTMSUTTL, ', d,’5 'X 'A)gaold

pus P
I
oz (wy Sy
AVILVIAl WoJ) parelauas yied |ool (9) (LT3 T A = e PP [

Lz R Lx]=Y

pus
0=(W T3 0= (WP

yied |00 JO Saleu|ploo) yaed |00l J0O 10]d AE (0= () WA = (0 WP SETE
(7o) T4 (W) (W 13
Wi u X H =

6888L°0- ¥99ETI- TLLETC S @ WHUA e e
SL8[°0-  TL66'0T-  SELSTT - ~ —ur) Z- (o) 2) 42 ((T-00 A (W) ) +2+ ((T-90 X (w) ) ) = () D

TT98.°0- LPT9°0T- €E9L'TT T<uw IT

CLPBL0- BEETOT- SIV6'TC
€EEBL'0- T186V86" ord Wrda
PEIBL0- SLC9F'6-  8TETLC
9508L°0- 9/2L0°6 65SV°CC
LT64L°0-  [66/9°8  TCT9CT
BLLLLO-  6VPST8  VT9L7CC

z A X

-A £ {U) PUTSx= (W) &
¢ (1) psoay= (W) X

yidspius 3B sutpeas :({ B)pUSI/ (U (09E/PP))) -TH=d
(U £ {09E/PR) ) -0= (W) 2

seTbue pgr oauT dool ® BUTPTATD: Ny09E:T:0=U 303
(T=u

anoquos 1o sdooT IO JASQUNNL  {PR/P=N

! (e) puedly Td=a

Wwwurz

(3aed do3) suoo oy Fo snTpea 352BIETs (GZ=Td
suo2 2ya o uadeds (0T=p
suco eyl 3O UOTIPUTTOUT o sTBuesy {gp=e
yadsp d=3ss (g7 p=pp "
(TTe 28012
Fa=E=S gl
Fs) g=}

MATEC Web of Conferences 393, 01003 (2024)

STAAAR-2023



MATEC Web of Conferences 393, 01003 (2024) https://doi.org/10.1051/matecconf/202439301003
STAAAR-2023

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 od 0.5mm
Inclination angle of cone a 450

Tapered hole

G08; set to absolute pesitioning
G21; set units to millimeters
M82; use absolute distances

G92 GOl F1zee:

H1126 X-22.456 ¥-0.873 1-8.781
H1128 X-22.293 Y-0.463 Z-0.782
Nii3@ X-22.123 ¥-9.85 7-8.783
H1132 X-21.946 Y-18.234 7-8.785
H1134 X-21.763 Y-18.615 7-8.786
H1136 X-21.573 Y¥-18.992 7-8.788
N14482 X15 Y8 Z-18

s

628 Ze

Circular hole

G98; Set to absolute pesitioning
G21; set units to millimeters I 74
me2; use absolute distances %
G092 Ge1 F1200;

------

Hi776 X-24.359 V5.624 Z-1.232
Hi778 X-24.454 ¥5.198 7-1.233
1788 %-24.541 Y4.77 2-1.235
N1782 X-24.62 Y4.341 Z-1.236
Wi784 X-24.692 ¥3.911 Z-1.238
1786 X-24.757 ¥3.479 1-1.239
H1788 X-24.814 ¥3.847 Z-1.24

N14482 X15 Y8 Z-18

s
G282 Ze

Tapered Square hole

G98; Set to absolute positioning
G21; set units to millimeters
M82; use absolute distances

G92 Ge1 F1200:

N4G X18.321 Y-18.321 Z-2.375
Na2 X1B.232 ¥18.232 Z-2.5
Had X-18.144 Y18.184 7-2.625
46 X-18.€55 Y-18.055 Z-2.7%
HAg X17.967 Y-17.967 Z-2.87%
NS X17.879 ¥17.879 -3

N52 X-17.79 Y17.79 Z-3.125

N14482 X15 Y@ Z-18
Ms

G28 28
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G9@; Set to sbsolute positioning
G21; set units to millimeters
MB82; use absolute distances

G892 Gel Fi2e8:

N74 X268 Y28 Z-4.5
N76 X-208 V28 Z-4.625
N78 X-20 Y-20 Z-4.75
N3B X28 Y-20 Z-4.875
NB2 X286 Y28 Z-5

Ngd X-28 Y28 Z-5.125

Square hole

......
N14482 X158 Y@ Z-1@
ns

G28 Ze

G98; Set to absolute positioning
G21; set units to millimeters
M82; use sbsolute distances

692 GB1 F1288;

N1896 X-18.988 Y8.663 Z-1.247
N1892 X-18.997 Ye.332 Z-1.249
Ni1e@ X-19 Y8 2-1.25

N1182 X-18.75 Y-18.75 Z-1.25
N11p4 X8 Y-18.75 Z-1.313
N1186 X18.75 Y-18.75 Z-1.375

H14462 K15 Y8 Z-18
ns

U-shaped tapered

628 Z@

G9%; Set to absolute positioning
G21; set units to millimeters
mgz; use absolute distances

G92 Gel F1288:

11832 X-19.988 Y0.698 Z-2.247
11834 X-19.997 Y0.349 Z-2.249
N1836 X-20 Y@ Z-2.25

N1838 X-28 V-28 7-2.25

1184 X v-20 2-2.313

U-shaped

------
N14482 X15 Y@ Z-18
M5

628 78

(d) Tool path

(a) CAD Geometry (b) 3D plot of Tool Path (¢) G-Code Simulation

Fig. 3. (a) CAD geometry (b) 3D plot of Tool Path (¢) 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
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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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