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Abstract: Additive manufacturing (AM) is revolutionizing industrial manufacturing by introducing
advanced techniques for designing and producing prototypes across various sectors. AM is
increasingly being used to create cost-effective tools, such as blank holders, dies, and punches, that
enhance the formability of sheet metal products. This study investigates the use of 3D-printed tools
in the V-bending process, employing Finite Element Analysis (FEA) and experimental setups at
angles of 30, 45, and 60 degrees. The formability of Imm-thick SS304 steel and AA6061 aluminium
was evaluated, focusing on geometric precision, thinning, and overall formability. FEA results
suggest that increasing sheet thickness may reduce formability for both materials. Simulations were
compared with permissible limits to ensure accurate samples. Experimentally, sixty samples were
bent using dies and punches made from Acrylonitrile Butadiene Styrene (ABS). Results showed that
the ABS material significantly influenced the bending process, indicating its potential for use in batch
production. The findings highlight the feasibility of using AM-generated tooling to improve
formability and optimize production in sheet metal forming.

Keywords formability; fusion deposition modelling; 3D printing; additive manufacturing; bending
operation

1. Introduction

Forming sheet metal components is a common industrial process. Traditionally, it involves
cutting raw materials into the required shape and size, fabricating tools, and forming components
into the desired geometry. This process achieves favourable outcomes only when components are
manufactured with zero error and minimal material wastage. Today’s manufacturing follows a
holistic approach that encompasses multiple production stages, addresses customized demands,
ensures material properties, and anticipates future challenges in the production process [1]. Additive
Manufacturing (AM) is revolutionizing these conventional methods by enabling rapid prototyping,
which accelerates design iterations and allows for the creation of complex geometries that are difficult
to achieve with traditional techniques [2]. AM is particularly useful in integrated component repair
via reverse engineering, allowing precise reconstruction and enhancement of damaged parts to
extend their lifespan [3]. The technology is widely used in industries such as automotive, medical
devices, and human-machine interfaces, where it produces lightweight, high-strength components
and customized parts [4,5].

This study focuses on utilizing Finite Element Analysis (FEA) to assess formability and the
development of a V-bending tool through AM [6]. In conventional V-bending, metal dies and

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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punches are used for bending at various angles, where the tooling contacts the sheet at three points:
the punch tip and the die shoulders. Bottoming involves pressing the material fully into the die cavity,
and coupling the punch, sheet metal, and die together. Tool steel dies are typically used for longevity,
but frequent replacement is not cost-effective for customized profiles or small batch production. AM
offers flexible tooling solutions, which can replace traditional systems to meet dynamic product
demands [7]. Fused deposition modeling (FDM), stereolithography (SLA), and selective laser
sintering (SLS) are some of the reliable AM techniques commonly used in the industry, utilizing
liquid polymers and powders to create prototype models [8,9]. Figure 1 provides an overview of
these AM techniques.

Bergonzia et al. explored the influence of build parameters in additive manufacturing (AM) on
bonded joint design factors. Their study focused on the parametric impact on polymer-bonded joints
to determine toughness, using PLA (Polylactic acid) and ABS (Acrylonitrile Butadiene Styrene)
materials. Testing for roughness, wettability, and tensile strength was conducted, and Taguchi L9
was applied to design experiments. The findings indicated that AM process parameters significantly
affect fracture toughness and optimal toughness can be achieved by adjusting the setup [10].
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Figure 1. Overview of additive manufacturing techniques.

Sargini et al. investigated the additive manufacturing of an automotive brake pedal using metal
FDM. The study demonstrated the potential of AM to produce metallic brake pedals with flexible
designs, utilizing BASF Ultrafuse 316L filament. Finite element analysis (FEA) confirmed the brake
pedal's viability and prototype testing verified smooth operation [11]. AM-integrated casting
effectively meets customized demands in advancing technologies achieving the required efficiency
[12]. Pujante et al. compared 3D-printed dies made from maraging steel 1.2709 with conventional tool
steel H13 for press machines. After 800 hot stamping strokes, wear and thermal performance analyses
showed that 3D-printed tools can be successfully used in die production [13] N. Naveed et al. studied
the effects of process parameters on material properties, identifying that raster patterns and angles
significantly influence 3D-printed parts. Scanning electron microscopy (SEM) revealed defects and
fracture areas in the samples [14]. Giorleo et al. researched the use of polymer punches in aluminium
deep drawing, concluding that elastic and plastic deformation of polymer punches affects the
formability of cups [15]. Schuh et al. have carried out experimental work for cup forming of steel-
grade material using PLA plastic tools, the outcomes suggest that FEA can be a useful tool to predict
the deformation failure in tools in the initial stage of forming. Secondly PLA material can effectively
form the cup in simulation and experimental results [16]. Nakamura et al. have discovered that sheet
metal may be bent with the help of plastic tools. Elastic deformation during bending increases the
angles of the plastic punch and die, and the products’ angles are higher than those of the steel tools.
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Bending with a plastic die and steel punch works well to increase the items' dimensional correctness
[17].

Klimyuk et al. investigated the use of 3D printing technology for quick tooling in sheet metal
forming for small-lot or custom manufacturing It was found that the primary issue with using 3D
printing technology for die tooling is that it might be constrained by the low proportionality limit of
3D-printed material. To demonstrate the difficulty of anticipating proportionality limits, several
specimens printed with various process parameters were evaluated. An aluminium sheet was
successfully drawn using a plastic punch and die that was produced [18].

Bachmann et al. investigated the mechanical comprehension of the procedure the algorithms
used to create their laser scan patterns and the effective laser origami of intricate 3D structures.
Choosing whether laser forming is the ideal production method necessitates design heuristics that
are yet unclear, just like with any other prototyping technology. To expand the capabilities of laser
forming and make it a reliable technology capable of producing functional, nearly arbitrary 3D
structures from flat substrates in an automated manufacturing environment [19].

Tondini et al. demonstrate the V-bending process in terms of tools altering the surface
topography while forming, reaching a stable state after five strokes. When bending to 90° with three
distinct punch nose radii, the spring-back angle and the resulting bend radius are used to assess the
geometrical correctness achieved in V-bending. The elastic deflection of the tools exhibits additional
effects on the spring-back, and the printing strategy is found to have an impact on the punch nose
radius because of the ratio of the tool radius to the thickness of the printed solid shell that encloses
the otherwise less dense bulk part of the tool [20].

Dengiz et al. A comparison has been made between various methods for simulating bimetallic
sheets using the finite element (FE) approach. To identify the FE model that produces the most
realistic outcome, sheets modelled under five distinct assumptions were compared to one another
and experimental data. The model developed under the presumption that there is a solidified
adhesive layer in the intermediate layer and an adhesion interface between this layer and metallic
layers produced the values that were most similar to the experimental findings [21].

Tagkin et al. investigated the deep drawing process modelled in Abaqus/Explicit finite element
(FE) software and was experimentally tested and the design factors of square medical containers were
identified. To cut down on the number of experiments, the Taguchi statistical method was applied.
When choosing thickness reduction (TR) and maximum punch force (PF) as output parameters, the
following variables were chosen as variables: blank holder force (BHF), punch radius (RP), die radius
(RD), coefficient of friction between die and blank (uDB), coefficient of friction between punch and
blank (uPB), and coefficient of friction between holder and blank (uHB). ANOVA analysis was
utilized to ascertain the impact of variable factors on the output parameters [22].

This study introduces an approach of tooling for metal forming processes by utilizing ABS 3D-
printed tools specifically tailored for V-bending operations on SS304 and AA6061. While earlier
studies have demonstrated the feasibility of using ABS tools for forming processes, they often focus
on limited bending angles or lack a comprehensive evaluation of formability and dimensional
accuracy. This study advances the field by integrating FEA with experimental validation across
multiple bending angles (30°, 45°, and 60°), providing a more holistic assessment of ABS tool
performance. Unlike previous research, this work uniquely explores the formability, dimensional
precision, and cost-efficiency of ABS tooling as a feasible alternative to conventional methods. By
integrating FEA simulations with experimental validation, the study provides insights into the
performance and durability of ABS tools, offering an innovative solution for flexible and cost-
effective manufacturing, particularly suited for small to medium-scale production scenarios.
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2. Material and Methods

Formability Analysis of the V-Bending Process

In the initial phase of the current study, a static model is used of FEA simulations of V-bending
operations for three angles 30, 45, and 60 degrees using two material grades, SS304 (Stainless steel
304) and AA6061 (Aluminium alloy 6061). These angles are commonly preferred in standard sheet
bending applications [23]. Investigating material formability during the forming process is crucial for
the error-free production of new products [24]. FEA, with its ability to reduce lead time and cost
while providing accurate formability results, offers an essential pre-production evaluation for sheet
metal processes. Its capacity to simulate a wide range of materials enables the assessment of potential
effects in advance, improving actual production through tool path generation and simulation [25,26]

The FEA simulation of V-bending begins with inputting parameters such as blank and tool
material, alighment, and the selected operation. The second step defines the process parameters such
as punch force, friction and contact between die, sheet and punch which is based on the material's
anisotropy and mechanical properties, while also fixing the bending direction. The adaptive mesh
size was considered for the model and dry condition for friction was considered for surface-to-surface
contact for bending operations The third step involves verifying results for thinning, formability, and
dimensional accuracy to identify potential errors, such as springback, thinning, and cracks [27]. Table
1 presents the input parameters used for the FEA simulations of V-bending operations.

Table 1. Input parameters for FEA simulation of V bending operation.

Values
Sr.no.  Input parameters Characteristics L.
Steel Aluminium Alloy
1 ) Name 55304 AA6061
Material grade )
Thickness (mm) 1.0 1.0
3 Tensile stress (MPa) 309.108 315.78
4 Plastics Properties R0O 1.5 1.6
5 R45 15 1.6
6 R90 15 1.6
7 Density t/mm? 7.8-e09 2.7-e09
8 Young’s modulus (MPa) 210000 70000
Elastics Properties
9 Poisson’s ratio 0.3 0.3
10 Yield strength (MPa) 189 170.8

As shown in Figure 2 the stress-strain relationship for Aluminium 6061 suggests significant
plastic deformation before failure. Initially, the curve rises steeply, showing the elastic deformation
phase where stress and strain are proportional called a linear region. As strain increases above 0.2
the curve starts to bend, indicating the beginning of plastic deformation. In this phase, the material
deforms permanently. The stress continues to increase with strain, showing strain hardening at 0.89,
where the material becomes stronger as it is deformed.
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Figure 2. Stress-strain diagram of AA6061 material.

Table 2 presents the theoretical calculations for the precise dimensions and force required to
bend a specific angle for a given material. The punch force is determined by multiplying the stress
generated during bending with the area corresponding to the bending length. The bending
coefficient, which depends on the sheet metal's length and thickness, is also factored in. Among these,
the bending length plays a significant role. Another critical factor is the bend allowance, which is
calculated based on the bend angle and the required bend radius. Impact of Coefficient K, a higher
value of K requires more force due to thicker sheets or tougher materials, lower K found in ductile or
thinner materials, reducing force requirements. These calculations serve as a reference to verify both
the process and geometric parameters [28,29].

CyXBXt?XTg
L

(6]

Punch Force =

Bend Allowance =xXx (1—’;0) x {R + (k x t)} ()

Where,

C, — Coefficient =1.2=L=16t
B=Bending Length
t=Thickness

Ts = Tensile Strength

L= Width of sheet
R=Radius

K=0.33 (R<2t)

Table 2. Theoretical parameters of the V-bending operation.

. Bending angle Thickness Radius Bending Length Punch
Material (degree) (mm) KFactor m)  (mm)(L1+L2-BA) force (kN)
60 1 0.33 2 64 9.8
Steel Grade
5304 45 1 0.33 2 62 9.79
30 1 0.33 2 60 9.7
60 1 0.33 2 64 5.5
Aluminum
Grade 6061

45 1 0.33 2 62 5.48
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30 1 0.33 2 60 54

The maximum percentage of thinning observed in the simulation results for 55304 and AA6061
is around 5% for all three angles, which is significantly lower than the standard acceptable limit of
20%. Observations from the forming limit curve (FLC), are used to predict the forming behaviour of
sheet metal. The forming limit curve (FLC) separates safe and failure regions indicating that both
materials can be bent safely at all three angles without major errors. Table 3 summarizes the forming
limit curve for V-bending operations for S5304 and AA6061 materials [30,31].

Table 3. Summary of forming limit curve for V bending operations for 55304 and AA6061 material.

Material Bending Forming limit curve
Angles
©)
S$S304 60 s Fomabilty: Menbrane | v
0 Max.  Sde
- 0T

— Failure
— Marginal (Absokute, 10.0%)

— Safe

Major Strain

— Compression
— Wrinkle
— Loose Metal (2.0%)
M 9 & 92 d1 @ 0 02 98 o Mo Loose Metal 20%)
Minor Strain
45 08
Formability: Membrane
0.8
Max:  Safe
074
06 — Failure
[
g 05 — Marginal (Absolute, 10.0%)
a
5 04 — Sdfe
8 0
2 \\ — Compression
02 S
— Winkle
0.1
0 — Loose Metal (2.0%)
.1 i %)
2 05 44 93 42 41 00 01 02 03 04 M | Loose Hod U0Y)
Minor Strain
30 0 Formability: Membrane
0.4 Max:  Safe
0.1-
— Failure
0.6+
.g o — Marginal (Absolute, 10.0%)
@
? 04 — Safe
‘% 03—
s \\‘ — Compression
0y — Wrinkle
0.1
— Loose Metal (2.0%)
Min:  Loose Metal (2.0%)

) —T—— T
26 05 04 03 D2 41 00 01 02 03 04
Minor Strain

3. Results and Discussion

3.1. Stress Analysis of Die and Punch for V Bending Operations

The properties of the dies used in the simulations for the V-bending punch and die are designed
considering the characteristics of ABS material and the V-bending press. The dies are made of ABS
(Acrylonitrile Butadiene Styrene), an engineering-grade thermoplastic known for its rigidity, impact
resistance, and thermal resistance ABS material was selected for its ability to withstand bending
forces and its permissible stress limits, making it suitable for the 3D printing of tooling components.
For design considerations, the 60° V-bending angle was chosen for the punch and die as it requires
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the highest punch force. As shown in Fig. 3 the geometry of tools having a length of 120mm is
considered for analysis. This is important because the V-bending process generates concentrated
forces, especially when working with thicker or stronger materials. In the model, the upper flange of
the punch is fixed, which simulates the real-world condition where the punch remains stationary
while the load is applied. A dynamic stress analysis was conducted on both the punch and the die to
evaluate the stress distribution and dimensional changes during the V-bending process. The
simulation involved applying maximum punch forces ranging from 5 kN to 10 kN to replicate real-
world operational conditions. The load was applied uniformly across the punch surface to simulate
realistic conditions and assess the punch's response to stress. For ABS, the tensile strength is
approximately 40-50 MPa, while the flexural strength is around 70.5 MPa. The simulation results
confirm that the 30° V-bending punch and die made of ABS material can handle the applied punch
forces. The maximum principal stress of 17.60 MPa is within the safe limits for ABS at the upper
flange, indicating that the tooling design will perform effectively without failure during V-bending
operations [32,33]. Fig. 4 shows the stress points on the punch geometry. The bending angle geometry
could be affected by increased compression caused by sudden loads and spring back in the sheet
metal after multiple bending cycles. The analysis indicated that the bottom of the punch showed
minimal skid marks; however, excessive skid marks could lead to tool wear and friction, impacting
geometric precision. Both steel and aluminium sheets were successfully bent to the required angles.
Fig. 5 shows the stress analysis of the die for the V-bending process. The principal stress around 5MPa
observed in the simulations remained well below these limits, indicating no damage to the material.
A displacement of 0.265 mm was observed on the upper side surface. The stress analysis highlights
that while the punch remains largely unaffected, the die experiences some compression and potential
long-term displacement. ABS material features exhibit higher compressive and shock-absorbing
capacity compared to PLA material. The deformation and stability of tools are disturbed after more
bending cycles as discussed by Zaragoza in his study of air bending applications. The high-
temperature resistance material enables it to withstand friction and heat generated during the
forming process, secondly, ABS plastic if used with composites and cured at optimised temperature
can easily form thick sheets in the metal forming process as discussed by T. Sathish in his study of
designing industrial component by 3D printing [34].

o1

Figure 3. Geometry of V die and Punch.

3.2. Properties Evaluation for Steel and Aluminium Material

Before initiating the experimental setup for the bending process, a standard spectroscopy test
was conducted using ASTM E1251-2017a and ASTM E1086-2022 methods to evaluate the chemical
content of both materials. The results confirmed that the elements in AA6061 and SS304 conform to
the required chemical specifications. Table 4 presents the chemical composition of both material
grades [35].

d0i:10.20944/preprints202502.1331.v1
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Figure 4. Stress analysis results of punch for the V-bending process.
Table 4. Chemical composition of AA6061 and SS304 grades.
AA6061 55304
Sr. no
Elements Percentage content  Elements Percentage content
1 Silicon 0.577 Carbon 0.022
2 Copper 0.288 Silicon 0.329
3 Zinc 0.100 Magnesium 1.490
4 Iron 0.516 Phosphorus 0.019
5 Magnesium 0.870 Sulphur 0.007
6 Manganese 0.081 Chromium 18.730
7 Chromium 0.195 Nickel 8.160
8 Titanium 0.037 - -
9 Aluminium 97.290 Iron 71.243
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Figure 5. Stress analysis results of die for V bending process.
4. Experimental Setup for V-Bending Process

4.1. 3D Printing of Tools

Dies and punches for V-bending operations are fabricated using an industrial-grade 3D printer
and engineering-grade ABS material. ABS was chosen for its exceptional properties, including high
impact resistance, stiffness, and temperature resilience, which distinguish it from other plastic
polymers. The flexural strength of ABS, approximately 70.5 MPa, ensures the tools' durability.
Additionally, the process adheres to ISO Standards 527 and 1133, confirming the reliability and
quality of the produced equipment.

The dies and punches used in this study were fabricated using an extrusion-based 3D printer.
Key printing parameters were as follows: nozzle temperature of 220-230°C, table temperature of
60°C, fan settings optimized for cooling at moderate speed, and a layer thickness of 0.2 mm. The
filament used was ABS with a diameter of 1.75 mm. The infill density was set at 70% to ensure a
balance between structural integrity and material efficiency. The print speed was maintained at 45
mm/s, ensuring high dimensional accuracy and surface quality, as illustrated in Fig. 6, making them
well-suited for bending operations [36].
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Figure 7. Shows the tooling setup for V-bending operation.

4.2. V Bending of Samples by 3D Printed Tools

A hydraulic press machine with a 20 kN capacity is used for V-bending operations, employing
standard dies and punches. The die and punch designs for 3D printing are customized to meet the
machine's specifications and availability. The tooling configuration for V-bending operations is
illustrated in Fig. 7. For sample dimension die geometry and effective sheet metal usage,
approximately twenty samples are produced for each angle. The loading conditions for aluminium
grades range from 4 kN to 6 kN, while for steel grades, they range from 5 kN to 10 kN [37].
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Figure 8. V bending samples of AA6061 and SS304 for 30°, 45°, and 60°.

The samples are bent as shown in Fig. 8 in a V-shaped bending machine according to loading
parameters to examine the formability and impact of the ABS die material on sheet bending. In terms
of the bend sample's profile, height, and thickness, the bending samples of both grades are validated
and contrasted with the findings of the FEA. Errors including springback, tears, and cracking are
checked in samples. For die and punch, the surface wear is additionally confirmed.

Figure 9. Batch of samples bent for 30°, 45°, and 60°.

Table 5 shows that the average lengths of bend angles for both materials deviate negligibly from
the theoretical and FEA results by only 0.007% and the bending angle deviation is on the lower side
around 0.01% the bending angle as shown in Table 6 is higher in steel material compared to
aluminium grade This minimal deviation indicates high accuracy and formability of the profile. The
measurements confirm the precision and reliability of the bending process. The validation of the FEA
results was carried out by comparing simulated geometries with experimental measurements
obtained using a Vernier calliper (accuracy: +0.02 mm) and a bevel protractor (accuracy: £0.5°). The
simulated and experimental data showed strong agreement, with deviations in bending length and
angle being less than 0.01% and 0.02%, respectively. These minimal deviations confirm the reliability
of the simulation model in predicting bending outcomes.
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Table 5. Bending Length of V bending samples for SS304 and AA6061.
Material  5°"4M8 B ding Length (mm)
ateria Angle () e g Leng Averag
Sample 2 3 4 5 6 7 8 9 T
no
60 64 639 638 64 63.9 64 63.98 63.97 64 63.95 63.95
Steel
55304 45 6198 62 62 61.98 62 6197 615 62 6197 62 61.3
30 59.8 60 5997 5998 59.99 60 60 59.87 59.87 6022 59.96
60 64 63.6 632 64 63.8 63.9 63.98 6397 64 6398  63.84
Aluminiu 45 6199 62 62 619 62 6199 62 62 6197 62 6197
m 6061
30 59.78 60 59.99 59.98 59.99 60 60 5990 59.88 59.99 59.99
Table 6. Bending angle of V bending samples for S5304 and AA6061.
Material  Bending Bending Angle (°) for samples Average
Angle ©)
)
Steel SS304 Sample 1 2 3 4 5 6 7 8 9 10
no
60 62 61 62 63 61.5 60 61 60 61 60 61
45 45 455 45 445 45 45 445 45 46 45 451
30 31 315 305 30 30 305 30 315 30 31 30.6
Aluminium 60 61.5 60 60 62 61 60 61 60 61 61.5 60.6
6061 45 45 45 455 45 45 455 45 455 45 45 45
30 30 30 31 31 31 30 30 30 30 30 30.2

The error margins primarily stem from experimental variability, including minor tool wear and
measurement inaccuracies, which were carefully controlled during the study. This quantitative
comparison demonstrates the robustness of the FEA model and supports the practical applicability
of the findings.

The failure modes observed in experimental samples, including tears and cracking, were
analyzed, and correlated with high-stress regions identified in the FEA simulations. This comparison
confirms the ability of the simulation model to predict areas prone to material failure.

Additionally, the actual bending angles were measured post-operation using a bevel protractor
and compared with the intended and simulated angles. The results, as presented in Table 6, indicate
a negligible deviation of less than 0.02% between the experimental and simulated angles,
demonstrating the accuracy of the FEA model. Punch forces used during the experiments were also
consistent with simulated values, further validating the reliability of the simulations.

Batch samples for angles of Sheet metal product manufacturing gain flexibility in terms of
reworks, complex profiles, and cost-efficiency. Additive manufacturing provides significant
economic advantages, particularly for batch production of various angles, compared to traditional
manufacturing processes. The cost of tool production is reduced by fifty percent when using additive
manufacturing tools. Table 7 compares the manufacturing costs of tools made from ABS grade and
steel. 30°, 45°, and 60° for the aluminium grade are illustrated in Fig. 9.

Table 7. Cost comparison of steel and ABS tools.

Specifications Steel Grade ABS Grade

Dimensions (mm)
Die 150 x 90 x 90; V cut 150 x 45 x45; Punch 150 x 120 x15; V projection 150 x 120 x15

Volume 1485x 102 mm?3 1485x 10 mm?3
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Density 7.870 x 107¢ Kg/mm? 1.05 x 107¢ Kg/mm?
Weight (kg) 11.68 13
Raw material cost ($) 11.55 5.77
Machining cost ($) 0.92/kg=10.80 5.77
Surface polishing cost ($) 2.89 0.58
Total approximate Cost in ($) 25.41 12.13

5. Conclusions

Based on the research study, the following major conclusions can be drawn:

1. Formability Testing with ABS Material: The formability of SS304 and AA6061 sheet metal was
tested using ABS material. Simulations with this tool material were completed, and the bend
samples exhibited a thinning within acceptable limits of 5%. The dimensional confirmability and
formability of the samples were assessed using the Forming Limit Curve (FLC) in the initial
stage.

2. Wear Analysis of Die and Punch: The die and punch showed minimal signs of wear, with few
skid marks on their surfaces. The principal stresses experienced during V-bending operations
indicate that the tool material can withstand compressive loads up to 139 MPa, which is within
permissible limits. This suggests that plastic materials can be effectively used for batch
production.

3. Samples bent using the ABS tooling were confirmed, and results were compared with FEA
predictions. The results demonstrate that ABS materials are both adaptable and cost-effective
for batch production. Wear analysis was qualitatively observed to be minimal based on visual
inspection during the experimental trials. However, it should be noted that wear may increase
when handling larger batches of more than 100 samples.

The study's results demonstrate that certain characteristics of AM-produced tools, especially
those fabricated from ABS material, improve formability during the V-bending process. The
customizable characteristics of additive manufacturing enable fine regulation of tool shape, thereby
mitigating prevalent faults like springback and thinning by providing enhanced support to the sheet
during the bending process. Secondly, the material qualities of ABS, such as its flexibility and shock-
absorbing capabilities, contribute to the preservation of dimensional accuracy while alleviating stress
concentrations at the bending junctures. These qualities enable a progressive dispersion of pressures
throughout the sheet, thereby reducing surface damage and enhancing formability. Ultimately, AM's
capacity to swiftly manufacture specialized, lightweight tools facilitates prompt modifications in tool
design, accommodating small-batch and customized production needs without the significant
expenses linked to conventional tooling materials.

Future Research Scope:

The combination of FEA simulations and plastic materials for tooling offers significant potential
for future research and applications. This approach can be extended to evaluate the formability of
advanced manufacturing processes such as deep drawing, stamping, extrusion, and other complex-
forming methods. In addition, springback behaviour will be analysed. In-depth studies are required
to employ quantitative methods, such as optical analysis or weight measurement, to provide a more
comprehensive evaluation of tool wear.

Further studies can explore its applicability in analyzing complex product geometries with
varying material grades and thicknesses. Additionally, the scalability of this methodology to larger
and more intricate forming operations, as well as its performance in long-term and high-volume
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production scenarios, warrants further investigation. Moreover, the AM fabrication parameters such
as orientation, layer thickness, etc. can be further explored.

Advancements in additive manufacturing materials such as ABS and its techniques could
enhance the durability and performance of plastic tools, enabling their use in more demanding
industrial applications.
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