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Abstract: Rapid tooling with polymer tools produced via additive manufacturing offers significant
benefits in sheet metal forming processes as it allows for the production of parts with high accuracy
while reducing tool production costs. In this research, the authors evaluate the performance of
polymer punches and dies in the sheet metal bending of 2 mm thick AISI 314 stainless steel. The
tools were made using nylon filled with carbon fiber and produced through Fused Filament Fabrica-
tion. Two different print orientations—horizontal and vertical—were compared. This experimental
study focused on the accuracy of the sheet’s bending angle and thickness while also measuring the
deformation induced in the tools. A new methodology was proposed combining both tools and sheet
measures to highlight not only the sheet’s accuracy but also the behavior of the polymer tools. The
results demonstrate that despite the permanent deformation of the tools, they were able to produce
sheets with a geometry accuracy of less than 0.5%

Keywords: rapid tooling; additive manufacturing; metal replacement; polymer; sheet bending

1. Introduction

The industrial sector is undergoing a transformative switch driven by the increasing
demand for lightweight, cost-efficient, and customizable tooling solutions. In sectors such
as the automotive, aerospace, and consumer electronics sectors, the trend of replacing
traditional metal tools with plastic counterparts is gaining momentum. This transition is
motivated by the significant advantages that plastic tools offer, including reduced tooling
costs, faster production times, and greater adaptability to complex geometries [1-4]. While
metal tools have long dominated sheet metal forming processes and other high-stress
applications due to their strength and wear resistance, advances in polymer composites are
opening new avenues for using plastic tools in specific scenarios like prototype production
and small-batch manufacturing [5-8].

One of the key drivers of this trend is the rise in additive manufacturing (AM) technolo-
gies, which have revolutionized rapid tooling. AM processes, particularly Fused Filament
Fabrication (FFF), enable the creation of complex, customized tooling components with
shorter lead times compared to traditional manufacturing methods like casting or machin-
ing. These technologies offer the flexibility to experiment with layer-by-layer fabrication,
which makes it possible to manufacture polymer-based tools for a wide range of applica-
tions, including sheet metal forming processes, injection molding, and die casting [2,9,10].

Recent research highlights the increasing use of polymer-based materials in rapid
tooling, particularly in cases where metal tools are over-engineered [11-13]. Advances in
material science have produced composites that incorporate metallic or ceramic fillers into
polymer matrices, improving the mechanical properties and wear resistance. Materials
such as carbon fiber-reinforced polymers (CFRP), aluminum oxide (Al,O3), and silicon
carbide (SiC) are now used to increase the durability and strength of plastic tools, making
them suitable for sheet metal forming processes previously reserved for metal tools. These
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polymer composites provide advantages like weight reduction, cost savings, and easier
manufacturing [14-19].

In the context of rapid tooling, FFF has been shown to be an effective method for
creating injection molds and sheet metal forming tools. Studies have demonstrated that
using metal-polymer composites in FFF can significantly reduce the cost and time required
for tooling [8]. The flexibility in post-processing and the ability to create complex geometries
in a single print make FFF a key technology for rapid tooling [20].

Despite these advancements, the full potential of polymer-based rapid tooling is
still being explored, particularly regarding the influence of printing parameters on the
performance of 3D-printed tools. One of the critical factors that affects the mechanical
properties of printed tools is the printing orientation. In additive manufacturing, the
alignment of layers during printing can have a significant impact on the tool’s strength,
dimensional accuracy, and surface quality [21-23].

In the present study, the focus is on evaluating the performance of 3D-printed dies and
punches made from polymer composites in the sheet metal V-bending process. Specifically,
this study investigates the impact of printing orientation on the mechanical properties,
dimensional accuracy, and surface quality of the tools. The aim of this study is to identify
the optimal configuration for producing high-quality tools using AM technologies by
comparing tools printed in horizontal and vertical orientations. The bending tests are
conducted using AISI 304 stainless steel sheets, and the results will provide insights
into the feasibility of using polymer-based tools for rapid tooling in sheet metal forming
applications. This study contributes to the growing body of research on AM for rapid
tooling, offering practical insights into the use of polymer composites in industrial settings.

2. Materials and Methods
2.1. Materials

AISI 304 stainless steel sheets were used as bending material. The dimensions of each
sheet were 100 mm in length, 2 mm in thickness, and 20 mm in width. The width and
length of the specimens were chosen in such a way that the sheet stripes are wide enough
to avoid plain stress condition while maintaining tool dimensions small enough that it
could be printed simultaneously in a reasonable time. Die and punch sets were fabricated
using additive manufacturing with Fused Filament Fabrication (FFF) technology. Onyx, a
nylon—carbon microfiber composite, was used as a material for the die and punch. Table 1
shows the mechanical properties of the sheet and tool materials.

Table 1. Mechanical properties of sheet and tool materials [7].

Onyx AISI 304
Tensile Modulus, GPa 24 193
Tensile Stress at Yield, MPa 37 190
Tensile Stress at Break, MPa 40 500-700
Tensile Strain at Break, % 25 40
Compression Modulus, GPa 1.16
Density, g/ cm? 1.2 8

The die and punch sets were produced with two different orientations—horizontal
and vertical—to evaluate their effects on the bending performance. The punch and die
were designed to achieve a 90° bend in the AISI 304 stainless steel sheets. The die features
a V-shaped cavity with a radius of 5 mm at the base. The punch is designed to complement
the geometry of the die. It has a similar V shape with a 90° angle at the bottom and a radius
of 5 mm, matching the die’s curvature, as shown in Figure 1. Both the punch and die were
designed for 3D printing using Fused Filament Fabrication (FFF) technology, and each
dimension was chosen to be at least one order of magnitude larger than the layer height to
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prevent any potential damage arising from a loss of accuracy due to the production process.
Since in the bending process established in this research, the sheet will never contact the
lowest part of the die, the die radius was set to 5 mm to prevent any stress concentration
due to potential tool deformation. The die and punch were designed for two printing
orientations: horizontal (Sample H) and vertical (Sample V). Both tools were printed using
an infill that consists of alternating layers with a density equal to 100% and an orientation
equal to 45° and —45°. The wall layer thickness was set to 2 layers, and the layer height
was 0.1 mm for both configurations.

(a) (b)

Figure 1. Design of punch (a) and die (b).

For each orientation, the tools were printed together; Figure 2 and Table 2 detail the
tools’ positions on the print plate, the design parameters, and the production time.

(a) (b)
Figure 2. The tools’ positions on the print plate for horizontal (a) and vertical (b) orientations.

Table 2. Detailed printing parameters and production times for horizontal and vertical samples.

Printing . X Wall Layer Height Punch and Die Time
Direction Infill Infill Strategy Layer [mm] Production [Day/Hour]
Horizontal Full +45° 2 0.1 1d/14h

Vertical Full +45° 2 0.1 2d/4h

Each set was printed with a full infill strategy using a +45° layer pattern, 100%
density, 2 wall layers, and a layer height of 0.1 mm. The printing time for the horizontal
configuration was 1 day and 14 h, while the vertical configuration required 2 days and 4 h
(Table 2). The resulting surface structures of the horizontally and vertically printed samples
are shown in Figure 3. These figures show a detailed zone on the bending area where
for the horizontal orientation, it can be clearly observed that the presence of the two-wall
layers on the tools contour, while for the vertical orientation, there is a layering effect.
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H Punch V Die

Figure 3. A comparison of the surface structures of the horizontally and vertically printed die and
punch samples.

2.2. Sheet-Bending Process and Methods for Data Acquisition

The bending tests were carried out using an RPRIC/80 hydraulic press (max load
80 tons) provided by Galdabini. The dies were mounted on the stationary lower platform
of the press, while the punches were attached to the movable upper platform. Each sheet
was placed on the die, and the punch was applied at a controlled speed of 1 mm/s. The
test aimed to achieve a 90° bend in the steel sheet, with 10 tests being conducted for each
configuration (horizontal and vertical). A gap of 2.5 mm was maintained between the
punch and die at the end of the stroke to prevent the over-compression of the printed tools.

After the bending tests, the profiles of the bent sheets were measured using a Renishaw
Cyclone 2 CMM, with 180 data points being captured on both the internal and external
surfaces, including 150 points in the bending area. These data points were then imported
into SolidWorks, where a spline was created by connecting all 180 points. Finally, an
extrusion feature was applied to generate a 3D digital model of the bent sheet. The same
procedure was followed to digitize the die and punch geometry after the bending process.

From the digital files, the following measurements were obtained for the sheet: three
internal angles were measured at different distances from the bending area—near the
bending area, in a middle zone, and at the end of the sheet (Figure 4a). Additionally, five
thickness measurements were taken in the bending area to monitor the sheet’s behavior
during bending (Figure 4b). For the punch and die, single measurements of their height,
width, and angle were taken before and after use in production to ensure that the printed
components matched the design specifications (Figure 4c,d).
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Figure 4. Measurement of cup angle (a); cup thickness evaluated in bend area (b); punch height
width and angle (c); die height width and angle (d).

3. Results
3.1. Sheet Analysis

This section presents the main results of the sheet analysis. A visual inspection
confirmed that all sheets were produced with high accuracy, successfully achieving the
desired bending angles. For instance, Figure 5a illustrates the 10th sheet produced using
vertically oriented tools. Additionally, all sheets were assembled for further inspection.
Figure 5b,c display the sheets in numerical order from lowest to highest. The inspection
revealed that all sheets were correctly produced with no visible defects, abrasions, or cracks
in the bending areas or any other sections.

(@) (b) ()

Figure 5. Photographs of stainless steel bent sheets demonstrating high quality and defects after the
bending process: an example of the sheet accuracy (10th sheet, vertical orientation) (a) and a detailed
view of the sheet produced in the cases of (b) vertical orientation and (c) horizontal orientation.

As shown, a gap appears when the bent sheets are aligned, which is caused by
variations in the bending angle. When the angle is not constant, it results in gaps be-
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tween consecutive aligned sheets. A closer inspection revealed that these gaps are more
pronounced in the horizontal configuration. Regarding the thickness, no significant obser-
vations were made.

Figure 6 illustrates the individual value plot of the sheet-bending angle as a function
of the sheet number and tools’ orientation on the print plate.
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Figure 6. Individual value plot of cup angle (a) and interval plot of cup thickness evaluated in
bending area (b).

The bending angles of the horizontally printed tools showed notable deviations,
particularly for the fifth test (Figure 6a). The bending angles recorded for the 1st, 5th, and
10th bent cups were 91.25°, 89.69°, and 90.20°, respectively (Table 3). These variations
indicate that the horizontally printed tools may suffer from wear or deformation, leading
to inconsistent results over repeated uses [24-26].

Table 3. Comparison of captured measurements for sheet analysis.

Tool Axis Cup Sheet Angle [°] S}];?: d"l;ﬁ;cll;r;::s[ri:ntll]le
Horizontal 1 90.07 1.92
Horizontal 5 89.49 1.93
Horizontal 10 90.20 1.93

Vertical 1 90.08 1.93

Vertical 5 90.25 1.94

Vertical 10 90.13 1.93

In contrast, the vertically printed tools maintained better consistency across the tests.
The bending angles for the 1st, 5th, and 10th cups were 90.08°, 90.26°, and 90.14°, re-
spectively (Table 3). The more stable bending angles observed in the vertically printed
tools suggest that this orientation provides greater structural integrity, maintaining closer
adherence to the intended 90° angle.

Concerning the sheet thickness analysis reported in Figure 6b, these measurements
provide insights into how the material thickness behaved under different tool orientations.
By observing the graph, it can be seen that the thickness is not affected by the tools’
orientation and sheet number; generally, a value of 1.93 &+ 0.01 mm (average and standard
deviation evaluated from all values reported in Table 3) can be achieved at the end of the
bending process, showing that the thickness undergoes a reduction in the bending angle
due to punch compression.
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3.2. Punch and Die Analysis

The main results related to the geometry measurements acquired for the punch and
die tools after the sheet-bending process are illustrated in Figure 7 and detailed in Table 4.
To correlate all measurements, the value A is introduced as the percentage deviation of the
measured value with respect to the CAD.

Individual Value Plot of & [%]

MW.0% [ ]
Parameter .

® Angle |7
®  Heigth [mm
& Whdih [mim]
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6.0%
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Toaol axis H ¥ H ¥ H W H W H ¥ H ¥

Toal Die Punch Die Punch e Punch
faramaeter srghe [*] Heigth [mm] Width [rmm)

Figure 7. Individual value plot of percentage deviation from CAD value of tool angle, height,
and width.

Table 4. Punch and die dimensions after bending for horizontal and vertical printing directions.

Tool Tool Axis Parameter Value CAD A [%]
Die Horizontal Angle [°] 90.06 90 0.1%
Die Vertical Angle [°] 90.00 90 0.0%
Die Horizontal Height [mm] 84.78 85 —0.3%
Die Vertical Height [mm] 85.00 85 0.0%
Die Horizontal Width [mm] 110.82 101 9.7%
Die Vertical Width [mm)] 111.00 101 9.9%
Punch Horizontal Angle [°] 90.26 90 0.3%
Punch Vertical Angle [°] 90.21 90 0.2%
Punch Horizontal Height [mm] 61.40 62.9 —24%
Punch Vertical Height [mm] 61.47 62.9 —2.3%
Punch Horizontal Width [mm] 100.02 100 0.0%
Punch Vertical Width [mm] 99.76 100 —0.2%

The results clearly indicate which values underwent deformation during the bending
process. As shown, the punch height and die width deviated from the CAD geometry by
approximately 2.4% and 10%, respectively (Figure 7). These values remained consistent
regardless of whether the tools were produced vertically or horizontally. All other measured
data show variations within a range of —0.3% to 0.3% (Table 4).
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4. Discussion

The findings of this study provide a comprehensive comparison of the bending perfor-
mance and durability of tools printed in horizontal and vertical orientations. As presented
in Figure 8, the graph depicting the bending angles of the 10th and final bent cups, along
with the final states of both the horizontally and vertically printed punches, shows that both
orientations exhibit bending angles slightly above the target of 90 degrees. The increase in
the bending angle is attributed to the compression of the punch height during the bending
process. Since the sheet is always in contact with the punch during bending, as the punch
height decreases, the punch angle increases, resulting in a corresponding increase in the
sheet’s bending angle. As shown in Figure 8, the vertical punch and the corresponding
sheet exhibit values closer to the CAD geometry. However, when observing the y-axis, the
precision achieved is within a range of tenths of millimeters.

91.00
90.75 1

90.50 1

5025 - L

Cup/Punch Bending Angle [°]

CaD
S0.00

Taal axis Harizontal Wertical Horizantal Vertical
Fart Cup Punch

Figure 8. An individual value plot of the bending angle for the 10th cup and for the punch after the
bending process.

Comparing the sheet and tool analyses allows for another observation: the results show
that the die width is also subject to deformation, particularly expansion. This expansion not
only alters the die angle (as shown in Figure 7, with variations below 0.3%) but also affects
the die’s inclination, causing the sheet to undergo a slightly different bending inclination.
In Figure 4a, the angle was measured at different distances and is influenced by different
tools; the inner measurement is in contact with the punch, while the outer measurement
is in contact with the die. Since the punch and die deform differently, the bending angles
differ, explaining the deviation observed in Figure 6a, particularly for the horizontal tools,
while the vertical tools demonstrate better stability. A photograph of the punch, die, and
10th sheet assembled together is shown in Figure 9, where the gap between them, caused
by permanent tool deformation, is visible.

To enhance the robustness of the final analysis, an ANOVA (Analysis of Variance) test,
with a confidence interval of 95%, was used to compare the effect of the tool axis parameter.
The p-values obtained for the tool axis are shown in Table 5. A p-value below 0.05 indicates
that the tool axis has a statistically significant effect on the measured values, while a p-value
above 0.05 suggests that it does not.

In summary, it can be concluded that print orientation is not significant for the process’s
performance, although vertical tools provide better stability.

However, it is important to consider the time required for printing each tool. The
horizontal tool took 1 day and 14 h to print, whereas the vertical tool required a significantly
longer duration of 2 days and 4 h. This longer printing time for the vertical tool suggests a
more complex printing process or potentially greater material consumption, which might
contribute to the observed deformation issues.
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(b)

Figure 9. Deformation of horizontally (a) and vertically (b) printed tools after bending process.

Table 5. The p-value of the tool axis parameters evaluated from the ANOVA test.

Parameter Measured p-Value
Sheet-bending angle 0.056
Sheet thickness in bending area 0.140
Tool height 0.880
Tool width 0.817
Tool angle 0.666

In summary, while vertically printed tools offer advantages in precision and stability,
horizontally printed tools allow for a reduction in production time.

5. Conclusions

In this study, the authors investigate the performance of nylon reinforced with short
carbon fibers in the fabrication of V-bending punches and dies using Fused Filament
Fabrication (FFF). Two sets of tools were produced, differing in their orientation on the
print plate: horizontal and vertical. Ten sheets of 2 mm thick AISI 304 stainless steel were
bent, and the geometry accuracy of the sheets, as well as the deformation of the tools, were
measured using a Coordinate Measuring Machine (CMM).

A statistical analysis of the data indicated that tool orientation did not significantly
affect performance, even as the production volume increased. However, the results show
that despite the punch experiencing a height reduction of 2.4% and the die exhibiting a
width enlargement of 10%, the accuracy of the sheet geometry remained within 0.5%. The
vertically oriented tools demonstrated greater stability, whereas the horizontally oriented
tools required a shorter production time.

Moreover, it was found that these polymer tools undergo deformation during the
bending phase. It has been observed and demonstrated that this deformation mainly occurs
in areas far from the actual working zone, where the tool is free to deform; this means that
in the bending area, there were no deformations, so it is possible to produce a 90° angle.

Future research will aim to better analyze the elastic recovery of the sheet and the
elastic deformation of tools with an FEM approach.
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