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Abstract: Within the scope of the work, the possible use of fused deposition modeling
(FDM) technology in executing rapid prototypes of cutting tools for aluminum sheets was
systematically studied. Relevant investigations have thus far mainly concentrated on tools
for the 3D printing of bent and deep-drawn pieces, yet the implementation of FDM tools in
cutting has been insufficiently covered. This study aims to determine the characteristics
of FDM cutting tools, such as wear and tear, dimensional stability, and cutting efficiency.
Various tool designs were tested under different wall thicknesses and orientations with
respect to the feed of Al99.5 sheets with thicknesses of 0.22 mm and 0.3 mm. According to
the results, in the best case, three-dimensional printed PLA tools performed six cuts with
no burrs and an acceptable wear level due to the IT tolerances (IT9 and IT10). Tools with
thicker walls and more appropriate orientations were found to be more robust. However,
some designs failed when subjected to greater loads, revealing a deficiency in some of the
strength properties of the material. These observations suggest that it is possible to create
3D printed tools for modeling and small-scale production at considerably cheaper and
faster rates than conventional methods. Future work will integrate advanced materials and
designs to enhance tool performance, further solidifying FDM as a transformative approach
in industrial tool manufacturing. With this research, the authors wanted to demonstrate
that FDM technology can also be used to produce a classic sheet cut, which, of course, is
still of great importance for prototyping or setting up production processes. This research
demonstrated that FDM printing can play a role in this area.

Keywords: 3D printing; PLA; FDM; rapid prototype; 3D scanning; optimization; part-off
die; cut-off die; GOM ATOS; sheet metal

1. Introduction

Sheet metal forming is widely used across various industries and is one of the most
popular manufacturing technologies to produce finished products [1-4]. Its applica-
tions are especially prominent in the automotive and aerospace industries, as well as
in the food and domestic appliance sectors [5,6]. Key advantages of this technology in-
clude the ability to produce parts without requiring highly skilled labor, as well as its
ease of production, excellent mechanical properties of the formed parts, and minimal
waste generation. However, its major drawbacks include the high cost of tooling, the
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extended time needed for tool production, and the lengthy iterative process to achieve
the final geometry [1-4]. This iterative process can significantly delay the optimization of
tooling production [7,8].

In today’s industries, rapid product development is crucial for maintaining competi-
tiveness [9-12]. Flat sheets can be transformed into complex three-dimensional components
using processes such as bending and deep drawing [2,13]. Advanced operations include
welding [14], bolting, adhesive bonding [15], and the use of clips [16,17], among others.
There is a growing demand for customized components and small-batch production. Rapid
prototyping presents a significant opportunity to reduce both product development time
and manufacturing costs [5-8]. Tooling processes that allow sheet metal forming without
relying on conventional (metal) tools are increasingly important, particularly for short
production runs where conventional tooling costs are prohibitive. Prototyping aims to
optimize manufacturing processes and detect potential defects.

Due to the high production time and cost of conventional tools, sheet metal-forming
technology is primarily suitable for large-scale production. To address this, the use of
additively manufactured tools and alternative materials, such as aluminum and synthetic
resins, has gained attention. Additive manufacturing offers greater flexibility and re-
source savings, making it ideal for rapid prototyping and low-volume production. Mar-
ket demand has driven significant interest in additive manufacturing technologies and
3D printing [18-21].

3D printing is rapidly advancing, enabling the production of complex parts that are
challenging to create using other methods. This process starts with a digital CAD file
that is converted into an STL format. Specialized slicing software generates a G-code file
containing layer-specific instructions, which the 3D printer uses to create the part layer by
layer [22-24]. Similar technologies have been applied to unique applications, such as 3D
printing railway ballast aggregates [25,26] and studying ballast track deformation [27,28].

Various polymeric materials have proven valuable in the development of sheet-
forming tools, particularly for low-volume production, offering significant cost savings and
shorter lead times [20,29]. PLA (polylactic acid) is a popular and inexpensive 3D printing
material with excellent printability. Research has shown that 3D-printed PLA tools can
effectively shape sheet metal, delivering results comparable to those achieved with metal
tools in terms of formability [9,30].

From a tooling perspective, fused deposition modeling (FDM) is one of the most
promising 3D printing technologies. Studies highlight significant potential for the use of
FDM tools across various industries. This technology builds parts by depositing layers of
molten plastic. While the raw material (plastic filament) is cost-effective, the resulting parts
exhibit lower strength compared to those made via conventional injection molding due to
slight porosity [1,18].

FDM plastic tools in sheet metal forming offer shorter lead times than conventional
tooling. However, due to their lower yield strength and elastic modulus, plastic tools are
more prone to failure and have reduced dimensional accuracy. Therefore, these tools are
most suitable for small-batch production, where their manufacturing cost is significantly
lower than that of traditional metal-forming tools. Additionally, the elastic deformation of
plastic tools reduces friction during forming, eliminating the need for the surface treatments
required for metal tools [1,18].

Because tooling is typically expensive and initial tool tests are often imperfect due to
the complexity of modern parts and sheet materials, 3D-printed tools provide an attractive
alternative for rapid prototyping and small-scale production [2,18]. Although extensive
research exists on 3D-printed polymer tools for bending and deep drawing, studies on their
use in cutting or punching applications remain scarce [2,13].
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Various studies have examined the feasibility of using 3D-printed tools for sheet metal
forming. Conventional metal tools are dominant in the sheet metal bending sector, but
unfilled and reinforced plastics are being explored as cost-effective alternatives to replace
metal components [2,19]. Additionally, thermoplastics are recyclable, and polymer tool
inserts produced via 3D printing or other rapid manufacturing methods can be quickly
replaced. Polymer inserts have also been shown to reduce aesthetic defects in bent sheets.
Studies indicate that in air bending, polymer tool inserts achieve comparable process
capabilities to those of metal tools [2,19].

Research into using 3D-printed tool inserts in metal frames for V-bending has shown
that springback behavior is comparable to that of all-metal tools. Additionally, using plastic
tools improves surface quality due to reduced scratching of the workpiece [2,19]. When
all-plastic tools were tested for V-bending, the final bending angle exhibited lower accuracy
due to increased elastic deflection. However, the process showed repeatable performance
across different materials [2,31].

Challenges in using thermoplastics for punching applications include their low com-
pressive strength and variability in the manufacturing process caused by 3D printing
parameters. Researchers have identified critical printing parameters, such as infill per-
centage, wall thickness, extrusion width, and printing temperature. Experiments on deep
drawing demonstrated that cups could be successfully formed without visible wear on 3D-
printed tools [1,2]. Furthermore, lubrication was found to be unnecessary for forming heat
exchanger plates when using plastic tools, thanks to the plastic’s anti-friction properties [2].

FDM tools have also been used for 90° bending tasks. Despite the low strength of
plastic tools, they successfully bent sheets, including steel plates, with tensile strengths
of up to 440 MPa. However, enhancing tool stiffness is necessary to improve dimen-
sional accuracy [18]. Experiments on deep drawing with plastic dies revealed that high-
pressure conditions caused the tools to deform permanently, making them unsuitable for
further use [18].

The environmental issues associated with lubricants in metal forming emphasize
the importance of developing lubrication-free processes. Plastic tooling has been shown
to prevent sticking, a common issue with steel tooling during extrusion [18]. Research
combining PLA dies with steel stamps showed that this approach effectively improved the
dimensional accuracy of bent parts for both aluminum and steel sheet metals [9,32].

A consistent theme across the literature is that 3D printing is well-suited for rapid
prototyping and the small-scale production of forming tools [2]. Efforts to enhance the
mechanical properties of 3D-printed tools have focused on optimizing parameters such
as layer thickness, orientation, and infill structure. The anisotropic nature of FDM parts
significantly affects their strength and stiffness, with the stronger/strongest properties
aligned along the extrusion direction [33-35].

Dimensional accuracy, influenced by parameters like extrusion temperature, feed rate,
and nozzle diameter, is critical for practical applications. Higher extrusion temperatures
can lead to dimensional deviations due to material expansion, while optimized slicing
software and machine controls have been shown to improve accuracy [36-39].

In summary, while FDM technology has found widespread applications, its potential
for cutting applications in sheet metal forming remains largely unexplored. This study
aimed to investigate the use of 3D-printed cutting tools, detailing materials, methods, re-
sults, and conclusions. Future research will explore further applications and improvements.

2. Materials and Methods

This section describes the materials used, the equipment needed for the experiments,
and the test procedure.
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2.1. Materials

In the experiment, A199.5 sheet materials with thicknesses of 0.22 and 0.3 mm were
tested for cutability. A199.5 is a high-purity aluminum alloy with a 99.5% aluminum content
and is one of the most commonly used materials in the aluminum industry. Due to its high
purity, it has many favorable properties that make it suitable for various industrial, and
even architectural, applications. It is used as a raw material for switches, contacts, and
other electrical components in the automotive industry. It is used for exterior cladding
and roof tiles in the construction industry due to its corrosion resistance. It is resistant
to corrosion in acidic or alkaline environments and is therefore used in tanks suitable for
the storage of chemicals. It is also used in automotive cooling and heating systems. It is
precisely because of this broad applicability, which the authors experience in their own
daily work, that the authors conducted this study.

Al99.5 has excellent corrosion resistance to a wide range of environmental influences,
such as atmospheric, water, and chemical attacks. This makes it particularly suitable for
outdoor applications and environments where corrosion protection is critical. The material
has excellent formability in both cold and hot conditions. Al99.5 sheets can be easily formed
into different shapes by, for example, bending, rolling, or pressing. It is, therefore, often
used in applications where precise and easy formability is essential. In the automotive
and electronics industries, it is used prominently for bulbs and fluorescent tube housings.
Table 1 summarizes the measured chemical composition of the Al 99.5 material.

Table 1. Measured chemical composition of the A199.5 in w/w% unit (ISO 209 [40]).

Cu Mg Mn Si Fe Zn Ti Al
0.05max. 0.05max. 0.05max. 0.25max. 040max. 0.07max. 0.05max. 99.5min.

Al99.5 has a relatively low strength compared to other aluminum alloys, making
it unsuitable for structural components requiring high mechanical stress. However, its
low density and good ductility make it an excellent material for lightweight but strong
structures. Table 2 illustrates the measured mechanical properties of the AL 99.5 material.

Table 2. Measured mechanical properties of the A199.5 [41,42].

Measured Mechanical Properties

Tensile strength [MPa] ISO 6892 60
0.2% proof strength [MPa] ISO 6892 20
Min. elongation at fracture [%] ISO 6892 25
Brinell hardness [HBW] ISO 6506 20

Filaticum PLA filament was chosen to 3D print the cutting tools, as it provides excellent
printing parameters. It was also chosen because it is a common, easily available, easy to
print, non-specialized 3D printing material, which will enhance the results of the tests by
proving the applicability of the cheapest possible solution needed to generate a successful
test. Filaticum PLA is a type of composite material that contains other ingredients besides
PLA, such as pigments, lubricants, and fillers, which result in a “softer” PLA. This makes the
filament easy to print, even at lower temperatures. Another favorable property of Filaticum
PLAs is that they shrink only minimally, resulting in no deformation of the printed piece,
which is particularly important for various tooling applications. The filaments are made
from natural raw materials and are biodegradable under industrial conditions, making
them excellent for prototypes and various models. Table 3 shows the main parameters of
the PLA budget. PETG and ABS were deliberately not used because one of the aims of the
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article was to investigate PLA material that can be printed well with the simplest printing
parameters and using cheap printers.

Table 3. PLA budget filament parameters.

Filaticum PLA Budget
Nozzle temperature [°C] 195-225
Nozzle size [mm] 0.2-1.2
Bed temperature [°C] max. 70
Cooling fan [%] recommended up to 100
Layer height [mm] 0.2-0.8
Print speed [mm/s] optimal 20-80, max. 250

Table 4 shows the mechanical properties of the material according to the different standards.

Table 4. Raw material mechanical properties [43-47].

Physical Properties Method PLA
Specific gravity [g/ cm?] D792 1.24
Heat distortion temp. (HDT) [°C] D790 55
Glass trans. temp [°C] D3418 55-60
Tensile strength [MPa] 1SO 527 60
Tensile elongation [%] 1SO 527 6.00
Tensile modulus [MPa] 1SO 527 3800
Notched Izod impact [k] /m?] ISO 180 16

2.2. Equipment

The test pieces were printed on the Creality CR-10S Pro V2 3D printer (Shenzhen
Creality 3D Technology Co., Shenzhen, China). The printer has a large print volume
(300 x 300 x 400 mm), which allows for the production of larger objects. The device
is equipped with a number of advanced features, including automatic leveling, which
significantly simplifies print preparation. The printer features an improved extruder
system that ensures more uniform material feed and minimizes jams, improving print
reliability. Table 5 summarizes the most important parameters of the printer.

Table 5. Creality CR 10S Pro V2 data sheet.

Printer Creality CR 10S Pro V2
Technology Fused deposition modeling (FDM)
Build volume [mm] X xY x Z:300 x 300 x 400
Filament diameter [mm] 1.75
Feeder type dual drive (DD)
Max. hot end temperature [°C] 260
Max. heated bed temperature [°C] 100
Max. print speed [mm/s] 180
Slice thickness [mm)] 0.1-0.4
Print precision [mm] +0.1

The CR-10S Pro V2 is equipped with a touchscreen and TMC 2208 motor controller
for virtually silent operation. The heated print bed heats up quickly, and the printer is
compatible with a wide range of materials, including PLA, ABS (acrylonitrile butadiene
styrene), PETG (polyethylene terephthalate glycol-modified), and TPU (thermoplastic
polyurethane). The printer supports a restart function in the event of a power failure, so
interrupted print runs can be resumed. With features like these, the CR-10S Pro V2 is a
reliable, accurate, and versatile choice for general users. Figure 1 shows the printer and the
printing orientation of the tools.
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Creality 3D®

Figure 1. Illustration of printing layouts. (From the bottom up: the first row is tilted at 0°, the second
at 15°, and the third at 45°).

Ultimaker Cura printer software (slicer) was used to set the printing parameters of the
3D printer. Cura is an open-source, accessible 3D printing software. Its primary purpose is
3D model slicing, i.e., to break down digital models into layers from which the 3D printer
gradually builds the final object. Cura is widely used, as it is compatible not only with
Ultimaker printers but also with many other brands and models.

The software’s simple user interface and numerous configuration options make it
attractive for beginners and advanced users alike. It offers a variety of modes: the default
mode allows simple settings for fast printing, while advanced settings allow detailed
control over layer thickness, print speed, and extrusion rate. It also supports the installation
of plug-ins so that someone can add additional features, such as predictions of print time
and material consumption. Table 6 contains the 3D printing properties, as well as Figure 2
shows the status of tools after slicing in Cura’s software. It is important to note that the
infill effect is being investigated in another study, where a 40% infill was chosen based on
previous experience. In addition to examining the effect of orientation, the present study
also investigates the effect of wall thickness.

Table 6. 3D printing properties (on the basis of [23,37,38]).

Properties of 3D Printing

Nozzle temperature [°C] 215

Bed temperature [°C] 60

Print speed [mm/s] 50

Layer height [mm] 0.2

Infill [%] 40

Infill pattern Cubic
Wall thickness [mm)] 2,4,and 6

The GOM ATOS II Triple Scan optical 3D coordinate measuring machine was used to
determine the deformation of the tools (see Figure 3) by applying the DIC (digital image
correlation) technique. The optical scanner(GOM GmbH, Braunschweig, Germany) was
developed by GOM Software Co. (now Zeiss Inspect). The measuring system is based
on structured light. With GOM ATOS II Triple Scan technology, it is possible to digitize
the surface of objects of different sizes and to determine their coordinates by changing the



Appl. Sci. 2025, 15, 442

7 of 18

lenses of the cameras and projector and by changing the angle between the cameras. Its
principle of operation is based on triangulation, which allows information about the whole
geometry to be obtained. By automating the measurement process, the time required for
the process is significantly reduced, making it more economical, and the accuracy of the
inspection is increased, making it more and more widely used in various industries [27].

Figure 2. Tool orientation in Ultimaker Cura software. (From the bottom up: the first row is tilted at
0°, the second at 15°, and the third at 45°).

Figure 3. The GOM ATOS 3D scanner during digitization.

As aresult of digitization, a dense, high-resolution point cloud in the software provides
rapid feedback on individual defects, which has a positive impact on the production process.
Non-contact measurement has a significant advantage over traditional tactile measurement
in that a large number of measuring points can be recorded in a very short time [27].

In this research, MV170 lenses, i.e., the measuring range, were used to perform the
measurements (Figure 3). Digitizing requires calibrating the system, which consists of
scanning the caliper plate from different distances and angles. After the measurement,
the measured models were compared with the CAD model of the initial piece in ATOS
Professional 2017 software [27].

The Wimmer Garage Tools SP100E (see Figure 4) is a heavy-duty, 100-tonne workshop
press specifically designed for use in industrial environments. This hydraulic press is
the ideal solution for a variety of workshop tasks, including pressing, bending, forming,
and other assembly tasks. The robust steel construction of the SP100E ensures its long
life and a stable operation environment, while the hydraulic system provides precise and
smooth force applications, making it easy for the user to handle challenging workflows.
Its ergonomic design and simple control panel ensure ease of use, making it easy to use
for both experienced professionals and less experienced users. The Wimmer Garage Tools
SP100E is a reliable choice for any workshop where efficient and safe pressing is a priority.
For technical specifications of the press, see Table 7.
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Figure 4. The EZ-TOOLS SP100E workshop press.

Table 7. Az EZ-TOOLS SP100E data table.

Technical Specifications/Parameters

Type/model SP100E
Max. loading capacity [t] 100
Stroke length [mm] approx. 280
Piston size in diameter [mm] 68
Maximum working width [mm] 810
Working height [mm] approx. 60-950
Minimum height [mm] approx. 400
Overall dimensions (length x width x height) [cm] 195 x 115 x 50
Height adjustment at 7 points
Shipping dimension (length x width x height) [cm] 200 x 115 x 52
Shipping weight [kg] 630

2.3. The Cutting Process of the Specimens

To minimize burr formation, the correlation established by Komarov can be utilized
during the design of the polyurethane-padded tool to determine the minimum height of
the cutting edge that ensures optimal burr formation [48]. This relationship is illustrated
in Figure 5.

&

Figure 5. Calculation method of the tool height (H) considering the conical angle («).

The optimal height of the cutting die (H) to minimize burr formation can be calculated
using Equation (1).

H:3(1+‘?2)103>\/§[mm] )

where s is the thickness of the plate (sheet) in mm and Aj; 3 is the percentage strain at
breakage related to L, = 10-dg, measuring the basis (base) length (dj represents the original
diameter (or thickness) of the sample or specimen used in the tensile test before any
deformation occurs) [49,50].
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Using the Komarov tooling arrangement [48], the compression tools are commercially
available 5 mm thick rubber sheets (80 ShoreA) stacked 50 mm thick. The cutting speed was
not relevant due to the compression of the bases, but the machine speed was 20 mm/min.

Based on this correlation, the required cutting edge heights for the Al99.5 sheet
materials with thicknesses of 0.22 mm and 0.3 mm are listed in Table 8. No literature data is
available on the angle of under-grinding, and arbitrary values are generally recommended.
For the experiments, a uniform under-grinding angle of 3° was applied.

Table 8. Tool height dimensions (on the basis of [1,18]).

H [mm)]
S Al99.5 (A11.3 = 500/0)
0.22 mm 2.11
0.30 mm 2.46

The printing orientation (i.e., the angle between the printed object and the printing
bed) can influence the mechanical properties of the model. To investigate this effect, the
cutting edges for the polyurethane-padded punching tool were printed with three different
orientations: 0°, 15°, and 45° relative to the plane of the print bed.

Adjusting the wall thickness can also affect the mechanical properties of the model.
Increasing the wall thickness makes the model progressively stiffer. For the cutting edges
of the polyurethane-padded punching tool, three wall thickness values were set for each
printing orientation, aiming to determine the optimal configuration for punching thin
aluminum sheets. These wall thicknesses were set to 2 mm, 4 mm, and 6 mm, as shown
in Table 9.

Table 9. The measurement matrix.

Model Sheet Thicknesses [mm] Material Orientation  Wall Thickness [mm]
Al 0.22;0.3 Al99.5 0° 2
A2 0.22;0.3 Al99.5 0° 4
A3 0.22;0.3 Al99.5 0° 6
Bl 0.22;0.3 Al99.5 15° 2
B2 0.22;0.3 Al99.5 15° 4
B3 0.22;0.3 Al99.5 15° 6
C1 0.22;0.3 Al99.5 45° 2
C2 0.22;0.3 Al99.5 45° 4
C3 0.22;0.3 Al99.5 45° 6

After printing, the brim (a technological addition to enhance adhesion) had to be
removed from the edges of the printed tools. This feature improves adhesion to the printer
bed. Furthermore, the supports had to be removed from the underside of tools printed at
15° and 45° orientations. These supports were necessary to provide backing for the initial
layers deposited in midair.

The measurement process was carried out using the GOM ATOS optical measure-
ment system following post-processing steps. Initially, the 3D-printed cutting edges
were digitized in their as-printed state (referred to as the O-state) to serve as reference
data. Afterward, three sheets were cut, followed by a second round of scanning. Subse-
quently, an additional three sheets were cut, and the process concluded with a third round
of measurement.

Thus, each test specimen involved six cutting operations. This six-cut sequence was
conducted for both 0.22 mm and 0.3 mm thick sheets. The process is illustrated in Figure 6,
and the press assembly is shown in Figure 7.
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3D optical 3 x Blanking 3D optical 3x Blanking 3D optical
measurement measurement measurement

Figure 6. Flowchart of the scanning process.

Figure 7. Measuring set-up. (One active tool (white). The metal parts are included in the machine:
D80 mm, D100 mm, D250 mm, and some rubber sheets are visible above the active tool).

The evaluation of measurement results was performed using ATOS 2017 software.
The 0-state served as the reference (nominal data), and subsequent measurement states
were compared to this reference using best-fit alignment. This method, widely used in both
industrial and research applications, aligns data to the most optimal fit when no specific
orientation is prescribed.

During the measurements, signs of wear or worn cutting edge sections were assessed
at four characteristic locations, as depicted in Figure 8. Additionally, color-mapped analysis
was employed to examine further geometric changes in the cutting edges.

M1
@
M4 M2
O o
\ o M3

Figure 8. Measuring points.

In summary, the evaluation and analysis of the study were as follows: The tool
elements used for cutting were 3D scanned according to the measurement flow chart,
where the authors examined their dimensional changes, possible cracks, or even complete
stamping. Successfully cut specimens were visually inspected for their tendency to warp
according to the evaluation scheme given below. Since Komarov tools [48] were used to
clamp the shape of the tool onto the specimen, their needle spacing was the same as that of
the tools. For this small number of test pieces, it was not necessary to specify a separate
tolerance class for the tools, so the tolerance class expected for the workpieces was obtained.
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Naturally, the authors will carry out measurements with a larger number of pieces in their
next experiment based on the results of this experiment.

3. Results and Discussion

To conduct the investigations, 2 x 3 sets of tools (1 set = 9 pieces) were printed,
resulting in a total of 2 x 27 cutting edges. Three sets were designed for cutting 0.22 mm
thick Al199.5 H24 sheets and three for 0.3 mm thick sheets. Each tool performed six cuts,
and after every three cuts, the tools were scanned (as outlined in the process diagram)
to determine the extent of tool wear. The total number of cuts needed to carry out the
experiment was, therefore, 54 x 6, or 324.

As anticipated, some tools failed under the applied load, sometimes breaking during
the very first cut. One such failed tool is shown in Figure 9.

Figure 9. Deformed cutting edges.

The experimental results demonstrated that most tools performed well; however,
certain cutting edges experienced significant deformation or fracture during the cutting
process. This issue was particularly evident in tools Al and B1, which were printed with a
2 mm wall thickness and oriented at 0° or 15°.

Burr formation was also examined visually during the tests. The degree of burr
formation was categorized as minimal when barely noticeable by touch, with a burr
thickness of 0.01-0.05 mm; as moderate when clearly noticeable by touch but not necessarily
requiring post-processing, with a burr thickness of 0.05-0.1 mm; and as severe when
the burrs were sharp, easily visible, and potentially hazardous, exceeding a thickness
of 0.1 mm.

In many cases, the cut workpieces exhibited high-quality contours. Burr formation
was either absent or minimal for several tools. In some instances, however, minimal to
moderate burr formation was observed, likely influenced by human factors during the
pressing process. Minor positional variations in the tool system during each pressing cycle,
as well as slight shifts in the relative positions of the sheet, rubber pads, and pressing
element, may have contributed to this outcome.

For tools manufactured using FDM technology with PLA material, seven out of nine
tool designs successfully completed all six cuts on 0.22 mm thick Al199.5 sheets. Exceptions
included models Al and A2, which displayed significant deformation and cracking after
the third cut, rendering them unsuitable for further operations. Figure 10 compares the
cutting edges of models Al and A2 after three cuts with their initial state.
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+2:22

(b)
[mm]
-5.00 0.00 5.00

Figure 10. Edge wear values for models: (a) Al and (b) A2—0.22 mm thick Al99.5 sheets.

During the evaluation, the initial and post-sixth pressing states were compared us-
ing GOM software. After aligning the models, color maps generated by the software
highlighted differences between them. By placing measurement points on the models,
these deviations could also be quantified numerically. For the seven cutting edges that
successfully completed all six cuts, the average edge wear was in the range of hundredths
of a millimeter, with values ranging from -0.05 mm to +0.04 mm. These measurements
align with the IT9-IT10 tolerance class (ISO 286-1) [51], which is considered acceptable for
this technology. Among the seven models, almost all performed well, but the A3 and C3
models stood out, with average deviations not exceeding 0.04 mm. Detailed evaluation
results for the C3 model are shown in Figure 11.

[mm]
-0.05 0.00 0.05

Figure 11. Edge wear values for model C3—0.22 mm thick Al99.5 sheets.

Beyond the color-mapped tool analysis, the cut workpieces were also examined, focus-
ing primarily on burr formation. For the well-performing tools, minimal burr formation
was observed in every case. An example of a successful cut using a 0.22 mm thick sheet is
shown in Figure 12.
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Figure 12. Examples of successful cuts—0.22 mm thick Al99.5 sheets.

Evaluation of the 0.3 mm thick Al99.5 sheets was carried out similarly to the thinner
sheets. However, cutting the thicker 0.3 mm sheets proved less successful. Tools A1, A2,
B1, and C1 were unable to complete all six cuts, as they suffered significant deformation
during the process and were unsuitable for further use. This outcome was partly expected
since the 0.3 mm sheet falls more into the category of fine sheets rather than thin sheets, as
illustrated in Figure 13.

@) (b) -
B | s
-1.00 0.00 1.00

Figure 13. Edge wear values for models: (a) B1 and (b) C1—0.3 mm thick Al99.5 sheets.

Overall, the A3 model performed the best, with near-zero average wear and minimal
deviations that ranged between —0.01 mm and +0.01 mm, as shown in Figure 14.

[mm]
i [ e
-0.05 0.00 0.05

Figure 14. Edge wear values for model A3—0.3 mm thick Al199.5 sheets.
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In contrast, the poorest performance was observed from the C2 cutting edge. As
depicted in Figure 15, the tool not only deformed but also tore the sheet during operation.

Figure 15. An example of an unsuccessful cut—0.3 mm thick A199.5 sheets.

Examples of successful cuts with minimal burr formation are presented in Figure 16.
The observed burr formation was on the borderline between minimal and moderate, which
is considered acceptable in practice and represents a strong result for a 3D-printed tool.

Figure 16. Examples of successful cuts—0.3 mm thick Al99.5 sheets.

For greater clarity, the results have been summarized in separate tables for each
sheet thickness. The values shown in Tables 10 and 11 represent the averages from three
measurements. The tables show the average values only because it is an easier way to
present the results.

Table 10. Edge wear following the cutting of 0.22 mm thick A199.5 sheets in mm (M1-M4 points are
in accordance with Figure 8).

Model Orientation Wall Thickness [mm] M1 M2 M3 M4
Al 0° 2 - - - -
A2 0° 4 - - - -
A3 0° 6 0.02 0.00 0.01 0.01
B1 15° 2 0.00 0.02 —0.01 —0.04
B2 15° 4 —0.09 —0.03 —0.04 —0.03
B3 15° 6 —0.05 —0.01 —0.03 —0.03
C1 45° 2 0.01 0.04 0.03 0.04
C2 45° 4 0.00 —0.01 0.00 —0.02
C3 45° 6 0.00 0.01 0.00 0.01
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Table 11. Edge wear following the cutting of 0.3 mm thick Al99.5 sheets in mm unit (M1-M4 points
are in accordance with Figure 8).

Model Orientation Wall Thickness [mm] M1 M2 M3 M4
Al 0° 2 - - - -
A2 0° 4 - - - -
A3 0° 6 0.00 0.00 -0.01 0.01
Bl 15° 2 - - - -
B2 15° 4 0.10 0.12 0.01 0.02
B3 15° 6 —0.02 —0.05 -0.07 0.00
C1 45° 2 - - - -
C2 45° 4 0.47 0.42 0.48 0.40
C3 45° 6 0.04 0.03 0.04 0.06

4. Conclusions

This study established the feasibility and practicality of using FDM 3D printing
technology to produce cutting tools for thin aluminum sheets, particularly for prototyping
and small-scale production. The research highlights the following key findings:

Performance and design parameters:

o  PLA-based tools successfully executed multiple cuts with minimal wear and acceptable
burr formation, achieving industry-standard tolerances (IT9 and IT10);

o  Tools with a 45° orientation and a 6 mm wall thickness demonstrated superior dura-
bility and wear resistance, emphasizing the importance of print orientation and wall
thickness in tool design;

e  Despite PLA not being recommended for cutting applications, it proved viable for
low-stress tasks involving thin sheets.

Economic and time efficiency:

e  Production costs were reduced by up to 90% compared to traditional machining methods.
e Lead times were shortened by 50-70%, underscoring the value of FDM technology in
agile and cost-sensitive applications.

However, limitations were observed, particularly with the use of PLA for high-stress
applications. Cutting thicker sheets (0.3 mm) posed challenges, leading to deformation and
failure in some tool designs. These findings underline the necessity for further refinement
in material selection and tool design.

Future research will aim to address these limitations and expand the applicability of
FDM technology by focusing on the following:

e  Material enhancements: integrating stronger composite materials to improve mechani-
cal properties and performance under higher loads;

o  Design optimization: leveraging advanced printing techniques and Al-driven design
optimization [52-54] to enhance tool efficiency and reliability;

e  Operational improvements: developing lubrication-free cutting processes to align
with environmental sustainability and reduce friction-related failures.

By incorporating these advancements, FDM-printed tools have the potential to tran-
sition from prototyping applications to broader industrial uses, offering an innovative,
cost-effective, and transformative solution for modern manufacturing.
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Abbreviations

3D Three-dimensional

ABS Acrylonitrile butadiene styrene

ASTM American Society for Testing and Materials

CAD Computer-aided design

DIC Digital image correlation

DD Dual drive

FDM Fused deposition modeling

IT International tolerance

ISO International Organization for Standardization

PETG Polyethylene terephthalate glycol-modified

PU Polyurethane

TPU Thermoplastic polyurethane

Nomenclature

A3 Percentage strain at breakage (related to a L, = 10-dy measuring basis)
do Original diameter or thickness of the sample/specimen before deformation
H Cutting die height [mm]

S Thickness of the sheet (plate) [mm]

o Conical angle [°]
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