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Abstract: This study addresses the emerging need for efficient and cost-effective solu-
tions in low-volume production by exploring the mechanical performance and industrial
feasibility of cutting tools that are fabricated using stereolithography apparatus (SLA)
technology. SLA’s high-resolution capabilities make it suitable for creating precise cutting
dies, which were tested on aluminum sheets (Al99.5, 0.3 mm, and AlMg3, 1.0 mm) under
a 60-ton hydraulic press. Measurements using digital image correlation (DIC) revealed
minimal wear and deformation, with tolerances consistently within IT 0.1 mm. The results
demonstrated that SLA-printed tools perform comparably to conventional metal tools
in cutting and bending operations, achieving similar surface quality and edge precision
while significantly reducing the production time and cost. Despite some limitations in
wear resistance, the findings highlight SLA technology’s potential for rapid prototyping
and short-run manufacturing in the automotive and electronics sectors. This research
fills a critical gap in understanding SLA-based tooling applications, offering insights into
process optimization to enhance tool durability and broaden material compatibility. These
advancements position SLA technology as a transformative tool-making technology for
flexible manufacturing.

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

1. Introduction
Sheet metal forming is extensively utilized across industries, including automotive,

railway vehicle manufacturing, aerospace, shipbuilding, watchmaking, and more [1,2].
Typically employed for large-scale production, this process necessitates costly tooling [1].
However, the financial and technical challenges can be mitigated by simplifying the tool
manufacturing process [1] or employing specialized optimization techniques [3,4].

Flat sheets can be transformed into complex three-dimensional parts using methods
like bending and deep drawing [5]. More advanced processes include welding [6], bolting,
adhesive bonding [7], and clip applications [8,9]. Sheet metal forming offers advantages
such as favorable mechanical properties of the final part, minimal material waste, and a
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high production capacity. However, the primary disadvantages are the significant costs
and time that are required to establish a new production line.

During the development of tools, multiple iterations may be necessary to achieve
the final design. Each revision incurs additional machining and processing costs, escalat-
ing both the monetary and temporal investments. Consequently, sheet metal forming is
predominantly reserved for mass production to maintain cost-effectiveness [5].

The global smart manufacturing industry is undergoing substantial shifts due to
heightened competition, requiring significant adaptations [10]. Advancing the manufac-
turing sector involves exploring innovative processes, materials, and production tech-
nologies. Traditional manufacturing workflows involve numerous interdependent tools
and processes, resulting in complex operations, extended production times, and high
costs—primarily suited to mass or standardized production [10].

Industries are increasingly prioritizing customized manufacturing, spurring demand
for small-batch production, where adaptable bending tools are essential [11]. Recently,
advancements in additive manufacturing (AM) technologies and materials have bolstered
the interest in flexible, rapid tooling. The imperative to minimize the production time and
costs underscores the demand for efficient, responsive tooling for prototype and short-term
production needs [11].

AM represents the most advanced manufacturing approach, revolutionizing numerous
industries [12]. Key benefits of AM include a substantial material waste reduction, shorter
production timelines, the elimination of complex tooling, lower energy consumption, and
the ability to produce intricate designs that are unachievable with traditional methods [12].

This evolution has introduced rapid tooling technologies, such as 3D printing, which
employs advanced polymers and composite materials to fabricate tools for sheet metal
forming [11]. Emerging market demands for mass customization and technological innova-
tions have intensified the interest in additive technologies like 3D printing [13,14]. AM of
tools for casting, injection molding, metal forming, and similar applications has become an
industrial standard [13,14].

Unlike traditional methods, 3D printing can produce diverse part geometries without
auxiliary machines, molds, or fixtures [10]. For instance, railway ballast aggregates have
been successfully 3D-printed [15,16]. This makes 3D printing an excellent solution for
small-batch production and personalized customization. Its automated, high-precision
capabilities enable the rapid creation of complex shapes, such as freeform surfaces. The cut-
ting process generates no waste, reducing resource usage and material costs. Moreover, 3D
printing allows for the direct production of intricate parts from digital models, significantly
shortening product development cycles. Enhanced material utilization rates further demon-
strate 3D printing’s unmatched advantages in automated precision manufacturing [10].

Three-dimensional printing constructs three-dimensional solid objects from digital
files [17]. This process, achieved through successive material layering, begins with a 3D
model, typically designed using computer-aided design (CAD). The model is sliced into
cross-sectional layers, generating a file for the 3D printer, which builds the object layer by
layer [17].

Several 3D printing systems exist [18,19]. Among the most prominent is the stere-
olithography apparatus (SLA), which employs a high-powered laser to cure liquid resin
into the desired 3D shape. The SLA uses two-dimensional cross-sections from CAD data,
curing them layer by layer through UV laser photopolymerization [18,19].

Digital light processing (DLP) differs from SLA technology in that it cures entire resin
layers simultaneously rather than tracing them with a laser, making DLP faster than SLA
technology [20–22]. Both technologies deliver exceptional resolution, producing highly
accurate parts [20–22].
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SLA technology is increasingly popular due to its dimensional accuracy and superior
part quality compared to fused deposition modeling (FDM®) [23]. A broad range of
SLA-printable resins further enhances its competitiveness in mechanical engineering [23].

SLA technology surpasses other low-cost 3D printing technologies like FDM® by
offering a higher dimensional accuracy, smoother finishes, faster speeds, watertight parts,
isotropic material behavior, and user-friendly operation [23]. Unlike top-down systems,
SLA technology’s bottom-up approach minimizes oxygen interference during polymeriza-
tion, ensuring consistent curing [23].

SLA-printed parts generally exhibit minimal warping, primarily during post-processing [23].
Their surface quality depends significantly on the layer height, particularly for inclined surfaces.
Compared to FDM®, SLA technology produces parts with nearly invisible layer junctions,
resulting in smoother finishes and better mechanical properties. FDM® parts, by contrast, often
feature unavoidable micro-gaps that increase cracking risks due to surface roughness. SLA parts
are less susceptible to such defects, enhancing their durability [23].

Both FDM® and SLA technology enable the precise production of intricate structures,
although SLA technology is preferred for complex, highly accurate shapes [24]. Mechanical
evaluations, including tensile and bending tests, reveal that SLA-printed parts outperform
FDM® parts in terms of strength and durability [24]. SLA components consistently exhibit
superior mechanical performance, reinforcing their advantages in demanding applica-
tions [24].

Critical factors influencing printed parts’ properties include their layer thickness,
hatch spacing, and laser beam width [25]. Comparative studies of SLA technology, DLP,
continuous digital light processing (cDLP), and pulse projection polymerization (PPP) show
that SLA technology provides the highest accuracy, with 94.9% of measured points being
within predefined tolerances [18].

While FDM® demonstrates greater systematic deviations (158.1 µm) than SLA tech-
nology (109.9 µm), SLA molds typically exhibit less distortion [26]. Benchmark studies
evaluating different 3D printers indicate that SLA technology achieves lower geometric
deviations, although environmental conditions like temperature and humidity affect the
results of both processes [19].

Mechanical anisotropy, which is inherent in 3D-printed parts, leads to varying proper-
ties based on orientation [12]. SLA technology minimizes anisotropy by forming bonds
axially and transversely during printing, creating isotropic properties. However, slight
mechanical differences (up to 10%) may arise due to printer movements [27].

SLA printing is constrained by the build volume, necessitating efficient space utilization
for maximum production. Anisotropic effects can influence the build times and manufacturing
efficiency. Understanding this behavior is vital for strategic production planning [28].

Research suggests that SLA parts are isotropic, offering consistent properties across
orientations, giving SLA technology a significant advantage over anisotropic technologies
like FDM® [12]. The tensile strength correlates with print orientation, decreasing with
increased angles, while Young’s modulus remains relatively consistent, reinforcing SLA
technology’s isotropy [25].

Rubber pad forming, involving elastic materials like polyurethane paired with steel
counterparts, has advanced in sheet metal forming. It enhances the workpiece formability
and enables various operations, including blanking and bending [29,30]. While economical
for small-scale production, rubber tooling has limitations, such as deformation during use
and high forming force requirements [29].

Rubber tooling is well suited for thin sheet blanking, cutting aluminum sheets up
to 1.5 mm thick. However, it produces a significant amount of waste and has limited
dimensional accuracy [31]. Material separation involves bending and tearing, and the
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optimal cutting die heights to minimize burr formation can be calculated using established
equations [30]. The optimal height of the cutting die for minimizing burr formation can be
calculated using Equation (1).

H = 3
(

1 +
A11.3

100

)√
s [mm] (1)

where s is the thickness of the plate (sheet) in mm, and A11.3 is the percentage strain
at breakage related to an Lo = 10·d0 measuring basis (base) length (d0 represents the
original diameter (or thickness) of the sample or specimen used in the tensile test before
any deformation occurs) [31,32].

One of its advantages lies in the processing of thin sheets [32]. For cutting or punching
of thin sheets (with a thickness below 0.5 mm), the cutting–punching tool must be man-
ufactured with high precision due to the small allowable clearance. Uneven positioning
or a huge clearance can result in burrs on the workpiece, which are extremely difficult to
remove from delicate components [32].

The shape accuracy of parts that were cut from a 0.5 mm thick Al99.5 sheet material
and had holes punched through them was investigated [32]. The results showed excellent
shape accuracy for the cut parts, with the corner rounding of the square shapes being
less than 0.1 mm. For square-punched parts, the corner rounding radius was found to be
1.0 mm [32].

This section has presented various 3D printing technologies and their application
areas. This summary highlights that although these technologies are widely used, their
application as base materials for cutting tools in sheet metal cutting has not yet been
explored. The novelty of the current research lies in this aspect, as its primary focus is the
study of 3D-printed cutting tools.

In this paper, the following sections will introduce the materials and methods used
(Section 2), present the results of the investigations (Section 3), and discuss the results
(Section 3). Finally, a brief summary will outline the conclusions derived from the findings
and future plans (Section 4).

2. Materials and Methods
2.1. Materials

The experiments were conducted using two types of sheet materials: Al99.5 with a
thickness of 0.3 mm and AlMg3 with a thickness of 1.0 mm.

Al99.5 is a high-purity aluminum alloy containing 99.5% pure aluminum. This mate-
rial is highly suitable for applications requiring excellent corrosion resistance in neutral
environments without chlorides, easy machinability, and superior thermal conductivity.
Due to its low density (~2.70 g/cm3), Al99.5 is exceptionally lightweight, making it an ideal
choice in automotive, aerospace, and construction industries, where weight reduction is a
critical consideration. While its strength and hardness are not as high as those of alloyed
aluminum grades, it offers excellent formability, allowing it to be easily shaped and rolled.
This property is particularly beneficial for sheet metal forming processes.

AlMg3 is an aluminum alloy with a medium magnesium content, containing ap-
proximately 3% magnesium. This alloy exhibits various desirable properties, making it
suitable for diverse applications. It provides good corrosion resistance, especially in marine
environments, where the natural oxide layer of aluminum combined with the magnesium
addition enhances the resistance to saltwater and humid conditions. Mechanically, AlMg3
is stronger than pure aluminum while maintaining a low density (~2.66 g/cm3), resulting
in a lightweight yet relatively strong material. Its good formability makes it suitable for
various forming processes, such as rolling and pressing. Additionally, AlMg3 demonstrates
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excellent toughness, withstanding mechanical impacts and maintaining good deformation
capability, even at low temperatures.

The 3D printing experiments utilized an Anycubic Photon Mono printer, employing
DLP technology (manufacturer: Shenzhen Anycubic Technology Co., Ltd., Hong Kong,
China). The Phrozen TR250LV resin, specially developed for industrial and engineering
purposes, was selected for the printing tasks.

This resin is highly suited for producing functional prototypes and durable compo-
nents. One of its key features is its low shrinkage, which ensures more stable and accurate
printing results with minimal deformation. The Phrozen TR250LV resin offers high strength
and stiffness, making it capable of withstanding mechanical loads and enabling the pro-
duction of robust parts. It is particularly suitable for high-precision projects, including
engineering components, industrial molds, and fixtures.

Additionally, the resin is compatible with multiple SLA and DLP printers, particularly
in low-UV-light printing environments, enhancing its versatility. The main parameters of
the resin are detailed in Table 1.

Table 1. The relevant characteristics of the applied resin according to the relevant standards [33–38].

Resin Phrozen TR250LV Standards

Weight [g/bottle] 1000.00 -
Density [g/cm3] 1.10 D792 [33]
Viscosity [Pa × s] 230–300 × 10–3 ISO 1628 [34]

Surface Hardness in Shore D 79.00 ISO 164 [35]
Tensile Stress at Break [MPa] 25.00 ISO 527 [36]

Tensile Modulus [MPa] 900.00 ISO 527 [36]
Elongation at Break [%] 20.00 ISO 527 [36]

Notched Izod Impact [J/m] 6.31 ISO 180 [37]
Heat Deflection Temperature at 0.45 MPa [◦C] 80.00 D790 [38]

2.2. Instruments and Machines

Since the cutting die was produced using 3D printing, the following section provides
an overview of the DLP-based 3D printer that was utilized.

The Anycubic Photon Mono is a popular DLP (digital light processing) 3D printer,
known for its precision and ability to produce detailed prints. It features a 6-inch
monochrome LCD screen, allowing for faster UV light transmission than conventional
color LCDs. This significantly increases printing speeds—it is up to two to three times
faster than earlier models—while extending the LCD’s lifespan.

The Photon Mono printer employs DLP printing technology, which cures liquid resin
with UV light. The process involves initial curing during the printing phase, followed by
final curing in a UV chamber (see Figure 1). This results in smoother and more detailed
prints compared to traditional FDM® printers. These characteristics make it an excellent
choice for applications such as modeling, prototyping, and other tasks requiring fine details.

The main parameters of the printer are listed in Table 2.
For the measurement and comparison of the printed tools, a 3D laser scanner was

employed [39]. Specifically, the GOM Atos TripleScan v2.0 system (manufacturer: Carl Zeiss
IQS Deutschland GmbH, Braunschweig, Germany) was used in this research (see Figure 2).

The GOM Atos TripleScan system is an advanced optical 3D measurement tool, de-
signed for precise surface digitization and measurement. It offers exceptional accuracy
when analyzing complex geometries, fine details, and reflective surfaces. The TripleScan
technology employs three different projection paths to scan the surface, minimizing the
formation of shadows and blind spots. This ensures comprehensive and detailed data cap-
ture from multiple perspectives [40,41]. The applied GOM Atos TripleScan scanner, i.e., the
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instrument, is regularly maintained and calibrated. Both the calibration of the instrument
and the verification of the calibration plate are carried out at most annually. Before each
measurement, a specific, accurate calibration procedure, as prescribed by the manufacturer,
is carried out using the calibration plate, taking the temperature of the measurement and
other local conditions into account. The manufacturer guarantees a measurement accuracy
of 0.001 mm for these measurements.
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The ATOS system is highly suitable for various industries, including automotive,
aerospace, and plastic and tool manufacturing. It enables comprehensive 3D digitization
of parts with complex geometries, facilitating quality control, reverse engineering, and
optimization of development processes. The sensor provides high-resolution measurement
results, delivering precise data on the shape and dimensions of products, which can be
compared to reference models for thorough analysis.
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An added advantage of the GOM ATOS TripleScan system is its ability to measure
reflective materials, a unique feature compared to conventional 3D measurement systems.
The measurement process is both fast and accurate, with automated data processing that
expedites the evaluation of results. This significantly supports the reduction in prod-
uct development cycles and ensures compliance with stringent manufacturing quality
requirements [40,42].

Following the measurement of the tools, a Hidroma 60-ton hydraulic press (manufac-
turer: HYDROMA SK, Považská Bystrica, Czechoslovakia) was used for the experiments.

The Hidroma 60-ton (~600 kN) hydraulic press is a robust industrial machine, designed
for various forming, pressing, and material processing tasks. It is particularly suited for
shaping and refining metal components and performing other mechanical operations
requiring high pressure. The 600 kN pressing force is sufficient for working with larger
and thicker materials. The setup for the cutting process is shown in Figure 3 [40].
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The Hidroma press is exact and user-friendly and features a robust steel structure
that ensures the machine’s durability and reliability in industrial environments. Its simple
controls allow users to quickly set the desired pressing force and accurately manage the
processes. The device is also equipped with safety features to protect the operator and
minimize the risk of accidents.

This hydraulic press type is advantageous in automotive repair shops, metalworking,
and industrial production, where significant force is required for material forming [40].

2.3. Process

In the design of rubber pad tools, the equation developed by Komarov [30,32] is
commonly used in both industry and the literature to achieve minimal burr formation.
This equation determines the minimum cutting die height, which ensures optimal burr
formation. The equation is presented in Equation (2).

H = 3(1 + 0.01 × A11.3)
√

s (2)

where H is the cutting die height. According to this equation, the required cutting die
heights for the 0.3 mm thick Al99.5 sheet material and the 1.0 mm thick AlMg3 sheet
material are shown in Table 3.
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Table 3. Cutting die heights corresponding to sheet thicknesses.

H (mm)

s Al99.5 (A11.3 = 50%) AlMg3 (A11.3 = 17%)

0.3 mm 2.46 1.92
1.0 mm 4.50 3.51

This research primarily focuses on testing materials and technology while evaluating
the low resolution that is achievable with DLP technology. Due to this limitation, the
calculated minimum cutting die height values are very small, resulting in insufficient
height. This increases the risk of cutting die breakage; therefore, the thickness of the cutting
dies was uniformly set to 20 mm. To enable the testing of minimum height values, an
adapter ring was designed with a test height of 10 mm, resulting in a material removal
zone height of 10 mm. With these settings, burr formation is expected to increase, but the
cutting process will remain analyzable. Another parameter of the cutting die is the side
taper angle, which was not calculated but taken from the literature and was uniformly set
to 4◦. The cross-sections of the designed tools are shown in Figure 4.
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Unlike FDM® technology, DLP printers offer significantly fewer customization options
in the 3D printer’s slicer software (Anycubic Photon Workshop 3.5.0). Typically, users can
adjust parameters such as the layer height, number of bottom layers, exposure times for
different layer types, and movement speeds. However, manufacturers provide predefined
settings that are specific to the printer and resin types.

During the printing of the tool, the settings recommended by the resin manufacturer
were applied, with only minor deviations in a few areas. The values recommended by the
manufacturer are listed in Table 4.

Table 4. Recommended printing characteristics (parameters) of the manufacturer of the applied resin.

Recommended Settings—Phrozen Settings Value

Burn-in Layers Number of layers [pcs] 6
Exposure time [s] 30.00

Normal Layers

Layer thickness [µm] 50.00
Light-off delay [s] 1.50
Exposure time [s] 2.30
Lift distance [mm] 5.00

Speed Lift speed [mm/s] 1.00
Retraction speed [mm/s] 1.50

Print Time Override
Time per burn-in layer [s] 0.00

Time per layer [s] 0.00

The layer height was set to 0.05 mm. Research supports that the smaller a layer
thickness a DLP printer uses, the greater the achievable geometric accuracy is [42]. The
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number of base layers remained at the default value of six. The importance of the initial
layers lies in ensuring the model’s adhesion to the build plate, which must be strong enough
to prevent detachment during printing. Optimizing this involves adjusting the exposure
time, during which the curing of the bottom layers occurs. Since this parameter is critical
and the manufacturer provides no explicit value, test prints were conducted to determine
the optimal setting, and the exposure time was adjusted to 35 s to eliminate the risk of the
solid tool detaching from the build plate.

One distinctive feature of the Anycubic Photon Mono is its monochrome display,
allowing for relatively short exposure times for layers beyond the initial ones. With the
printer’s higher brightness and resolution (Full HD 4K), shorter exposure times than those
recommended are sufficient; thus, the exposure time was set to 2.5 s.

Regarding the print orientation, DLP technology is much less sensitive to mechanical
properties, as the material loses the anisotropy that is inherent to layered construction
during curing, acquiring isotropic properties. The model was positioned perpendicularly
to the build plate, with an infill pattern set to “Cubic” and a 100% infill density. Since 100%
infill affects the model’s weight, adequate support structures were added.

Tools that were printed using DLP technology required several post-processing steps.
First, after removing the build plate, the models were placed in a washer filled with iso-
propanol for 20 min to dissolve and wash away any uncured resin from their surfaces.
Following washing, the tools were placed in a closed UV chamber for 25 min to ensure com-
plete resin curing. Once cured, the support structures could be easily removed with minimal
force, and any remaining residues were smoothed out with fine sandpaper. Figure 5 shows
the model before support removal (left) and the finalized, cleaned model (right).
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During the testing process, the initial step involved measuring each cutting die’s zero
state (pre-cutting condition) using the GOM Atos system, capturing complete 3D models.
Subsequently, three samples were cut from each sheet material. Another Atos measurement
followed the first round of cutting. After this, an additional three samples were cut, again
followed by measurement.

The reference point for the color map analysis was the zero state measurement, against
which the post-cutting states were compared. The base alignment for all measurements
used the “best fit” orientation. The primary focus during the evaluation was on edge wear
and changes in the cutting die geometry.

After the normal measurements, stepped or loading tests were conducted. Here, the
cutting dies were used to cut three 0.3 mm thick sheets and then three 1.0 mm thick sheets,
with the cutting process being controlled by operators using the Hidroma press. This
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allowed for the investigation of the effects of increasing the load and wear. At the end
of the cutting process, another GOM Atos measurement was performed under the same
settings as in the normal measurements.

Measurement matrix (see Table 5):
R1-1; R1-2; R1-3: Normal, for 0.3 mm thick sheets.
R2-1; R2-2; R2-3: Normal, for 1.0 mm thick sheets.
R3-1; R3-2; R3-3: Loading, for 0.3 mm and 1.0 mm thick sheets.

Table 5. Measurement matrices of tools.

Specimens Sheet (Plate) Thickness [mm] State Measurement Number of Pieces

R1
- 0 (ref.) yes 3

0.3 3 (after 3 cuttings) yes 3
0.3 6 (after 6 cuttings) yes 3

R2
- 0 (ref.) yes 3

1.0 3 (after 3 cuttings) yes 3
1.0 6 (after 6 cuttings) yes 3

R3
- 0 (ref.) yes 3

0.3 3 (after 3 cuttings) yes 3
1.0 6 (after 6 cuttings) yes 3

3. Results and Discussion
During the testing of the DLP cutting dies, each die was tested three times for the

successful cutting of 0.3 mm thick Al99.5 aluminum sheets. The post-cutting states were
measured using the GOM ATOS system and compared to the initial zero state to analyze the
burr formation and edge wear. The cutting dies were also tested in three sets for the 1.0 mm
thick AlMg3 sheet material. The dies successfully completed the cutting process for this
material as well. After cutting, the geometries of the measured tools were compared with
their zero states to determine the edge wear associated with the 1 mm thick sheet material.

Since the cuts for both the 0.3 mm Al99.5 and the 1.0 mm AlMg3 sheets were successful,
further testing was conducted to assess the durability of the tool design after cutting both
sheet thicknesses. Tools that were previously used for cutting the 0.3 mm sheets were tested
on the 1.0 mm thick sheets to evaluate whether the worn tools could handle the thicker
material. The experiments were successful, with each tool completing three successful cuts
on three sheets.

Thus, tools that had cut a total of six sheets were measured using the GOM ATOS
system, and the cumulative tool wear was evaluated.

After the DIC (digital image correlation) measurement, the same tools underwent
another test series on 1.0 mm thick AlMg3 sheets. In all three instances, the cutting
operations were successfully performed again (Figure 6).

The test series concluded that most tools performed exceptionally well. In many cases,
the cut workpieces displayed high-quality contours. Burr formation was either nonexistent
or minimal for specific tools, as shown in Figure 7.

The degree of burr formation can be defined as follows: minimal—barely perceptible
by touch, ranging from 0.01 to 0.05 mm; moderate—clearly perceptible by touch, yet post-
processing may not be necessary, ranging from 0.05 to 0.1 mm; significant burr—visibly
and palpably sharp, posing a risk of injury, exceeding 0.1 mm. In some cuts, minimal or
moderate burr formation was observed. This is likely partly due to human factors during
the pressing process, as the relative positions of the tool, sheet, rubber pads, and pressing
element vary slightly with each press. Figure 8 illustrates some examples of successful cuts.



J. Manuf. Mater. Process. 2025, 9, 25 11 of 16J. Manuf. Mater. Process. 2025, 9, x FOR PEER REVIEW 11 of 17 
 

 

 

Figure 6. An image of the successful cutting. 

The test series concluded that most tools performed exceptionally well. In many 
cases, the cut workpieces displayed high-quality contours. Burr formation was either non-
existent or minimal for specific tools, as shown in Figure 7. 

 

Figure 7. Burr-free cutting experiment. 

The degree of burr formation can be defined as follows: minimal—barely perceptible 
by touch, ranging from 0.01 to 0.05 mm; moderate—clearly perceptible by touch, yet post-
processing may not be necessary, ranging from 0.05 to 0.1 mm; significant burr—visibly 
and palpably sharp, posing a risk of injury, exceeding 0.1 mm. In some cuts, minimal or 
moderate burr formation was observed. This is likely partly due to human factors during 
the pressing process, as the relative positions of the tool, sheet, rubber pads, and pressing 
element vary slightly with each press. Figure 8 illustrates some examples of successful 
cuts. 

 

Figure 6. An image of the successful cutting.

J. Manuf. Mater. Process. 2025, 9, x FOR PEER REVIEW 11 of 17 
 

 

 

Figure 6. An image of the successful cutting. 

The test series concluded that most tools performed exceptionally well. In many 
cases, the cut workpieces displayed high-quality contours. Burr formation was either non-
existent or minimal for specific tools, as shown in Figure 7. 

 

Figure 7. Burr-free cutting experiment. 

The degree of burr formation can be defined as follows: minimal—barely perceptible 
by touch, ranging from 0.01 to 0.05 mm; moderate—clearly perceptible by touch, yet post-
processing may not be necessary, ranging from 0.05 to 0.1 mm; significant burr—visibly 
and palpably sharp, posing a risk of injury, exceeding 0.1 mm. In some cuts, minimal or 
moderate burr formation was observed. This is likely partly due to human factors during 
the pressing process, as the relative positions of the tool, sheet, rubber pads, and pressing 
element vary slightly with each press. Figure 8 illustrates some examples of successful 
cuts. 

 

Figure 7. Burr-free cutting experiment.

J. Manuf. Mater. Process. 2025, 9, x FOR PEER REVIEW 11 of 17 
 

 

 

Figure 6. An image of the successful cutting. 

The test series concluded that most tools performed exceptionally well. In many 
cases, the cut workpieces displayed high-quality contours. Burr formation was either non-
existent or minimal for specific tools, as shown in Figure 7. 

 

Figure 7. Burr-free cutting experiment. 

The degree of burr formation can be defined as follows: minimal—barely perceptible 
by touch, ranging from 0.01 to 0.05 mm; moderate—clearly perceptible by touch, yet post-
processing may not be necessary, ranging from 0.05 to 0.1 mm; significant burr—visibly 
and palpably sharp, posing a risk of injury, exceeding 0.1 mm. In some cuts, minimal or 
moderate burr formation was observed. This is likely partly due to human factors during 
the pressing process, as the relative positions of the tool, sheet, rubber pads, and pressing 
element vary slightly with each press. Figure 8 illustrates some examples of successful 
cuts. 

 
Figure 8. Examples of the successful cutting procedure.

Two evaluations were conducted for the DLP-manufactured cutting dies. The first
evaluation followed three cuts of 0.3 mm thick Al99.5 H24 sheets. These cuts were of good
quality, with minimal or no burr formation. The evaluation showed an average edge wear
of +0.02 mm.

The second evaluation of the resin-based tool followed three cuts of 1.0 mm thick
AlMg3 sheets. The cuts for this thickness were also of acceptable quality, with an average
edge wear of –0.02 mm (Tables 6 and 7). Data regarding the edge wear of the resin (R1)
cutting tools are summarized in Table 8.

Figure 9 shows the measurement points. Measurements were taken at four points
along the cutting edges, with each point being measured three times per series. The
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tables present the averages of these measurements, meaning that each value represents the
average of three measurements per point in three test series (e.g., R1-1, R1-2, R1-3).

The following image series (Figures 10 and 11) displays the R3 series samples following
cuts of 0.3 mm and 1.0 mm sheets. Although the tables only report results from the four
measured points on the cutting edge, the DIC images reveal additional phenomena. These
findings are also reflected in Tables 6–8.

Table 6. Measurement results for 0.3 mm thick Al99.5 sheets (M1. . .M4 are defined in Figure 9).

ID Status Thickness [mm] M1 M2 M3 M4

R1 0 - 0.01 0 0 −0.01
R1 3 0.3 0 0 −0.04 −0.02
R1 6 0.3 0 0 −0.06 −0.02
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Table 7. Measurement results for 1.0 mm thick Al99.5 sheets (M1. . .M4 are defined in Figure 9).

ID Status Thickness [mm] M1 M2 M3 M4

R2 0 - 0.01 0.01 0 −0.01
R2 3 1 −0.01 0 −0.02 −0.03
R2 6 1 −0.02 0 −0.03 −0.05

Table 8. Measurement results from the loading tests (M1. . .M4 are defined in Figure 9).

ID Status Thickness [mm] M1 M2 M3 M4

R3 0 - 0.01 0.02 −0.01 −0.01
R3 3 0.3 0 0.01 0 −0.02
R3 6 1 −0.03 −0.01 −0.04 −0.06

The presented results clearly demonstrate that the edge wear remained below
0.05–0.08 mm across all cutting edges, even during the loading tests (not only at the mea-
surement points but also in the ColorPlot evaluations). For similar tools made from metal,
the expected tolerance of workpieces falls around IT10-IT11 (ISO 286-1) [43], which, de-
pending on size, ranges between 0.05 mm and 0.1 mm. It can be concluded that tools
produced with this technology can meet the required manufacturing tolerances for small-
batch production. None of the test pieces exhibited worse than moderate burr formation,
aligning well with the technology’s capabilities.
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The question may be raised whether the measured values between 0.00 and 0.06 mm
given in Tables 6–8 and Figures 10 and 11 are the actual, precise, accurate wear deformations
or the measurement noise of the GOM Atos TripleScan system (see Section 2.2, specifically
the paragraph above Figure 2). Taking these into account, the influence of measurement
noise in the given range of values (0.00–0.06 mm) can be completely excluded, because the
accuracy of the instrument is 0.001 mm.

4. Conclusions
This research confirms the suitability of DLP-based 3D printing technology for pro-

ducing cutting tools that can be used in low-volume manufacturing, especially in the
automotive and electronics industries. The study demonstrated that DLP-printed tools
achieve mechanical performances that are comparable to traditional metal tools, meeting
international tolerance standards (IT10–IT11) with minimal burr formation [43]. These
results validate the potential of DLP technology to address critical challenges in small-batch
production, including cost reduction, rapid prototyping, and efficient resource utilization.

The primary contributions of this study include filling the identified research gap
regarding the application of 3D printing in sheet metal tooling and advancing the un-
derstanding of SLA/DLP technologies for tool optimization. Using Al99.5 and AlMg3
sheet materials under rigorous testing conditions, the research showed that printed tools
can withstand repetitive mechanical stresses while maintaining structural integrity. The
high precision and minimal wear observed indicate that DLP printing is a transformative
tool-making technology.
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Despite the promising outcomes, this study has several limitations. The experiments
focused on a limited range of materials and production scales. Expanding the scope to
include diverse alloys and higher production volumes is necessary to evaluate the broader
industrial applicability of DLP tools. Furthermore, the wear resistance of the DLP-printed
tools under extended operational cycles warrants deeper investigation.

Future research should aim to achieve the following goals:

1. Explore the use of advanced material compositions for DLP printing to enhance wear
resistance and durability.

2. Investigate the impact of infill patterns on mechanical properties and optimize them
for specific applications.

3. Integrate artificial intelligence techniques to predict tool wear, optimize print parame-
ters, and streamline production processes [44–46].

4. Collaborate with industry partners to conduct field trials, ensuring the transferability
of laboratory findings to real-world scenarios [6,16,40,42,47].

These advancements could significantly enhance the credibility and adoption of DLP
technology in industrial settings, offering a sustainable, cost-effective alternative to tradi-
tional manufacturing methods.
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Abbreviations

3D three-dimensional;
AM additive manufacturing;
CAD computer-aided design;
cDLP continuous digital light processing;
DIC digital image correlation;
DLP digital light processing;
FDM® fused deposition modeling;
IT international tolerance;
ISO International Organization for Standardization;
MSLA masked stereolithography apparatus;
PPP pulse projection polymerization;
SLA stereolithography apparatus;
STL file format for stereolithography;
UV ultraviolet.
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Nomenclature

A11.3 percentage strain at breakage (related to a Lo = 10·d0 measuring basis);
d0 original diameter or thickness of the sample/specimen before deformation;
H cutting die height [mm];
s thickness of the sheet (plate) [mm].
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