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Abstract

The objective of this research is to manufacture a prototype of a teaching die for the specialty of precision
mechanical design in mechatronic engineering, in order to achieve the skills required in unit two,
regarding dies. The methodology used consists of five stages: 1. Definition of the preliminary conditions.

2. Theoretical calculations for die design. 3. Design, modeling and assembly using computer-aided
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software (CAD) of the parts that make up the die. 4. Validation with simulation of finite element analysis
(AEF). 5. Manufacture of parts and physical assembly of the die. A functional prototype was obtained
with which the teacher and student can perform calculations, designs and CAD models, AEF analysis of
the static and fatigue type, manufacture of rapid prototypes using 3D printing, the identification of the
parts that make up a die and their functioning. The advantage of this prototype, compared to metal die-
cutting machines, is its low cost of production and manufacturing, it does not require expensive and
specialized machinery for manufacturing, specific designs can be made by the students and its subsequent
manufacture within the laboratories of the Technological Institute of Hermosillo.

Key words: Prototype, didactic, die

Resumen

El objetivo de esta investigacion es manufacturar un prototipo de troquel didactico para la materia de
especialidad de disefio mecanico de precisién de ingenieria mecatronica, para poder alcanzar las
competencias requeridas en la unidad dos, referente a troqueles. La metodologia empleada consta de
cinco etapas: 1. Definicion de las condiciones preliminares. 2. Calculos tedricos para el disefio del
troquel. 3. Disefio, modelado y ensamble mediante software asistido por computadora (CAD), de las
piezas que integran el troquel. 4. Validacion con simulacion de analisis de elementos finitos (AEF). 5.
Manufactura de piezas y ensamble fisico del troquel. Se obtuvo un prototipo funcional con el que el
docente y el alumno pueden realizar célculos, disefios y modelos CAD, andlisis AEF del tipo estatico y
de fatiga, manufactura de prototipos rapidos mediante impresién 3D, la identificacion de las partes que
conforman un troquel y su funcionamiento. La ventaja de este prototipo, frente a maquinas de troquelado
metalicas, es su bajo costo de produccion y fabricacion, no se requiere maquinaria costosa y especializada
para la manufactura, se pueden realizar disefios especificos por parte de los alumnos y su posterior

fabricacion dentro de los laboratorios del Instituto Tecnoldgico de Hermosillo.

Palabras clave: Prototipo, didactico, troquel
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Introduction

The traditional teaching of mechatronic engineering in any of its branches requires the development of
theoretical research work, subsequently validated by field or laboratory practice (Rodriguez-Cepeda,
2016). Nonetheless, computer-tech development makes tools such as educational software, internet
pages, content management platforms, etc., available to teaching-learning management, which allows
the simulation of processes and phenomena (Tangarife-Chalarca, 2013; Solano-Vellanueva, Casas-Diaz
& Guevara-Bolafios, 2015; Gutiérrez-Rodriguez, 2018), and that has permeated the classroom
environment, allowing the appearance of specific didactic material for the teaching of scientific and
technological concepts (Nifio & Fernandez, 2019). With the combination of theory, simulation, and
practice, it is possible to understand phenomena that may be poorly understood only from one of these
three perspectives, which improves the meaningful learning of the student.

The mechatronics engineering curriculum of the Technological Institute of Hermosillo requires
the use of laboratories for specific subjects, mainly in the early semesters, such as in the learning of
physics, chemistry, electronics, and mechanics, to name a few. However, laboratories for learning
specialty subjects are limited to the acquisition of specialized equipment, due to specialty subjects are
valid for a maximum of three years within the system (Tecnoldgico Nacional de México, 2015), For this
reason, the professorship is carried out theoretically, combining specialized simulators in some cases,
leaving aside practical work in the field or laboratory.

It has been observed that the development of prototypes for engineering learning can be a critical
tool, analogous to field practice or the execution of laboratory practices (Sierra, Adame, Pantoja &
Valvantin, 2019; Chavez, Villasefior & Bracamontes, 2019; Cabrera, Sanchez, Medina & Arias, 2017).
For the development of these prototypes, additive manufacturing (3D printing) is used, an emerging
technology that makes it possible to manufacture parts from the superposition of layers of different
materials, taking as a reference a previous design, without molds, directly from a virtual model (Basco,
Beliz, Coatz & Garnero, 2018).

Currently, the subject of “precision mechanical design” has within its thematic content in unit 2,

the topic of dies, where four important points are specified to achieve the competencies of this unit:
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1. Punch and die calculations.

2. Computer-aided design (CAD) and modeling of the parts that make up a die.

3. Static validation through finite element analysis (FEA) with specialized software.
4. Laboratory practice to identify the parts and operation of dies.

Of the four points mentioned, the competencies achieved are limited to points 1, 2, and 3, because
there are no dies in any laboratory within the Institute to carry out practices.

The objective of this research is to manufacture a didactic die prototype for the specialty subject
of “precision mechanical design” of mechatronics engineering, through the integration of theoretical
calculations, design, and computational modeling, validation with finite element analysis simulation
(FEA) and 3D printing manufacturing; materials and equipment available in the mechatronics
engineering laboratory of the Technological Institute of Hermosillo.

This research is intended to be a tool to achieve the specific competencies of unit 2 of the subject
of precision mechanical design, through rapid prototyping with 3D printing.

This research is integrated from a methodological development, the integration of results and
conclusions. The methodological development consists of 5 stages: preliminary conditions, calculation,
modeling, validation, and manufacture of the didactic die.

The results show the theoretical calculations, the models designed in Solidworks software, the

results of static and fatigue analysis in Solidworks Simulation, and the physical assembly of the die.


https://revistainvestigacionacademicasinfrontera.unison.mx/index.php/RDIASF

(Julio — Diciembre 2020)

"H saber e mis hijos
hard mil grandeza®

Revista de Investigacion
Ano 13. Académica sin Frontera
NUm. 33 ISSN: 2007-8870

https://revistainvestigacionacademicasinfrontera.unison.mx/index.php/RDIASF

Recibido el 28 de junio de 2020. Dictaminado mediante arbitraje favorablemente 18 de diciembre de 2020.

METHODOLOGICAL DEVELOPMENT

The methodological development used for this research is carried out in five main stages: preliminary
conditions, calculation, modeling, validation, and manufacturing of the didactic die. The methodological

procedure is shown in Figure 1 and is described below.

Stage I. Preliminary conditions.
1. Selection of the piece to die. The part is chosen to define its geometries and internal/external contours.
2. Selection of material. The material whose mechanical specifications meet the function of the part is

selected.

Stage I1. Calculations.

1. Calculation of loads for the stamping process. The calculations presented in this section are based on
the Archuleta methodology used (2015). It is based on the calculation of six main loads: shear load (Fc),
internal geometry punching load (Fint) and external (Fext), total load (Fr) and extraction load considering
a 10% shear load (Fe), total load with press efficiency.

Fc = Fint = Fexe = TtL 1)
Fr = Fint + Fext (2)
Fg = 0.1F 3
Fepr = (Ft + Foxt)/%Efficiency 4)

Where 1 is the resistance of the material at cutting, t is the thickness of the material and L the

length of the cutting edge.
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2. Calculations for matrix. To determine the dimensions of the matrix, the proportions of the standardized
values in table 1 are used, where the values of B and C can be obtained, from the conditions of A. The

following equations established by (Boljanovic & Paquin, 2006) are used to determine the length (L) and
width (H) of the matrix:

L = Cavity length + 2C (5)

H = Cavity width + 2C (6)
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Figure 1 Methodological process. The authors.
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In Archuleta (2015), it is established that, within the stamping processes, the matrix presents
tear derived from the impacts to which it is exposed, for which it is considered to extend its useful life
(Vu), through the following equation:

V, =3t (7
The escape angle (a) is located immediately after V,, established in the design and allows the
stamped parts to be released effectively, without presenting excessive clogging or friction within the

matrix released effectively (Almeida, 2017). Ginjaume & Torre (2005) propose to use an o of 1 to 3 °,
and up to 6 ° in low production matrix processes. Archuleta (2015), proposes an a = 3°.

@) :

A B C
Minimum distance from the die cavity to the outer edge (mm)
1 2 3
Strip thickness Matrix height Rounded contour Interior edges Acute interior edges
(mm) (mm) (11/8B) (112B) (2B)

0-1.5875 23.8125 26.7894 38.1000 47.6250
1.5875-3.1750 25.4000 32.1462 42.8625 57.1500
3.1750 - 4.7625 76.2000 39.2913 52.3875 69.8500
4.7625 - 6.3500 127.0000 46.4337 61.9125 82.5500
Mas de 6.3500 177.8000 53.5788 71.4375 95.2500

Table 1. Dimensional properties of the matrix. Adapted from (Boljanovic & Paquin, 2006).
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A (mm) B (mm) C (mm) D (mm) E (mm) F (mm)
76.2 88.9 9.525 44.45 57.15 23.8125
76.2 127 15.875 44.45 95.25 23.8125
101.6 101.6 15.875 69.85 69.85 23.8125
101.6 127 15.875 69.85 95.25 23.8125
101.6 152.4 15.875 69.85 120.65 23.8125
127 127 19.05 88.9 88.9 23.8125
127 152.4 19.05 88.9 114.3 23.8125

Tabla 2 Location of clamping holes. Adapted from (Boljanovic & Paquin, 2006).

3. Calculations for punch. The calculation that is made to the punch is about the clearance (CL) that it
must have concerning the matrix. The gap is the minimum separation that exists between both elements,

mainly to avoid friction (Aguayo, 2014). To determine the value of CL the following equation is used:

C, =t/K (8)
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Where K is the material constant to calculate the gap.

Stage I11. CAD design, modeling and assembly.

Solidworks software is used for the design and CAD modeling of the parts, based on the
methodology used by Planchard (2020) and Tran (2020), through the use of sketching techniques and
basic and advanced operations for modeling. For assembly purposes, the methodology of Almattar (2019)
was used, based on the configuration of the assembly complement of the Solidworks software. For two-
dimensional design, basic sketch operations were used within Solidworks software. These operations
include marking lines, circles, points, polygons, ellipses, grooves, arcs, chamfers and fillets, circular and
linear patterns, symmetry, as well as the smart dimension feature and the use of planes. For three-
dimensional design, modeling features were used within Solidworks software. These operations include
using planes, faces, and axes, extrude, boss/base revolution, swept base boss, loft, extrude cut, hole
wizard, solid fillets and chamfers, circular and linear pattern on solids, solid symmetry, among other. For
component assembly, the assembly option was used within the Solidworks software. This software
library allows to mechanically join all the modeled components and allows kinematic movements of the
unit parts, to predict incorrect kinematics or possible design errors, especially regarding the dimensional
considerations of the components, which must be designed with a precision approach to avoid

manufacturing problems.

Stage IV. FEA validation.

The validation consists of the static and fatigue analysis of the punch, the tool that performs the

cutting work and that is susceptible to damage from plastic deformation or imminent fracture.

1. Static analysis. Static analyzes allow the calculation of displacements, strains, stresses, and reaction
forces under applied loads (Estrada et al, 2017). The analysis is carried out with Solidworks Simulation,
based on the methodology proposed by Solidworks (2018 a). The methodology to carry out the static
analysis in software is presented in figure 2. The methodological calculation process is shown in figure
3.

10


https://revistainvestigacionacademicasinfrontera.unison.mx/index.php/RDIASF

(Julio — Diciembre 2020)

"H saber e mis hijos
hard mil grandeza®

Revista de Investigacion
Ano 13. Académica sin Frontera
NUm. 33 ISSN: 2007-8870

https://revistainvestigacionacademicasinfrontera.unison.mx/index.php/RDIASF

Recibido el 28 de junio de 2020. Dictaminado mediante arbitraje favorablemente 18 de diciembre de 2020.

Load material to model

Add restraints

Add loads

Static
simulation

Define meshing

Run analysis

Analyze results

Figure 2 Methodological process to perform static analysis with Solidworks. Solidworks (2018 a).

2. Fatigue analysis. In materials engineering, fatigue is the weakening of a material caused by cyclical
loading that results in progressive and localized structural damage and the growth of cracks (Murakami
& Miiller, 2005). In Solidworks (2018 e), it is established that for each cycle of voltage fluctuation it
weakens the object up to a certain point, and therefore, after several cycles, the object is so weak that it
fails. The methodology to carry out the fatigue analysis in software is presented in figure 4. The
calculation methodology used by the software is based on the theory of cumulative damage, this theory
assumes that the stress cycle with alternating stress above the limit resistance causes measurable
permanent damage, furthermore, it assumes that the total damage caused by several stress cycles is equal
to the sum of the damage caused by individual stress cycles (Solidworks, 2018 g). The equation for

calculating fatigue by the software is the one established by Miner's Rule.

11
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(5]
[S]
c
S Mesh, material property, restrictions
g and loads
_5 It is calculated using the main stress 6xx , oyy , 62z y
& . GXy=0GYyX,0yzZ=062zy,oxz=ozx and the Von
3 Displacements Misses equation
S Oum = (0.5((0, = 6,)* + (0, — 03 )2 + (03 — 61)%)) 12
It is calculated from the equation: ESTRN=2 [(g,+¢,)/3]/2
- Where:
g g, = 0.5 [(EPSX - £")? + (EPSY - £")? + (EPSZ - £)?]
@ &, = [[GMXY)2 + (GMXZ)2 + (GMYZ)?] / 4
" = (EPSX + EPSY + EPSZ) /3
__|Imagine an arbitrary plane that cuts the solid through
it at that point.
| Consider an infinitesimally small surface AA around
this point in the plane.
A
e
@ | Assume that the magnitude of force transmitted
through AA in a given direction is AF.
|| The stress in that direction is provided by AF / AA as

AA approaches 0.

Figure 3 Methodological calculation process for Solidworks software in static analysis. Adapted from
(Solidworks, 2018 b), (Solidworks, 2018 c¢) and (Solidworks, 2018 d).

12
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| Create a new fatigue analysis project
from the static results

Define the number of cycles per
iteration

{ Define the S-N curve for the material

Fatigue simulation

Definir meshing

Miner's rule
D = (n1/N1 + n2/N2),
Run analysis where N1 is the number of cycles

required to cause a fault under S1 and
N2 is the number of cycles required to
cause a low S2 fault.

Analyze results

Figure 4 Methodological calculation process of Solidworks software in fatigue analysis. Adapted from
(Solidworks, 2018 f).

Stage V. Parts manufacturing.

The methodology of the manufacture of the components was based on the following steps:
1. Convert the models made to ““.stl” format using Solidworks.
2. Import the models in “.stl” format to the Ultimaker Cura program.

3. Select the material for manufacturing.

13
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4. Configure the settings according to the finish for the pieces, as well as the necessary temperature
conditions to work with the selected material.

5. Save as GCode file.

6. Print the parts.

RESULTS

The part shown in Figure 5 was chosen to carry out the punching process.

Figure 5 Piece selected for the process and dimensions in mm. The authors.

Stage I: Initial conditions.

As initial conditions, the following were established:Material:
AISI 304 Stainless steel

t =size 16 = 1.52 mm= 0.00152m

7 =549 MPa = 549 x 10° N/m?

14
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Using Solidworks Smart Dimension Tool, the outside perimeter of the part was determined (see Figure
6), having an external perimeter length of 229.2 mm = 0.2292 m. The internal length was 8.94 mm =
0.00894 m. Part length (cavity length) = 88 mm = 0.088 m. Part width (cavity width) = 30 mm = 0.030
m.

Figure 6 Dimensioned sketch in Solidworks. The authors.

Stage Il. Calculations.

1. Calculation of loads for the stamping process. The calculation of the forces from equations 1, 2 and 3
was performed.

_ (7460.3 N)(1 Ton)

Fint (549x10 mZ)(O.OOlSZm)(O.OO894m) 7460.3 N ooo g oa1 D) 0.76 Ton

3
(1913A0°N)ATon) _ 4 g 5y
(1000 kg)(9-81 5_2)

Fog = (549 x 106 %) (0.00152m)(0.2292m) = 191.3 x 103 N =

Fr=195Ton+ 0.76 Ton = 20.26 Ton
Fg = 0.1(20.26 Ton) = 2.026 Ton.

15
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For an efficiency of 83%, Fgg; was estimated from equation 4.

__20.26 Ton+2.06 Ton

FEFI = 0.83 = 26.8 Ton

2. Calculations for matrix. The value of L and H was calculated with equations 5 and 6, and table 1. For
a strip value t = 1.52 mm = 0.00152 m (equivalent to A in table 1), the following values were obtained:
B = 23.8125 mm = 0.0238125 m, C = 38.1 mm = 0.0381 m, obtained from table 1, the following were
obtained:

L = 0.088 m + 2(0.0381 m) = 0.1642 m
H = 0.030 m + 2(0.0381 m) = 0.1062 m

The value of the service life was calculated from equation 7.

V, =3 (1.52 mm) = 4.56 mm = 0.00456 m

3. Calculation for the punch. The clearance value between the die and the punch was calculated with
equation 8. This equation is calculated in inches, so the calculation was carried out in these units, and the
value was later changed to meters. For the value of t, it has an equivalent to 0.0598 inches, the value of
K for stainless steel is 12.5 (Archuleta, 2015).

c, = 205%8puls _ g 5947 [
L 12.5 '

For the clearance by side, divide the value of C. over 2.

_0.0047In

CL = . =0.00235 In = 5.969x10° m

16
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Stage I11. CAD design, modeling and assembly.

The matrix was designed with the calculations obtained in stage Il. Figure 7 shows the dimensions of the

width, length and depth of the matrix. From Table 2, the locations of the holes for the tie bars were
determined, which can be seen in the design of Figure 8.

106.20

164.20

|

Figure 7 Die dimensioned sketch (in mm). The authors.
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Figure 8 Location of the clamping bars (in mm). The authors.

A thickness of 0.00456 m = 4.56 mm was added to the width of the matrix, equivalent to the result
of Vy, immediately after this thickness, o = 3 ° was added to the design. Vyand a can be seen in figure 9.

The final design of the matrix is shown in isometric in figure 10.

4.56 useful life

1. 3° attack angle

Figure 9 Vy (mm) and o in matrix. The authors.
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Figure 10 Final design of the matrix. The authors.

For C. from the punch, the Solidworks entity offset tool was used to create a sketch contour at a distance
of 5.969x10° m = 0.056 mm, which can be seen in figure 11.

Figure 11 Clearance outline (mm). The authors.

4 holes and 2 registration bolts were added to hold the punch to the punch holder, as shown in figure
12.
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Figure 12 Registration bolts and holes (mm). The authors.

The final design of the punch is seen in figure 13.

Figure 13 Final design of the punch. The authors.

For the design of the plunger, the same sketch of the die was used and a plate of greater measure than the
die was extruded. Next, a cut with a diameter greater than that of the base of the punch was added to
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avoid a collision between the pieces. Four holes were also added to hold the hold down to the punch
holder, the location was determined avoiding the collision of the supports and the hold down with the
die. The final design of the clamp is shown in figure 14.

Figure 14 Final design of the plunger. The authors.

For the design of the die holder, a base was used to allow the positioning of the die, in addition
to four guide posts, to this base four holes were added and two holes for the registration bolts that were
used for the positioning of the die. The holes for the assembly of the guide posts and a central hole were
added, which will allow the die-cut piece to fall into a deposit to obtain it. The final design of the die
holder can be seen in figure 15.

Figure 15 Final design of the matrix holder. The authors.
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For the design of the punch holder, a base equal to that of the die holder was used, to this base
four holes are added with a diameter that would allow the assembly of the bushings found in the guide
posts.

Later, the four holes were added to hold the punch, as well as the holes for the registration bolts.
The four holes for the screws that will allow the assembly of the plunger were also added. In the central
part a hole was added that will allow the union of the press rod with the punch holder. The final design

of the punch holder is shown in figure 16.

Once the pieces were designed, the assembly was carried out to check the correct alignment of
the pieces. The result of the assembly can be seen in figure 17.

Figure 16 Final design of the punch holder. The authors.
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Figure 17 Die assembly. The authors.

Stage IV. FEA validation.

The validation was performed at the punch, through static and fatigue analysis using Solidworks
Simulation.

For the simulation, the molded part of the punch was used, a static study was created and the
properties of the AISI 304 steel material from the Solidworks material library were used (see figure 18).
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Figure 18 Properties of the AISI 304 material. The authors.

Fixed geometry was subsequently applied to the face shown in figure 19.
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Figure 19 Fixed geometry for punch face. The authors.
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Next, the load of 263037.5 N (approximately equivalent to 26.8 Ton) was added, in a direction
perpendicular to the fixed fastening in a state of compression (axial direction to the z axis), as shown in
figure 20.

Figure 20 Compressive axial load. The authors.

For the purposes of the fatigue study, 7 events of 1,000 cycles, 10,000 cycles, 100,000 cycles,
1,000,000 cycles, 10,000,000 cycles, 100,000,000 cycles, and 190,000,000 cycles were added
respectively. Then the S-N curve is defined with respect to the material, for this case AISI 304 steel (see
figure 21).

The meshing for the analysis was carried out with an automatic mesher, generating solid parabolic
tetrahedral elements, since they provide better results than linear elements (Solidworks, 2018 h)

Maximum Von Mises stresses were observed in the separation edges between one step and
another in the punch, having a higher concentration in the area where the extrusion of the part to be
stamped begins, with a maximum stress value of 5.272 x 108 Pa, and a minimum stress value of 9.339 x
10° Pa (see figure 22).
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Figure 21 Definition of S-N curve for AISI 304 steel. The authors.
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Figure 22 Result of the Von Misses stress. The authors.
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The piece suffered a maximum displacement in the cross-sectional area of the piece to be stamped,

equivalent to 4.153x102 mm (see figure 23).

LRES (mm)
4153602

3.807e-02

_ 3.461e-02
311402
. 2.768e-02
L 2422602
2,07 6e-02
1,730e-02
1.334e-02
_ 1.088e-02
692 1e-03

3.461e03

1.000e-30

Figure 23 Displacement suffered by the part, according to static simulation. The authors.

The maximum strain was 2.002x1073, as shown in figure 24.
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Figure 24 Strain result. The authors.

The fatigue results for accumulative damage for the events established above were 3.099x10 as

maximum (see figure 25).

Figure 25 Result of the fatigue analysis. The authors.
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Stage V. Parts manufacturing.
For the manufacturing stage, the pieces modeled in Solidworks were converted to “.stl” format as

shown in figure 26. Later they were exported to Ultimaker Cura software as shown in figure 27.

v 4 l Trogquel Ensamblaje St

Organizar = MNueva carpeta

Estada Fecha de modificacidn Tl

Mingtn elermento coincide con el criterio de bdsqueda.

Opciones...

4 Ocultar carpetas Guardar

Figure 26 Conversion of models to “.stl” format from Solidworks. The authors.

g A

Figure 27 Punch part exported to Ultimaker Cura. The authors.

Segnertaodr
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The material was selected from the Ultimaker Cura program interface, for this case PLA (polylactic acid)
was used. Subsequently, the printing parameters were adjusted, as shown in figure 28. The file was then
saved in GCode generated by the program and the parts were printed.

...... ¢ Poromas D o s vk l]

Figure 28 Print parameter settings. The authors.

The manufacturing results of the main parts are shown in figures 29, 30 and 31. The die assembly is

shown in figure 32.

Figure 29 Die matrix. The authors.
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Figure 30 Die punch. The authors.

Figure 31 Die plunger. The authors
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Figure 32 Complete die assembly. The authors.

CONCLUSIONS

A didactic die prototype was manufactured, oriented to the competencies required by the subject of
precision mechanical design in mechatronic engineering at the Hermosillo Technological Institute,
specifically unit 2 related to dies. The lessons that can be achieved with this methodology in the field of

precision mechanical design are the following:

1. Theoretical calculation of the punch and the die matrix, fundamental parts in the operation of sheet
metal manufacturing.

2. CAD design and modeling of die parts.

3. Validation with finite element analysis in specialized software; compression and fatigue analysis.

4. Manufacture of previously validated mechanical elements, with additive manufacturing tools.

5. Identification of the parts and the operation of the die, by means of the virtual and physical assembly
of the die.
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Design and modeling software, finite element analysis simulators, and polymeric materials
printing technologies are important tools for the development of the engineer in the classroom, especially
for solving problems related to the lack of infrastructure in schools. laboratories of public educational
institutions, where it becomes problematic to carry out practices oriented to the competencies of each
educational program (Chéavez et al., 2019).

The advantage of this prototype, compared to metal stamping machines, is its low production
and manufacturing cost; No expensive and specialized machinery is required for manufacturing,
specific designs can be made by the students and their subsequent manufacturing (3D printing) in the
mechatronics laboratory for free. The methodology can also be replicated in matters such as properties
of materials, manufacturing processes and resistance of materials, taught in mechanical, aeronautical
and industrial engineering within the Technological Institutes system.
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