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Abstract: Since the beginning of the 21st century, incremental sheet-metal-forming processes, such
as single-point incremental forming (SPIF), have been the subject of extensive research. The SPIF
process is highlighted as an efficient and cost-effective solution for producing complex parts with
different materials and scales, surpassing conventional methods and being ideal for small series and
customized products. Various machines can be used to implement SPIF, such as adapted milling
machines, serial robots, and dedicated machines, each with its own advantages. However, although it
requires a higher initial investment, a dedicated machine offers superior performance. The objective
of this project was the creation of a compact and portable dedicated machine, which included the
design of suitable kinematics, a mechanical project, and numerical control. The structural design led
to the optimization of the dimensions of the robot arms. Direct and indirect kinematics were analyzed.
Finally, the careful selection and adaptation of components were carried out, bearing in mind the
support system of the forming punch, including the selection and sizing of motors, reducers, and
linear actuators. A functional early prototype was successfully built and tested.

Keywords: incremental forming; kinematics; mechanical project; processing technology

1. Introduction

The constant evolution of manufacturing processes arises from the need to improve
current production methods. This leads to technological advancements in the manufac-
turing process aimed at making it more flexible and precise and solving issues related to
compliance, the quality of the produced parts, and productivity.

One technique that has been widely researched and has consistently evolved since the
early 2000s is the incremental forming process, such as single-point incremental forming
(SPIF) [1,2]. The range of applications is extensive, covering many different materials and
geometries. In addition to its application in the field of prototyping, the SPIF process can also
be used in the production of unique parts and small series. This capability has opened up new
business opportunities and enabled the development of exclusive and customized products [3].

Despite being a free-form manufacturing process, SPIF has some geometric limitations.
These are mainly due to its specific forming mechanics and the material’s formability
limitations [4]. Therefore, it is important to establish well-defined guidelines to ensure a
viable design [5].

SPIF can be implemented through different equipment. The most cost-effective and
straightforward solution is to adapt milling machines [6]. However, due to their design being
initially oriented toward cutting operations, they may not allow for high loads, limiting the
range of employable materials. Serial robots [7] are also straightforward to implement and
easily available. The most obvious advantage of serial robots is their superior kinematics due to
a greater number of axes, especially when compared to three-axis Computer Numerical Control
(CNC) milling machines. However, the nature of serial kinematics leads to less stiff structures,
limiting the maximum available loads and, consequently, the range of materials that can be
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formed. Dedicated purpose-built machines have also been developed. A dedicated machine
has a higher initial investment than a customized CNC milling machine, but it is specifically
designed for the SPIF operation, resulting in better performance and available workloads.
Examples of dedicated machines include the ones developed at Cambridge University [6],
the Amino commercial machine [8], and the SPIF-A developed at the University of Aveiro [9]
using parallel kinematics to ensure higher stiffness for the SPIF operation. The SPIF-A had a
workspace of 500 x 500 mm with a height displacement of 400 mm [10] and a load capacity of
20 kN, and it was able to process dual-phase steels. To achieve such a workload, the machine
encompassed a considerable hydraulic system with a significant size, producing significant
noise. Although it had a large workspace and could shape large parts, it was rarely used for
large-sized components. In academic environments, it is more common to build small parts for
testing and prototyping, which eventually led to its dismantling.

In doing so, it was planned to develop a compact incremental forming machine. It would
be driven by electricity and be silent and compact to allow its coexistence with 3D printers
in environments where noise levels are limited. This work involved automation, applied
mechanics (direct and inverse kinematics), and mechanical design. Regarding the mechanical
design, it is necessary to ensure that the machine can withstand the forming forces involved in
the particular forming mechanics of incremental sheet-forming (ISF) processes.

2. Project Guidelines

This project aimed to meet the fundamental need to form small and medium-sized
parts, which translates to a workspace of 200 mm x 200 mm with a vertical stroke of 100 mm.
Another relevant consideration when defining the machine’s architecture is determining
the materials to be considered and their thicknesses. In this case, the main materials will be
aluminum sheets with thicknesses ranging from 0.5 to 3 mm.

The design of a machine must take into account the forces involved in the technological
process. Thus, the key to designing an incremental forming machine is predicting the forces
acting on the tool during the process. The force required to form the sheet depends on
the material chosen and its thickness [1]. In the present project, based on previous works
related to aluminum materials [11], a 3 kN compressive load and a 1 kN lateral load were
considered to be acceptable limits to form a great variety of aluminum alloy sheets. Table 1
summarizes the initially set requirements for this work.

Table 1. Main project requirements.

Workspace (mm?) Vertical Stroke (mm)  Sheet Thickness (mm) Sheet Material Forming Forces (kN)

3 (vertical)

200 x 200 100 0.5-3.0 Aluminum 1 (horizontal)

2.1. Architectural Considerations

Throughout this development project, various architectural solutions were considered
and studied, considering that a single-point incremental forming process requires at least
three axes. After appropriate filtering, the chosen solution was the one where one axis is
controlled by a lead screw, while the other two axes are controlled by a two-axis robot,
specifically a planar RR-type robot. This type of robot is referred to as a D2 Delta Robot [12].
This architecture allows for an excellent balance between the forming speed and exerted
force. Additionally, it enables precise control of the process.

By analyzing the possible configurations of the arms, whether in series or in parallel
(Figure 1), it can be concluded that, in a serial configuration, the precision of the process is dimin-
ished as the positional error accumulates and becomes greater than in a parallel configuration.
Since precision is a key factor in an SPIF process, a parallel configuration was chosen.
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Figure 1. Arm motors in (a) a serial configuration and (b) a parallel configuration.

In this configuration, the arms can be oriented in the same direction or in opposite
directions, as in Figure 1b. After analyzing the torque applied to the motors, it was
concluded that it is equal in both cases. The decisive factor, therefore, was the simplicity of
the design with the arms oriented in opposite directions.

2.2. Optimization of Robotic Arms: Workspace and Torque Minimization

Arm optimization is an iterative process. The model is based on the premise that there
are two planar RR-type arms equidistant from the center, with a distance of 45 mm. Since
the developed code is intended to study torque, the implemented kinematics consider each
arm separately, making it simpler. The workspace is a trapezoid with a height of 100 mm, a
maximum length of 200 mm (at the top), and a wall inclined at 75 degrees.

To initiate the iterative process, the following initial values are defined: an arm length
L1 of 120 mm and an arm length L2 of 150 mm. Additionally, variables for displacement in
the y- and z-axes of the workspace can be considered.

The developed code (available from the authors” GitHub repository, TatianaResend)
produces an output in the form of a list with 15 lines. Each line represents the torque of
each motor at a specific point. The first line corresponds to the machine’s origin (0, 0, 0),
followed by four lines for the corners of the workspace and, finally, ten lines for internal
points of the workspace.

By performing additional iterations with different initial values, it is possible to
optimize the arm lengths relative to the torque, considering the workspace and realistic
measurements for proper implementation.

After determining the machine’s architecture, it is essential to proceed with the defi-
nition of arm lengths. This definition is subject to the workspace and the torque exerted
on the motors, aiming to minimize the arm lengths without affecting the workspace or
reducing the motor torque.

The motor responsible for motion along the x-axis will be positioned in the same plane
as the worktable, while the other two motors, responsible for motion along the y- and z-axes,
will be positioned above the work base. The height of the motors is directly related to the
torque applied to them, as torque (7) is obtained by multiplying the distance (d) between
the motor and the worktable plane by the applied force (F) (as shown in Equation (1)).

T=dxF (1)

The optimization of arm lengths was achieved through a program developed in
MATLAB. The results obtained indicate that the minimum possible lengths, without com-
promising the machine’s structure, are 120 mm for the first arm and 150 mm for the second
arm, with a distance of 290 mm between the motor and the worktable plane. Consequently,
the maximum achievable torque is 665 Nm.
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2.3. Kinematic Analysis

The kinematic analysis of robots is a field of study that is divided into two main parts:
direct and inverse kinematic analysis. Direct kinematic analysis involves determining the
motion parameters of the end-effector, such as displacement, velocity, and acceleration,
based on the motion parameters of the robot’s joints, such as angular displacement, angular
velocity, and angular acceleration. On the other hand, inverse kinematic analysis refers to
determining the motion parameters of the robot’s joints based on the motion parameters of
the end-effector [13].

Inverse kinematics is particularly useful in robotics for programming complex tasks
like the SPIF process.

2.3.1. Direct Kinematics

As shown in Figure 2, the D2 Delta robot will be responsible for controlling the motion
along the y- and z-axes. The point of interest is the midpoint of the end-effector, referred to
as “O”, with coordinates (Ty, Tz).

Figure 2. Diagram of the D2 Delta robot structure.

To obtain the mathematical model for the direct kinematics, we establish the relation-
ship of motion within the system (Equations (2)-(4)) with the form

—Ljycos6; + L2cos6y + Lg + Lzcosb; — Lycosfy — L5 =0 )
Lysin6; + Lysin@, — Lz sinf; — Lysinfy =0
T, ——lL — L1 cos 61 + Ly cos 6 +1L6
Yy T T TR R T 5™ and ®)
T, = L1sinf 4 Ly sin 6,
1 1
T, = §L5+L4cosﬂ4—L3cosﬂ3—§L6‘ @

T, = Lysinfy + Lz sinf3

The coordinates of the end-effector (T, T) are obtained by rotating the angles 61 and
64. The relationship between 6, and 63 and ¢; and 6, can be calculated from Equation (2).
Thus, we obtain

A+ Bsinf3+ Ccosf3+ D =0 ()

where

A=13-LB3+I15+ 13+ 13+12 (6)
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B = —2L1L3sinf; +2L3L4sinfy, (7)

C= —2L1 L3 Ccos 91 — 2L3L4 COS 94 + 2L3L6 - 2L3L5 and (8)

D = —2L1L4sinfysin6y + 2L1 L4 cos 01 cos 04 — 211 Lg cos 64 ©)

+2L1 L5 Ccos 91 - 2L4L6 Ccos 94 + 2L4L5 COos 94 — 2L5L6 ’

Taking into account the equality o = tan 973 and using the trigonometric identities,

0
. . 2tan(4
we can obtain the equation tanf; = ang 293) = 3 3‘32 Thus, we can conclude that
, 1—tan?(+)
; _ 20 _ 1-o
sinf; = Tro? and cos 3 = 7 o

By substituting the values of sin 63 and cos 63 into Equation (5), we obtain the following:

20 1—¢?

C
112 T o142
Simplifying Equation (10), we obtain

A+B +D=0. (10)

0*(A—=C+D)+0(2B)+(A+C+D)=0 (11)

ye ~B++/B2—(A-C+D)(A+C+D)

A—-C+D (12)
03 = 2tan o (13)
0, — sin~1 —L1sin6; + L3 sinf; + L4sin 94. (14)

Ly

Substituting Equation (14) into Equation (3) allows us to find the coordinates of the
end-effector:
T, = —%L5 — Ly cosB; + LrcosB, + %L6

T, = Lysinf0; + Ly sin 6, (15)
0, = sin_l —Lq sm91+L3Lszml93+L4sm64

Substituting Equation (14) into Equation (4) allows us to find the coordinates of the
end-effector:

T, = %L5 + LycosBy — Lz cosB3 — %L6
T, = Lysinfy + Lz sinf3 (16)
03 =2tan" o

By using Equations (15) and (16) and knowing the input angles 6; and 8y, it is possible
to calculate the coordinates of the end-effector (Ty, Tz).

2.3.2. Inverse Kinematics

By knowing the coordinates of the end-effector (T, T>) through Equations (25) and (34),
it is possible to calculate the input angles 6; and 8;. The inverse kinematic analysis of the
D2 Deltarobot is based on the coordinates of the end-effector (Ty, T,), which can be used
tosolve for the rotation angles 6; and 0,. Using Equation (3), the following is obtained:

Al+ Blsin6; +Clcosf; + D1 =0 17)

where
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Al =Ty + T2 + L7 — L5+ 0.25L% + 0.25L¢, (18)
B1 =2TyLy + L1Ls — L1 Lg, (19)
Cl = -2T;L4, (20)
D1 = T,Ls — TyLe — 0.5LsLs. (21)
Taking into account the equality ¢ = tan 971 and using the trigonometric function
0
identities, we can obtain the equation tan6; = 12ttang (291)) =71 E(,sz . Thus, we can conclude
—tan?( 4
that sinf; = % and cosf; = %;—‘;ﬁ Substituting the values of sinf; and cos6; into
Equation (17), we have
M- o1l b1 22)
1402 1402 e

Simplifying Equation (22), we obtain

0?(A1—C1+D1) +0(2B1) + (A1+C1+D1) =0 (23)
y —B1++/B12— (A1 —C1+ D1)(A1+C1+ D1) 24)
N Al-Cl1+D1
0, =2tan 0. (25)
Using Equation (4), we can obtain
A2+ B2sinfy + C2cos04+ D2 =0 (26)
where
A2 =T; +T7 + Lj — L5+ 0.25L3 + 0.25L¢, (27)
B2 = 72TyL4 + LyLs — LyLg, (28)
C2 = —2T,Ly, (29)
D2 = —TyL5 + TyL6 — 0.5Ls5Lg. (30)

Taking into account the equality p = tan 974 and using the trigonometric function
2tan(674) _ %
1—tan2(%)  1-p

identities, we can obtain the equation tan6; = >. Thus, we can conclude

2
ﬁ. Substituting the values of sinf; and cosf; into

that sinf, = 1-2:;7 > and cosfy =

Equation (26), we obtain

20 1-¢?
A2+ B2 c2 D2 = 0. 31
B Ot (31)

Simplifying Equation (31), we obtain

p?(A2 — C2+4 D2) +p(2B2) + (A2+C2+D2) =0 (32)
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_ —B2+./B22— (A2—C2+ D2)(A2+ C2+ D2) 33)
p= A2—C2+ D2

0, = 2tan" ! p. (34)

By using Equations (25) and (34) and knowing the coordinates of the end-effector
(Ty, Tz), it is possible to calculate the input angles 6; and 6.

3. Mechanical Design

The development of a machine requires careful attention to the components used. It
is important to choose components that can be easily acquired in the market or whose
manufacturing is relatively simple in order to reduce project costs. Additionally, it is
essential to consider the materials used to ensure that the machine can adequately withstand
the forces exerted upon it without being overly conservative. These considerations are
fundamental to guaranteeing the effectiveness, efficiency, and safety of the machine while
also aiming to optimize the costs and resources involved in the project.

3.1. Robotic Arm Design

The configuration of a D2 Delta robot consists of two main arms, one on the right side
and another on the left side, responsible for movement and force support, accompanied by
one or two secondary arms to ensure platform parallelism, as demonstrated in Figure 3a.
However, for processes involving horizontal forces, such as SPIF, it is preferable to use a
configuration with three main arms in a triangular arrangement, as shown in Figure 3b. This
configuration significantly increases the robot’s resistance to horizontal forces, providing
greater efficiency.

-~ Y

@) (b)

Figure 3. Robot arm configurations with (a) two main arms and (b) three main arms.

Two of the three main arms are aligned relative to the y-axis (on the left side) and
move together, while the third arm (on the right side) is equidistant on the x-axis from the
other two arms. To ensure synchronized movement between the two arms on the left side,
they are connected by “X”-shaped components, allowing not only their movement together
but also easy coupling between the components. The structure of the right-side arm is in
the shape of an “O”, simplifying the coupling between components. On the same side,
there are two secondary arms that ensure parallelism.

The movement of the platform and, consequently, the tool is ensured by the motion of
motors attached to the arms at the top. The motion is transmitted through universal joints
to allow torque transmission at different angles.



Machines 2024, 12, 86 8 of 22

In situations where it is necessary to allow movement between two parts with a low
load and moderate rotational speed, bushings are used. This method is considered a more
cost-effective option than using bearings.

Figure 4, case (a), illustrates the assembly of the components of the main arms on the
left side, and case (b) illustrates the assembly of the main arm on the right side.

(a) (b)
Figure 4. Assembly diagram of the main arm components on the (a) left side and the (b) right side.

3.2. Support System for the Forming Punch

Given that there are forces acting on the sheet during the SPIF process, a mechanical
support system has been developed and integrated into the platform to accommodate the
forming punch. This approach is beneficial because it requires fewer components and
simplifies assembly.

The support system has been designed to meet process requirements, ensuring mini-
mal friction during the passive sliding of the punch on the sheet and proper integration
with the machine structure.

Figure 5 illustrates the main components of the system, which include a shaft connect-
ing the platform to the tool holder, a bearing to ensure proper positioning and support for
the shaft, and a cover to position and provide access to the components.

99000

Platform

Bearing

Cover

Shaft

OOEOE

Toolholder

Figure 5. Components of the support system for the forming punch.
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3.3. Bearing Selection

The selection of bearings follows three fundamental criteria, which include proper
shaft positioning, the minimization of displacements, and resistance to process forces.
The types of bearings studied include the following:

*  Needle roller bearings: These are composed of long, thin rollers that support high
radial loads in limited spaces. They have a high radial load capacity but do not support
much axial load.

¢  Single-row deep-groove ball bearings: These have a ball track and a deep groove in
both the outer and inner rings to support light radial and axial loads.

¢  Combined needle roller and thrust ball bearings: These are a combination of needle
rollers and balls to support both radial and axial loads simultaneously. They can
support higher radial loads than ball bearings and higher axial loads than needle
roller bearings.

In the SPIF process, which involves axial and radial loads, the combined needle roller
and thrust ball bearing is the most suitable solution. The main characteristics of this bearing
can be observed in Table 2.

Table 2. Main characteristics of the combined needle roller and thrust ball bearing. Adapted from
SKEF [14].

Radial Axial
Co 39 kN 6.32 kN
C 25.5 kN 4.54 kN
P, 4.65 kN 0.268 kN

Flexion and compression

Load (guidance and support)
Uref 11,000 r/min

Vlim 13,000 r/min
Mass 0.15 kg

3.4. Tool Holder

The tool holder is a critical component, acting as a passive connection between the
shaft and the forming punch, with the aim of efficiently transmitting the rotational motion
of the punch to the shaft without compromising the efficiency of the connecting elements.

To ensure the proper performance of the tool holder, three points must be considered:
concentricity, clamping force, and standardization. The concentricity of the rotation axes of
the platform and the punch must be maintained, while the tool must be securely held to
prevent its rotation or release during work, which can pose hazards. All of the different
components must be consistent with each other.

Although there are various tool holders available in the market for different tech-
nological processes, the SPIF process is still relatively new, with limited development in
specialized equipment. Therefore, it will be necessary to choose an existing tool holder for
another technological process and adapt it to the specific needs of the SPIF process. A tool
holder consists of three main elements: the cone, the flange, and the tool fixation system, as
illustrated in Figure 6. The interface between the platform and the tool holder is formed by
a cone, which can be of different types.

The CAT, ISO, and DIN cones are some of the many available different tool holders
available [15] and represent the most prevalent and versatile types used in the industry. The
housing is simple and does not have many requirements, making it ideal for prototypes and
machines with manual tool changes. On the other hand, the HSK (Hohlfutter Schaft Konus)
cone with a hollow shank is characterized by a flat cone-hole contact surface. It is especially
suitable for high-speed machines due to its high balance, as well as high static and dynamic
rigidity. Its centralized fixation allows for bending loads up to twice as high as common
conical tool holders. The floating cone, on the other hand, is indicated for threading and
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reaming operations due to the complex balance of rotational and axial movement that
occurs during thread generation. However, it is not recommended for processes involving
radial fluctuations, as it does not provide resistance to bending.

Figure 6. Tool holder assembly: A—cone; B—flange; C—tool fixation system.

The flange is a flat, circular surface located at the bottom end of the tool holder and
is used to support the base of the tool to be fixed. The flange is typically attached to the
cone of the tool holder, either by screws or by a mechanical locking system. In addition to
serving as a point of support for the tool, it is also responsible for transmitting the cutting
forces and torque generated during the workpiece forming process to the machine tool.

There are four categories of fixation systems employed to ensure tool fixation in the
tool holder. The first type is the collet chuck, which uses a metal sleeve to hold the tool and
is locked with a nut. The second type is the hydraulic chuck, which uses an oil reservoir to
balance the clamping pressure. The third type is the shrink-fit chuck or thermal clamping,
which utilizes a heater to expand the bore into which the tool is inserted and then cools
down to firmly hold the tool. The fourth type is the Weldon chuck, which uses a radial
screw to hold the tool, requiring a flat area on the shank. To properly meet the demands of
the SPIF process, the most suitable option is to use a tool holder with an HSK cone shape in
combination with a Weldon chuck. This combination offers high clamping rigidity and is
easy to handle, even for operators without specific expertise. Figure 7 shows an example of
this type of tool holder.

Figure 7. Selected tool holder: HSK cone with a Weldon chuck. Adapted from Sanches Blanes [16].

3.5. Selection and Sizing of the Motor—Reducer Assembly

To meet the maximum required torque of 665 Nm, it is crucial to properly size and
select both the motor and the gearbox. This selection is essential to ensure the performance
and efficiency of the system, as well as the safety of the operating environment. This implies
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that the motors should have the power to execute all commands sent by the controller,
even if the torque increases. To meet this requirement, the use of a closed-loop motor
is recommended, which includes an encoder, coupled to the shaft. The encoder sends a
feedback signal to the controller indicating the actual displacement of the shaft. Thus, the
controller can continuously monitor whether the motor is correctly positioned and take
action if any changes occur.

Based on this premise, Fernandes [17] conducted a study on various types of motors
for application in the SPIF process, namely, servo motors, brushless DC motors, and stepper
motors. Given the need to work with low speeds and high torques, it was concluded that
stepper motors offer the best cost-benefit ratio. After a careful analysis of the various
options, the chosen motor for the project in question was the NEMA 34. This motor exhibits
excellent performance in terms of torque and precision, and it also has a size compatible
with the project’s requirements. The main features of this motor are presented in Table 3.

Table 3. Main characteristics of the NEMA 34 motor.

Number of phases 2

Holding torque 12 Nm
Rated current per phase 6.0 A

Phase resistance 0.72 ohms
Inductance 7.3 mH + 20% (at 1 kHz)
Frame size 86 x 86 mm
Body length 150.6 mm
Shaft diameter @ 14 mm
Shaft length 37 mm

Key length 25 mm
Number of connections 4

Cable length 270 mm

Considering a maximum torque of 665 Nm, the chosen motor for the system has
a torque of 12 Nm, requiring the use of a gearbox with a theoretical transmission ratio
of 56:1. For this purpose, planetary gearboxes were evaluated, including spur-gear and
helical-gear planetary gearboxes, as well as precision worm gearboxes. Precision worm
gearboxes have relatively low efficiency compared to spur and helical gears, which can
be a disadvantage in applications that require high efficiency [18,19]. Given the need for
significant force application in the SPIF process, the selection of a low-efficiency gearbox,
such as a worm gearbox, could result in a significant reduction in torque transmission
efficiency. Additionally, worm gearboxes tend to generate more heat due to the friction
between the worm screw and the worm gear. Thus, the use of worm gearboxes was
excluded, with the focus going to the analysis of spur-gear and helical-gear gearboxes.

Study of the Motor—Reducer Configuration

Throughout the entire machine development process, it was crucial to consider compati-
bility requirements, resulting in a study to select the motor—reducer configuration. The first
approach, depicted in Figure 8, is to position the motor vertically and use a 90-degree reducer.
This configuration offers the advantage of not needing a transmission system between the
reducer shaft and the arms, resulting in higher efficiency and cost savings. However, this
configuration is not favorable, as it requires an adaptation of the access area to the worktable.

The second hypothesis, represented in Figure 9, positions the motor horizontally at the
top of the structure and uses a linear reducer. This configuration is compact and does not
have the disadvantage of the previous configuration. However, this configuration requires
a transmission system, resulting in higher cost and lower efficiency.
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Transmission
system

Figure 9. Hypothesis 2 motor—reducer configuration: motor positioned horizontally at the top of the
structure with a linear reducer.

In hypothesis 3, the motor—reducer configuration positions the motor horizontally and
uses a 90-degree reducer. The system is compact, although the motor is not fully enclosed
by the structure. It does not interfere with the access to the worktable and does not require a
transmission system, overcoming the disadvantages of the previous configurations. Another
configuration studied, presented in Figure 11, positions the motor horizontally and uses a
linear reducer. This configuration offers the same advantages as hypothesis 3.

In summary, hypotheses 3 and 4, represented in Figures 10 and 11, respectively, are
nearly equivalent, with the difference between them possibly being the price of the reducer.

Initially, based on the theoretical torque value of 665 Nm, which corresponds to a reduction
ratio of 56:1, alternatives available in the market were examined from various suppliers. After
careful analysis, it was found that straight-gear reducers faced difficulty in achieving such
high torque values. In line with the torque reduction premise, three helical reducers were
found, with a reduction ratio of 60:1 and a torque of 600 Nm. Although this is lower than
the theoretical value, this torque represents the nominal torque, indicating that the maximum
torque achieved by the reducer is higher, namely, up to three times higher than the nominal
torque. Two out of the three reducers are 90-degree helical reducers, while the other one is a
linear helical reducer. Table 4 presents the main characteristics of the analyzed reducers. The
90-degree helical reducers have a higher capacity to withstand radial loads, while linear helical
reducers are more compact and perform better in high-precision applications.
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Figure 10. Hypothesis 3 motor—reducer configuration: motor positioned horizontally with a 90-degree

helical reducer.

Figure 11. Hypothesis 4 motor-reducer configuration: horizontal motor with a linear reducer.

Table 4. Characteristics of the analyzed reducers.

ABR142 [20] AER155 [21] AE155 [22]
Type 90 degrees 90 degrees linear
Nominal input speed  rpm 3000 3000 3000
Nominal radial load N 9400 8460 8460
Nominal axial load N 4700 4700 4700
Efficiency % >92 >92 <94
Weight kg 27.5 21.8 17
Length mm 365 324.5 239
Price EUR 3805.00 3398.00 2237.00

After a comparative analysis of the reducers, the AE155 linear helical reducer was cho-
sen following hypothesis 4, as shown in Figure 11. Although the 90-degree helical reducers
have significant advantages, the linear reducer better meets the specific requirements of the
application, including the limited available space, the need for high precision, and lower
cost. Furthermore, the 60:1 reduction ratio with a nominal torque of 600 Nm is suitable for
the application at hand. Therefore, the selection of the AE155 linear reducer was the most
appropriate choice. A custom-made aluminum plate was designed to enable the fixation of
the reducer to the machine frame.
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3.6. Selection and Sizing of the Motor—Linear Actuator Assembly

While the motor-reducer assembly is responsible for ensuring the movement of the
y- and z-axes of the machine, the motor-linear-actuator assembly is responsible for the
x-axis. In order to standardize the components, a similar process to that described before
was adopted to select the motor, resulting in the same motor choice. To select linear motion
control systems, it is necessary to consider requirements such as force, speed, distance
traveled, precision, repeatability, and service life. Among the types of motion control
drives, the following stand out: ball-screw drives, lead-screw drives, and belt drives [23,24].
Several ball-screw and belt-drive systems were analyzed. Table 5 presents the characteristics of
three linear actuators, one ball-screw and two belt drives, that meet the project requirements.

Table 5. Characteristics of the linear actuators under analysis.

MTJ40 ECO L MTV40 1205 TLM105G

Drive Type Belt Ball Belt
Carriage Length mm 200 150 300
Dynamic Torque Nm Mx =158 Mx =28 Mx =76
My = 660 My =260 My =296

Mz = 660 Mz = 260 Mz =296

Maximum Force N Fpy = 6540 Fpy =2300 Fpy = 6355
Fpz =10,190 Fpz = 3860 Fpz = 6355

Maximum Torque Nm Mx = 60 Mx =23 Mx =168
My =341 My =210 My = 679

Mz =219 Mz =130 Mz =679

Maximum Axial Force N 262 3400 3451
Maximum Speed m/s 3 0.49 3
Price EUR 740.00 1156.41 1500.00

Any of the three options analyzed can meet the project requirements. By using a linear
actuator with a ball-screw drive, a higher precision is achieved compared to belt-driven
actuators, which is an important aspect of the SPIF process. However, due to economic con-
siderations, the MTJ40 ECO L model was initially chosen. In the future, it is recommended
to conduct a second evaluation considering the available budget for the project in order to
verify whether the MTJ40 ECO L actuator remains the most suitable option.

3.7. Motor—Linear Actuator Connection

The movement of the worktable is ensured by two linear actuators, and this type of
configuration is commonly known as 2x, as shown in Figure 12.

Figure 12. Configuration of the two linear actuators: 2x.

In order to make the system compact, the motor was positioned perpendicularly to
the axis of the linear actuators. The transmission system between the motor shaft and the
linear actuator shaft is accomplished using two pulleys and a belt, and the transmission
between the two linear actuators is achieved through a synchronizing shaft of the OSL type,
as shown in Figure 13.
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Figure 13. Components of the transmission system between the motor shaft and the linear actuator
shaft and between the two shafts of the linear actuators.

3.8. Structural Configuration

The structural configuration of a machine is a crucial element for its performance and
durability. It is necessary to consider the strength and stability of the structure to ensure
that the machine can withstand the loads and vibrations to which it is subjected during
operation. The 45 x 45 mm aluminum profiles represent an excellent balance between
weight and strength, making them an ideal choice for such applications. These profiles have
a square cross-section of 45 mm and are manufactured from a highly resistant aluminum
alloy. Standard CAC anchor connectors and fasteners were employed to join the profiles.
With external dimensions of 640 x 475 x 600 mm, as shown in Figure 14, the structure
needs to accommodate the working area and the arms. To provide support and additional
reinforcement, diagonal profiles have been added, as the machine will be subjected to high
loads and vibrations during the process. This information is illustrated in Figure 15.

640 47

2 3

/

.

I 1h 1l 11 1l

Figure 14. External dimensions of the structure.

Figure 15. Projected view.
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4. Simulations

The use of component and structure simulations enables the verification of the fea-
sibility and performance of virtual designs, resulting in time and resource savings in the
production process. SOLIDWORKS offers the possibility of performing static and dynamic
simulations (with motion analysis), which are useful in different project situations. Static
simulation is used to analyze the behavior of static models. It is useful for assessing the
structural strength of parts and assemblies, as well as observing stresses and deformations
under static conditions [25].

On the other hand, motion analysis simulation is used to analyze the behavior of a moving
model, considering the forces and constraints that affect the motion of parts and assemblies.
It helps evaluate the dynamics of mechanical systems, identify interferences, and optimize
the performance of projects involving motion. The advantage of motion analysis over static
simulation is that it provides features such as kinematic and dynamic analysis, force and
torque calculations, and collision detection. These features can be used to simulate the effects of
motion, including the influence of gravity, friction, and other physical phenomena, on parts and
assemblies [25,26]. Motion analysis simulation allows for identifying potential issues in designs
and making necessary changes before creating physical prototypes. In general, simulations
using SOLIDWORKS, including static analysis and motion analysis, are a powerful tool for
optimizing designs and improving product performance.

4.1. Motion Analysis Simulation

The simulations conducted took into account the forces acting on the tool tip and
assumed that these forces are evenly distributed, with 3 kN in the vertical direction (z-axis)
and 1 kN in both horizontal directions (x-axis and y-axis). Additionally, it was considered
that the parts are made of EN10083:C45 steel, which is a type of medium-carbon construc-
tion steel. During the simulation, the tool holder and, consequently, the machine arms were
moved to the critical locations of the workspace, which correspond to the four corners of
the trapezoid, following the sequence shown in Figure 16 through the rotation provided by
the motors. These critical points were verified when defining the machine’s architecture.

Figure 16. Sequence of the simulated robot’s trajectory while passing through the critical points.

A study was conducted on the reaction force over the simulation time of potentially
critical parts and connections. This computationally fast study allows for obtaining a
graph with the curve of the reaction force over the simulation time, enabling a good initial
analysis of critical efforts. After identifying the critical point on the workspace plane (peak
of the curve), it is possible to simulate the component for a 0.2 s interval, consisting of
0.1 s before and 0.1 s after the specific point. A short simulation period was chosen to
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avoid a significant increase in processing time. The main objective of this simulation is to
evaluate the support capacity of the components against the stresses and forces they will be
subjected to during operation and ensure that all connection components have a minimum
safety factor of 1.5 in order to avoid any risk of failure or accidents. For this purpose, four
main components were selected: the fork with pin, the universal coupler, the large parallel
bar, and the platform. These components were considered critical due to their importance
for the proper functioning of the machine and/or their exposure to higher stresses and
forces. The simulations conducted allowed the evaluation of the results and the analysis of
the viability of each component in relation to their specificities and requirements.

4.1.1. Component—Fork with Pin

The component called “fork with pin” is acquired in its final form of acquisition, and
the main concern is ensuring that the force or stress to which this component is subjected
does not exceed the specifications provided by the manufacturer. It is important to note
that the component in question has different levels of stress on each side of the robot due to
the asymmetry present in the device. Therefore, to ensure the proper functioning of the
robot, it is crucial to examine both cases. Figure 17 shows the temporal variation in the
exerted force and the position where it is maximum.
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Figure 17. Graph of the reaction force over time on the “fork with pin” component on (a) the left
side and on (c) the right side and the positions of the robot at the respective critical points in the
(b) top-right corner and the (d) bottom-left corner. The red line points to the peak force.

From the analysis of the graph, it can be observed that the magnitude of the reaction
force is lower on the left side compared to the right side, justified by the fact that the left
side has two main arms while the right side has only one. Due to the higher reaction force
on the right side, a simulation was performed at the critical position using a time interval
from 5.4 to 5.6 s. The results are presented in Figure 18.

Given that the material used for the simulation is cold-drawn AISI 1045 construction
steel with a yield strength of 530 MPa [27], it can be inferred that the adopted safety factor
was 2. This value meets the minimum project requirement for a safety factor of 1.5, ensuring
an adequate safety margin for the application at hand.



Machines 2024, 12, 86

18 of 22

4.1.2. Component—Universal Coupler

The universal coupler is purchased as a finished product, and similar to the previous
component, it is crucial to examine the component located on both the right side and left
side of the robot to ensure proper functioning. Figure 19 presents graphs that illustrate the
reaction force over time and the position of the robot at the respective critical points.

Upon analyzing the graphs, it is possible to observe a significant similarity between
the graphs of the current component and the previous component (fork with pin). This
similarity is a consequence of the simplification made during the simulation, in which
all fixed parts were considered a rigid body. As a result, it can be concluded that the
component has sufficient capacity to withstand the forces generated by the machine.
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Figure 19. Graph of the reaction force over time on the universal coupler on (a) the left side and on
(c) the right side and the positions of the robot at the respective critical points in the (b) top-right
corner and the (d) bottom-left corner. The red line points to the peak force.
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4.1.3. Component—Major Parallel Bar

An additional element of utmost importance for the project at hand is the major
parallel bar, which will be manufactured internally. To ensure that the produced material
is suitable for this application, it is crucial to determine the maximum stress that it will
withstand. The analysis of the force reaction at the connection point with the platform over
time is presented in Figure 20.
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Figure 20. Component—major parallel bar: (a) graph of the reaction force over time and (b) position
of the robot at the respective critical point, lower-left corner. The red line points to the peak force.

Upon analyzing the graph, it can be observed that the maximum value of the reaction
force is 5630 N. Considering that the bar in question has a circular shape with a diameter of
15 mm, we can apply Equation (35) to determine the maximum stress:

F F
o= — =

A mTxr? (35)

Based on this analysis, it can be concluded that the piece can be produced in aluminum
since this material can withstand a stress of 33 MPa while maintaining a safety factor of 1.5.

4.1.4. Component—Platform

Another component to be produced is the platform. This piece is crucial for the
operation of the machine. The potentially critical points are located at the connections with
other components. Therefore, the reaction forces at these locations will be the same as those
seen for the universal coupler and the large parallel bar components. With that being said,
a simulation was performed during the time interval from 5.4 to 5.6 s, and the results are
presented in Figure 21.
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Figure 21. Simulation of the platform component in the critical position.
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As expected, the safety factor of this component is greater than 1.5, ensuring an
adequate safety margin for the specific application.

4.2. Static Simulation

A static analysis of the structure was adopted instead of a motion analysis simulation,
as the structure exhibits predominantly static behavior. The analysis performed was linear,
as it is simpler and faster than a non-linear analysis. A non-linear analysis is justified when
there are large displacements, changes in the stiffness of the model, and non-linear stress—
strain curves and when there is an influence on the order of load application. However, for
this project, where the structure is kept within the elastic range and small displacements
are expected, the results of the linear analysis are acceptable.

For pre-processing, boundary conditions, loadings, and simplifications were defined.
The boundary conditions include fixing at the base. The loadings considered a 3 kN force
in the vertical direction and 1 kN in both horizontal directions in the arm support zone
and the loads from the reducer—motor in the reducer support zone. The simplifications
include the elimination of unnecessary holes for the simulation. In Figure 22, the results of
the static simulation can be visualized, showing variations in stress and deformation.
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Figure 22. Results of the static simulation of the structure for (a) stress and (b) displacement fields.

From the simulation results shown in Figure 22, it can be observed that most of
the stresses occur in the connection zone between the vertical profile and the diagonal
reinforcement profile. The largest displacements occur along the upper support profiles of
the arms, reaching an amplitude of 0.59 mm. The safety factor is adequate for the project,
with the critical point being above 1.3.

5. Conclusions

The SPIF process is an efficient and cost-effective solution for producing complex
parts with different materials and scales. It surpasses conventional methods and is ideal
for small series and customized products. SPIF can be implemented in various machines,
such as adapted milling machines, serial robots, and dedicated machines, each with its
own advantages. However, a dedicated SPIF machine offers superior performance, albeit
requiring a higher initial investment. Integration between incremental forming and other
processes such as 3D printing reduces the time to market and costs and offers greater design
freedom. In an academic context, it is essential for the machine to be silent, compact, and
electric to facilitate its coexistence with other machines.

In the design of the mechanical structure, the optimization of the robot arms was
carried out, along with direct and inverse kinematic analysis. The design of the kinematic
system to meet the initial requirement of always performing forming normal to the sheet
surface required exhaustive research on solutions used in the industry for three-axis motion.
Another requirement that had an impact on the design of the kinematic system was the
workspace and the forces involved in the process. This led to the adoption of a D2 Delta
robot for the y- and z-axes and linear actuators for the x-axis.
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Other tasks included the design of the arms, the adaptation of components for the
support system of the forming punch, and the selection and sizing of motors, reducers,
and linear actuators. Simulations were also performed, and the structural configuration
was developed. The design of the arms received special attention regarding the forces
involved in the process. The selection of the various elements that make up the arms took
into account the use of standardized elements and components that are easy to machine
and assemble. Regarding the support system of the forming punch, it was necessary to
have extensive practical knowledge in the field of machine tool design to develop a viable
proposal. Once again, the main requirements to consider are the forces involved in the
process and the use of standardized components. The selection and sizing of motors, gear
reducers, and linear actuators proved to be fundamental aspects of the project, as they are
responsible for the machine’s motion and force.

Finally, the structure was designed to accommodate the arms and the workspace,
allowing for the addition or integration of the remaining machine elements. In this case,
a closed construction is more desirable, as the stability of the structure is more important
than ideal accessibility to the workpiece. The current prototype developed (Figure 23)
is believed to be a novel contribution regarding compact incremental forming machines,
which will help disseminate the process to a larger audience, including rapid prototyping
units, living side by side with 3D printers.

Figure 23. Prototype of the kinematic system.
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