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ABSTRACT

EVALUATION OF PROCESS PARAMETERS OF MULTIPOINT SHEET
METAL FORMING

TANDOGAN, Mahmut
Ph.D. in Mechanical Engineering
Supervisor: Prof. Dr. Omer EYERCIOGLU
Co-Supervisor: Asst. Prof. Mustafa DULGER
August 2023
83 pages

Sheet metal forming is a method that is frequently used to produce 3D parts in several
industries, such as automotive and aviation. One of the most popular sheet metal
forming techniques is stamping. However, traditional forming methods created for
mass production are inflexible and expensive. For this reason, it makes them
economically unsuitable for small-batch and prototype production. Flexible forming
techniques, such as multi-point forming (MPF), which have recently been developed,
are more suitable for small-batch and prototype manufacturing. Traditional solid

stamping equipment could be replaced by a set of discrete dies containing pin boxes.

The damage factor, effective stress distribution, and required forming loads of
aluminium 1100 parts with a thickness of 0.5 mm were examined in this study using
relative fixation and active punch adjustment methods. Finite element simulations
were carried out using 10 mm, 12 mm, and 14 mm diameter pins for VV-shaped (F1),
wavy-shaped (F2), and 3D free-form surface (F3) components. Furthermore,
experiments of relative fixation for the 12 mm diameter pin were performed, and the
simulations were compared with the forming loads and the thinning contact points of
the pin and formed sheet metal sections. In conclusion, it was discovered that the MPF
process is significantly affected by pin diameter. Higher stresses and sheet metal
tearing were caused by larger diameter pins. Also, it was seen that the active punch

adjustment method is better than the relative fixation method for all shapes.

Key Words: Multi-point forming, Sheet metal, Simulation



OZET

COK NOKTALI SAC METAL SEKIiLLENDIRMEDE PROSES
PARAMETRELERININ INCELENMESI

TANDOGAN, Mahmut
Doktora Tezi, Ma.l.dne Mﬁhendisligi
Damsman: Prof. Dr. Omer EYERCiOQLU
Ikinci Damisman: Dr. Ogr. Uyesi Mustafa DULGER
Agustos 2023
83 sayfa
Sac metal sekillendirme, otomotiv ve havacilik gibi bir¢ok endiistride 3 boyutlu
pargalar tiretmek icin siklikla kullanilan bir yontemdir. En popiiler sac sekillendirme
tekniklerinden biri sabit kalipli sekillendirmedir. Ancak seri tiretim i¢in olusturulan
geleneksel sekillendirme teknikleri esnek olmamakla birlikte pahalidir. Bu durum
onlar kiiciik 6l¢ekli ve prototip liretimi i¢in ekonomik olarak uygunsuz hale getirir.
Son zamanlarda gelistirilen ¢ok noktali sekillendirme (CNS) gibi esnek sekillendirme

teknikleri, kiiciik parti ve prototip Uretimi i¢in daha uygundur. Geleneksel kati

damgalama ekipmani, pim kutular1 i¢eren bir dizi ayr1 kalipla degistirilmistir.

Bu calismada, 0,5 mm kalinligindaki aliiminyum 1100 parcalarinin hasar faktorii, etkin
gerilme dagilimi ve gerekli sekillendirme ytikleri, goreli sabitleme ve aktif zimba
ayarlama yontemleri kullanilarak incelenmistir. V-bi¢imli (F1), dalgali-bi¢imli (F2) ve
3B serbest bigimli yiizey (F3) bilesenler i¢in 10 mm, 12 mm ve 14 mm ¢apinda pimler
kullanilarak sonlu eleman simiilasyonlar1 gerceklestirilmistir. Ayrica, 12 mm
capindaki pim i¢in bagil sabitleme deneyleri ger¢eklestirilmis ve simiilasyonlar, pimin
ve sekillendirilmis sac levha béliimlerinin sekillendirme yiikleri ve inceltme temas
noktalar1 ile karsilastirilmistir. Sonu¢ olarak, CNS isleminin pim ¢apindan 6nemli
ol¢iide etkilendigi kesfedildi. Daha biiyiik capli pimler daha yiiksek gerilimlere ve sac
metal yirtilmasina neden oldu. Ayrica aktif zzmba ayarlama ydnteminin tiim sekiller

i¢in goreli tespit yontemine gore daha 1yi oldugu goriilmistiir.

Anahtar Kelimeler: Cok noktali sekillendirme, Sac metal, Simiilasyon
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CHAPTER 1
INTRODUCTION

One of the primary production methods is metal forming. The shape of metal
workpieces is altered through plastic deformation. Utilizing a tool, generally referred
to as a die in metal forming, allows for the desired deformation. Die-applied stresses
are passed across the metal workpiece's yield strength. Metal therefore takes form to
adopt the shape established by the die's geometry. Bulk deformation and sheet metal
forming methods are the two basic categories into which metal forming may be

separated [1].

The significant quantity of plastic deformation is caused by bulk deformation
mechanisms. The cross-section area to volume ratio is rather tiny. Bulk refers to
workpieces with a low area to volume ratio. These procedures improve the initial
geometry's mechanical qualities and offer economic value while also improving the

geometry's beginning geometry [1].

Metal sheets, strips, and coils are used in the process known as sheet metal forming,
sometimes known as sheet metal working. The cross-section area to volume ratio of
the initial sheet metal is high. Since this is the primary distinction, it makes sense to
distinguish between sheet metal working and bulk deformation techniques [1]. The
two primary types of sheet metal forming methods are conventional and
unconventional. The type of dies used in the operation makes the difference between

an unconventional forming technique and conventional forming [1].

The production process and industrial level have improved with the advancement of
science and technology. Since the beginning, when sheet metal components were
shaped with hand tools, through the industrial revolution, and into the era of mass
manufacturing employing presses and metal dies. With the least amount of material,
sheet metal pieces may be produced in complicated three-dimensional forms using
sheet metal forming. The conventional forming uses a set of matching solid dies to

create a cavity into which the sheet is inserted.



Different shaped pieces in this procedure will call for various dies. Sometimes many
sets of dies are required to manufacture a complex sheet metal item. Die design and
production are expensive processes that rely on employees' and designers' prior
experience. Furthermore, traditional sheet forming die tools need a lot of

manufacturing time and space for storage when not in use during production.

In unconventional forming includes the flexible forming methods. Flexible forming
techniques, such the one called multi-point forming (MPF), have recently been
developed and are more suitable for small-batch and prototype manufacturing. To
replace conventional solid forming tools, a pair of opposing reconfigurable tools with
pin matrices may be used. With this method, sheet metal forming tools may be

manufactured quickly and with greater flexibility.

The automobile and aviation sectors are the principal users of sheet metal components
with 3D forms. The sheet metal forming method is used to create this kind of sheet
metal. However, these industries need the development of several die sets for sheet
metal parts throughout the design process. The price of manufacture per part goes up
as a result. Multi-point forming (MPF) reduces the cost of component design and

prototyping because it allows the die's shape to be changed by using adjustable pins.

The study of the multi-point forming process is the subject of this thesis. This study's
primary objective is to investigate the effects of forming pin diameter, relative fixation
adjustment forming (RF), and active pin adjustment forming (AP) on multi-point
forming. Experimental investigations which based of relative fixation were carried out
to validate the numerical analysis after a numerical model of the multi-point forming
process was developed. On a multi-point sheet metal forming, the pin's diameter is the
primary focused parameter. For V-shaped (F1), wavy-shaped (F2), and 3D free-form
surface (F3) components in finite element simulations for all forming arrangements,
10 mm, 12 mm, and 14 mm pins were used. For the purposes of the investigation, 12
mm was employed to collect experimental data for all forms in their relative fixation
arrangement. Using the finite element approach, examinations into fractures, stress
distribution, and thinning distribution were conducted. In order to compare the
experimentally obtained load-stroke curves to the load-stroke curves from the finite

element analysis, experimental study was conducted.



This thesis addresses the following topics: introduction, literature review, overview of
multi-point forming, modelling with finite elements and experimental study, results
and discussion, and conclusion. The scope and purpose of the research are outlined in
Chapter 1 along with a brief description of the research field. The literature and prior
research on some parameters that affected multi-point forming, as well as experimental
and numerical investigations, were each provided in depth in Chapter 2. A brief
explanation of multi-point forming, and its potential applications is provided in
Chapter 3. In chapter 4, the steps of finite element modelling with Deform 3D were
presented together with the experimental setup and workpiece. Results obtained finite
element analysis and experimental studies are compared and discussed in chapter 5.
The study's results and recommendations for more research were presented in chapter
6.



CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

The literature review is important to understand the situation in the world of the subject
to be studied. Understanding what has been done and what can be done in the study to
be done both guides researchers and saves time. In this section, studies related to multi-

point forming are given below.

2.2 Studies on Multi-Point Forming

For the purpose of forming sheet metal, Walczyk et al. [2] (1998) studied the creation
and evaluation of variable separate die forming. In this study, discrete die designing
ideas were developed and put into practice. Both tightly packed pins and an
arrangement of separated pins are examples of reconfigurable die design. In discrete
die forming, tightly packed pin designs were employed to support the heavy forming
loads. Locking of edge, locking of single pushing wall, wall of pin-clamping and
friction of pins, as well as other mechanisms, were all studied in order to create the
tightly packed pins formation. It was claimed that increasing the forming load capacity
of discrete dies involved using backing pressure supplied by an array row divider and
a fluid-filled bladder that was permanently mounted to the die frame. In this article, a
few cases were also looked at. The conclusion included a summary of general
designing guidelines for discrete die.

Li et al. [3] (1999) investigated the three-dimensional sheet metal multi-point forming
process. This technique was given in its simplest form. Deformation properties and
forming principles were explored in relation to punch shape. Another study looked at
the developing faults of pin buckling and dimple creation. There are four primary
varieties of multi-point forming: multipoint die, multipoint half die, multipoint press,
and multipoint press with half a die. By using multi-point press forming and repeated
forming techniques, springback condition was decreased. By matching the pin and
contact sites between sheet metal and pins, dimple development and buckling on pins

were minimized.



Cai et al. [4] (2002) examined three primary issues connected with practical finite
element modelling methodologies and regulation of multi-point forming processes.
These issues were identified as being the determination of the multi-point die's three-
dimensional surface, the prediction of the starting sheet blank, and the design of the
best forming route from the initial blank to the desired shape. Using an 18-dof high
precision triangular numerical modelling approach, the three-dimensional surface of a
multi-point die was determined for the surface of the final form. A positive, defined
functional design for the blank is suggested since volume is constant during the
shaping process. By using an iterative FEM strategy to solve the changing problem,
the first sheet blank design for the required objective form was established. To get
optimum forming outcomes that can reach the finished form without forming faults,
an optimal forming path is also required. Due to the flexible nature of multi-point
shaping, any shape may be formed. Membrane finite elements were used to design an
ideal path for formation, and the issue was resolved. Finite element examples show

how simple and quick to utilize the approach is.

Lietal. [5] (2002) focused on identifying and reducing forming imperfections, varying
the deformation path, and sectional forming in multi-point. The primary faults of the
MPF method were acquired as dimples or wrinkles. The uniqueness of MPF is its
dimples. On sheet metal, this flaw was caused by a localized load. The elimination of
the dimple problem was attributed to elastic pads. Another MPF issue was wrinkles.
Flexible blank holders might be helpful in removing this issue. This application
distorted the sheet while actively controlling the punches during multi-point shaping.
Multi-point forming with changing deformation route was the name given to this
procedure. Through the use of this sort of multi-point forming, wrinkles were also
removed. In MPF, sheet metal pieces were also produced section by section. The
production of large sheet products is possible with a small MPF press. As a result,
sectional forming of MPF allows for the creation of large components. Flexible blank
holders were used to shape sheet metal while achieving high levels of accuracy and

quality and applying various deformation paths helped to eliminate faults.

Cai et al [6] 2005 examined the material theory of elastic-plastic for the updated
Lagrangian formulation-based progressive relocation approach and finite element

modelling of the multi-point sheet manufacturing process. For the combination of



stresses, a successful method was described. By using the penalty approach and the
Coulomb nonclassical friction law of elastic-plastic formalism, discontinuous contact
between the punch and the sheet was modelled. The results showed a good degree of
general agreement with the findings of the experiments and explicit/elastoplastic
analyses described in the literature. Two illustrative instances of the algorithm's use in
MPF are used to introduce its applicability.

Liu et al. [7] (2006) conducted research on the methods and ideas of sheet metal's
MPF. MPF was described as two primary groups in multi-point forming principles:
multi-point die forming and multi-point press forming. The forming capabilities of
MPF was then examined. Process components and operating principles are described
in the apparatus section. The components of multi-point die forming include the upper
and lower element groups, the hydraulic press, the computer control subsystem (CCS),
the CAD integrated software subsystem (CADS), and CMM. In the conclusion,
adjustment modes and design concepts were listed. To produce the necessary part, a
rapid forming procedure was carried out in accordance with CAD data that showed
how quickly the shape of the die changes. In addition, by using unique MPDF
techniques, such as the flexible blank holder technique for thin sheet metal forming,
sectional MPDF for large-size sheet forming, and closed loop MPDF for high precision
forming, components of unique shapes that are hard to form using traditional methods

have been produced.

The effects of two different methods of MPF, MSF, and SF, on the formation of the
dish head, were examined by Qian et al. [8] (2007). On the stress distribution and
strain, the forming concepts and features of various approaches were compared.
Experimental research and numerical simulations were conducted. The dramatic shape
shift between the formed area and the unformed region was therefore removed in
sectional multi point formation. In the transition zone, a decent forming region was
also attained. As a consequence, multi-step forming was able to improve forming
quality, eliminate wrinkling and dimples, and optimize the deformation route.

Numerical simulation results also lined up with experimental findings.

Karayel et al. [9] (2008) have investigated on the finite element simulation of multi-
point formation made use of ABAQUS finite element software. They have digital

control and die systems as part of their multi-point forming process. The die, which is



made up of two punch matrices, was created for the rail bus's front panel. The multi-
point forming control system and orientation controlling system models were applied
using MatLab. As a consequence, finite element analysis demonstrates that this

technology is suitable for sheet metal pieces with 3D shapes.

Zhang et al. [10] (2008) have provided the findings of a study into the impact of
workpiece and tool component dimensions and workpiece qualities on the features of
the generated part shapes. Plane strain deformation is employed, and the bottom die
surface was selected to have a cylindrical shape in order to make it easier to show the
impact of tool and process parameters. The studies employed two different types of
rubber and three different types of metal sheet. According to experimental findings,
the thickness of the sheet has an impact on the forming force and dimple size for the
die sheet. Dimples form on the surface of workpieces made of 1 mm thick LF21
aluminium sheet, however they don't form on workpieces made of 2 mm thick Q235B
and ST12 steel sheet. The precision of the final form depends on how stiff the
interpolator is. Additionally, when lubrication is utilized on a workpiece's surfaces, the

forming force of the piece is reduced, and shape accuracy is increased.

By using dynamic explicit finite element analysis, Cai et al. [11] (2009) performed
comprehensive finite element simulations of the processes for stretching parabolic
cylinder, toroidal saddle, and spherical portions. Comparing multi-point die forming
outcomes to conventional die forming results was done. The employing of an elastic
pad to prevent part dimpling brought on by discrete punch components was examined,
and its impact on part form correctness was discussed. Analysis was done on how the
shape of the MPSD and the size of the punch element affected the precision of the
manufactured components' shapes. The findings might be helpful in deciding on MPSF

specifications and simplifying MPSF manufacturing procedures.

Utilizing an initial blank with dimensions of 800 mm in length, 600 mm in width, and
2 mm in thickness, Quan et al. [12] (2011) carried out finite element model of the
bending process with multi-point in the case of various elastic cushion geometry to
produce the desired final form as a cylindrical surface with curvature radius and centre
angle. Four evaluation indicators—components of stress, energy of plastic dissipation,
error form, and ductile damage with maximum-—are presented and examined in order

to determine the ideal thickness of the elastic cushion. As a consequence, the four



assessing indicators' individual values is lowered, and by using the elastic cushion,
their distributions on the distorted blank become more uniform. As a result, it can be
concluded that the elastic pad using can increase the formability of the magnesium
alloy AZ31B, and that a 4 mm-thick elastic pad is ideal for multi-point bending of 2
mm thick AZ31B sheets.

In Liu et al. [13] (2016) work, flexible blank holder (FBH) and no blank holder (NBH)
numerical analysis models were constructed. Spherical shaped surface portions with
various FBH were simulated with finite element software, and the best FBH was
subsequently acquired. According to the findings, the sheet metal movement is more
homogeneous, the strain and stress are reduced and spread more evenly, the
distribution of thickness is more tolerable, and wrinkling flaws can be successfully
avoided by FBH forming technology. Finally, to confirm the feasibility and
adaptability of the FBH device, a series of 1060 and 08Al tests with varied thicknesses
was completed in MPF dies.

Abebe et al. [14] (2016), through multi-objective optimization, seek to reduce both
dimpling and wrinkling by modifying variables including punch speed, punch
pressure, and elastic pad thickness. The computational efficiency of conventional
Kriging is advantageous for the evaluation of dimpling and wrinkles under
modification in these three MPF parameters. The dimpling and wrinkling measures'
Pareto fronts are calculated using a genetic algorithm for multi-objective optimization,
and the best option among the Pareto optima is found using the TOPSIS approach for
ordering desires by proximity to ideal solution. The TOPSIS solution is then
numerically checked against the outcomes of a full model simulation and
experimentally confirmed by its application to a produced product. This results in a

dimpling and wrinkle-free TOPSIS solution.

Abosaf et al. [15] (2017) examined the effects of variables on the caliber of
components produced by a flexible multi-point stamping die, including thickness of
elastic pad, friction coefficient, size of pin, and curvature radius. The best values for
those parameters had to be ascertained. The multi-point formation of hemispherical
sections was simulated using numerical modelling. The response surface approach was
used to examine how process factors affected wrinkling, departure from the desired

form, and variation of thickness. The process parameters that produced the highest



product quality features were then identified. According to the findings, size of pin
and curvature radius have a considerable impact on thickness variation whereas
friction coefficient, size of pin, and curvature radius have a significant impact on

wrinkling and divergence between produced and target forms.

The effectiveness of a multi-point die with pins in a square matrix and an appropriate
blank holder has been studied by Abaas et al. [16] (2018). With respect to the spring
stiffness and the height of the die, each pin in the punch holder may be significantly
changed. The results demonstrate a reduction in setting time of (90%) compared to the
conventional single point incremental forming process, as well as how the
interpolator's distortion throughout the forming procedure can cause a shape error in
the formed workpiece and how the blank holder can minimize or dimples elimination
that can occasionally appear in the workpiece. The load generated by the multi-point
die when the forming process is complete is 30.8 kN, which caused the die to move
32.8 mm at the minimum applied force of 28.556 kN.

Liang et al. [17] (2018) have investigated the multi-point cylindrical bend-forming
process of the bi-directional trapezoidal sandwich panel using finite element
modelling, analytical technique, and forming tests. Early on, analysis was done on the
sandwich panel's forming flaws, regularity, and deformation properties. Then, using a
semi-analytical technique in conjunction with the finite element method (FEM), the
core layer's comparable elastic constants were identified. Based on this knowledge, a
mathematical model was created to calculate bending moments and predict springback
throughout the shaped range. According to the outcomes, there was a clear difference
in the face sheet stress in the welded and suspended areas. The main distortion of the
core cell was caused by changing the relationship among the inclined surface and the
platform, the core cell was mostly distorted, and the cell layer was primarily deformed
at the transition surface region. The most frequent forming flaws that occur during the
bending process are the dimple and straight plane effects. Face sheet thickness and

bending radius are the major variables that influence the forming problems.

Cai et al. [18] (2018) have looked at the mechanical viability of converting a sandwich
plate that was initially flat into a double curved panel. According to experimental data
from (MPF) and finite element calculations, the formability of egg-box-like (EBL)

sandwich panels cores is predominantly influenced by the failure types of plastic



wrinkling and plastic dimpling of face sheet, and core cell fracture. The essential stress
for dimpling and the limit bending radius for wrinkles were established as factors of
the geometric dimensions and material characteristics of sandwich plates, and
analytical models for forecasting face sheet buckling were created. For the purpose of
predicting core cell fracture, we put forth the stress-based fracture boundary graph and
associated theoretical formulations. Experimental testing and finite element
simulations have been used to validate the analytical models that have been
constructed. Finally, multi-point forming tests were conducted to show that it is

possible to build sandwich panels with EBL cores utilizing plastic forming techniques.

Shen et al. [19] (2018) have studied the hull structures and offshore structures forming
process. Such curved plates have traditionally been manufactured via flame bending.
However, because of the uncontrollable process and residual distortion, it is
challenging to precisely attain the appropriate shape. A new way of creating 3D ship
hull plates is the multi-point forming mechanism with square press heads. However,
the main issues with the cold-forming process are spring-back and residual stress. The
current research ignores the impact of residual stress on cold forming in favour of
focusing on springback. The residual stress distribution in the multi-point formation is
examined in this paper using both theoretical derivation methods and numerical
investigation. The theoretical model's estimated maximum residual stresses are in good

agreement with the numerical outcomes.

Zhu et al. [20] (2019) purposed to identify the physical basis for the deformation of
elasto-plastic and springback properties in the multi-square punch forming (MSPF)
process and to generate suitable mathematical interpretations. With the help of the 3D
CNC hull plate forming machine, a few strip-forming experiments were conducted. In
addition, theoretical equations are established that take into consideration the follower
load with variable boundary conditions throughout the forming process to analyze the
forming process and springback characteristics of the strip. Validation with
experimental data demonstrates the accuracy of these equations. The provided formula
may be used to properly characterize the profile of the strip under various loading
situations during the forming process, indicating the characteristic spectrum of the

panel (for example, the panel's thickness) that can be produced on a certain MSPF
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machine. The strip's springback ratio is found to increase when the tool's thickness and
curvature both grow, according to parametric study.

Li et al. [21] (2019) employed a sparse multi-point flexible (SMPF) tool for the creep
age forming (CAF) operation to investigate the effect of the placement of the forming
pins on the accuracy of the formed shape. For blanks provided by the SMPF tool with
different pin configurations, an analytical approach has been developed to forecast the
form, strain, and stress distributions. The resultant geometries after loading and CAF
have been statistically evaluated utilizing tests and numerical models of the loading
and CAF operations using the SMPF tool based on several pin number/interval
scenarios. The results show that adding pins to the SMPF tool decreases stress changes
and form inaccuracies in the loaded blank, resulting in less deflection of the formed
blank following CAF. The resulting shape becomes more resemblant to the shape
produced by the corresponding surface tool as the quantity of pins rises. For single
curved tool forms made of aluminium alloy 6082, the form rate of errors in loaded
blanks after CAF with SMPF tool significantly rises, going from 3% to greater than
20%, and the detailed figure varies depending on the tool shape. The stresses in loaded
blanks have been determined to be the first to have the identical stress divergence
degree among loaded blanks with SMPF tool and corresponding surface tool to obtain
a specific form accuracy after CAF with various tool shapes. Shapes produced by CAF
are directly impacted by stresses in loaded blanks. It is recommended that the pin
position design criterion in the SMPF tool for the CAF process be specifically and
more effectively determined by the stress differential factor for loaded blanks.
Additionally, an axis-symmetric pin layout has been suggested, and its usefulness for
the CAF process has been investigated and tested. This pattern decreases the number

of pins in the SMPF tool by half while increasing efficiency.

Three alternative methods of forming, using a fixed-punch machine, an elastic pad
made of polyurethane, and a unit that swings a punch, have been the subject of Erhu
etal.’s [22] (2019) numerical experimental studies of the forming processes. An R500-
radius sphere was selected as the target surface. Three different forming methods—
using a fixed-punch machine, an elastic pad composed of polyurethane, and a unit that
swings a punch—were examined using finite element models and experimental

methodologies. Mechanical design, forming procedure, and forming basis were all
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covered for the three forming methods. The impacts of the three forming techniques
on the sheet metal's forming quality and accuracy were carefully investigated in terms
of curvature distribution, quality of surface, thickness of material, and springback. The
study's findings suggest that using a s fixed-punch machine can reduce springback,
increase plastic deformation of the sheet, and effectively manage dimple and wrinkle
faults.

Peng et al. [23] (2019) have studied the geometry of the interaction between the
objective surface and the multi-point punch components in multi-point warm press
forming process. Punch height computation and punch positioning modification were
done using the multi-point CAD/CAM program. In a series of multi-point warm press
forming experiments, the impact of the process temperature, elastic pad, and load of
forming on the accuracy of the forming was investigated. Next, it was examined how
accurately the experimental and objective components' shapes matched up. Corian
sheets were then formed into spherical and saddle-shaped components using optimal
forming parameters using a multi-point heated press forming procedure. At 165 °C
and 100 kN of forming force, the excellent quality of the surface and form accuracy of
both saddle-shaped and spherical pieces were achieved. It demonstrates the viability
of the MPWP forming method for producing Corian sheets.

By using theoretical calculations and finite element modelling, Su et al. [24] (2020)
investigated the controlling of quick springback compensation of a two-dimensional
hull plate. The entire elastic-plastic bending moment is calculated for the cylindrical
shell employing the bending forming theory of medium and thick plates, and the
curvature change before and after springback is inferred. The exact finite element
simulation technology establishes the curvature correction coefficient. A cold bending
experiment is also used to confirm the method's validity. Owing to the curvature
gradient of its geometric portion line, the variable-curvature shell is split into a number
of cylindrical surfaces. The springback curvature of a cylindrical plate correction
compensation algorithm produces the compensation curvature array, and a computer
model is used to validate the technique. Results indicate that the strategy comes
extremely near to producing the desired outcomes. As a result, the efficiency and
accuracy of forming will be increased, and the groundwork for digitizing sheet metal

forming is formed.
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In order to decrease the sheet's forming problems and the time it takes for the lower
and upper dies to align, Moheen et al. [25] (2020) utilized a polyurethane buffer
between the sheet and the die. The investigation into forming the DCO05 steel
workpiece under varied punch load conditions employed a variable thickness for
waffle-shaped elastic pad. The thickness of the elastic pad, the base radius of the
cutout, and the profile radius of the cutout were shown to be the three most crucial
factors. The ideal values were found to be 3.01 mm, 2.37 mm, and 10 mm,

respectively, for, cut-out profile radius, cut-out base radius and the thickness of pad.

Huang et al. [26] (2021) have researched the reciprocating bending-based multi-point
flexible straightening technique. The process is specifically examined in terms of the
deformation mechanism and supported by finite element simulations and experiments
that straighten a variety of metal profiles made of various materials and beginning
forms. Additionally, the distribution of residual stress upon straightening is examined
along with the connection between the bending radius and the number of repetitions
of reciprocating bending necessary to unify the curvature. The results obtained
demonstrate that the process of reciprocating bending may eliminate the variation in
starting curvature and make the curvature of each section trend toward uniformity; the
length of time required for reciprocating bending to achieve uniform curvature reduces
with the reduction in bending radius. This approach is quite feasible, as evidenced by
the straightness of the straightened profile that was produced from the experiment and

simulation, which is less than 0.2%.

The numerical modelling of electromagnetic incremental forming using a multi-point
die has been investigated by Feng et al. [27] (2021). A new forming technique called
multi-point die electromagnetic incremental forming combines multi-point die with
electromagnetic incremental forming and is intended for large-sized sheet metal
forming. At the beginning of the coil's first discharge, the deformation of massive
workpieces is mentioned. Explained is the impact of multistep forming on the sheet
metal's forming quality. Overall, the simulation and experimental results are in
agreement. Through an experiment called multi-point electromagnetic incremental

formation, the viability of this method is demonstrated.

Wang et al [28] (2022) have provided an easy-to-use, universal approach for

elastoplastic equivalents in sandwich panels based on the Hill'48 yield requirement.
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By numerically simulating the mesoscopic sandwich model under uniaxial tensile and
pure shear conditions while using a user-defined material subroutine, obtaining the
comparable sandwich model's elastoplastic constants was done swiftly. In this method,
the sandwich panel's core was equivalent to an orthotropic homogeneous panel.
According to comparisons with calculations of analytical and analyses of the outcomes
of numeric simulations, the comparable elastoplastic characteristics of brazed
aluminium honeycomb panels (BAHPSs) with core heights of 9 mm and 12 mm were
found. The usefulness of the elastoplastic equivalent technique was then further proven
by contrasting the outcomes of the simulation of (MPF) for the equivalent numerical
model of BAHPs and mesoscopic model. In the end, cylindrical BAHP MPF tests with
various target formation radii were conducted. The outcomes demonstrated that the
plastic forming of sandwich panels may be successfully accomplished using the

elastoplastic equivalent approach.

In the study by Li et al. [29] (2022), the multi-point plastic forming of sheets of 2024-
O aluminium alloy is the research subject. Ultrasonic vibration-assisted forming is
used in the stamping process. A novel concept and technique for multi-point forming
of sheet metal have been developed as a result of the springback of the material and
effects of ultrasonic vibration on the plastic deformation. The fundamental theory of
multi-point stamping and ultrasonic vibration-assisted metal sheet plastic forming is
covered in this paper, along with a comparison of the technique's material properties
when using and without ultrasonic vibration, the impact of various periods on the
results, variations in parameters like stress and strain at different frequencies, and the

springback effect will also be discussed.

Tolipov et al. [30] (2022) have described the optimization research of a unconventional
hole-type rubber punch that would replace the top pin matrix of multipoint incremental
forming to decrease the complexity and time involved in setting up and aligning pins.
In order to determine how different hole-type rubber punch configurations, such as
compression ratio and size and type of hole, affect wrinkling, variation of thickness,
and form deviation, finite element modelling and design of experiments were
employed. According to this study, the hole size was the key process variable across
all replies. It was discovered that wrinkling and form deviation were unaffected by the

material's compression ratio. The size of hole that 9 mm, type of hole circular, and
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ratio of compression of 75% were discovered to be the criteria for hole-type rubber
punches. In an experiment, this reduced the amount of time and money required to set
up and align the pin arrays while improving components wrinkling by 80% as

compared to using a solid rubber punch.

The innovative multipoint forming, individually controlled force-displacement (MPF-
ICFD) and standard multipoint forming (MPF) have been compared by Jia et al. [31]
(2022). Analysing the strain concentration and the dimension of the part’s wall finite
element modelling and tests, respectively, using the cylindrical surface as the study
object. The findings of theoretical analysis are confirmed by experiments and
computational modelling, and they are utilized to compute the MPF-ICFD process'
creating window. The results show that, when used with MPF-ICFD, the springback
of Q295 and 1060 aluminium alloys may be decreased by almost 74% and 45%,
respectively, when compared to traditional MPF. The plate's strain homogeneity is low
in typical MPF, and the rate of maximum thinning is nearly 4.5%. The strain is
extremely uniform and has a rate of maximum thinning of about 0.25 percent. For a
sheet of aluminium alloy with walls that are 1.5 to 3 mm thick, the maximum and
minimum values of the forming force for a single head are seen to vary linearly from
around 6.5-13 kN and from 0.5-1 kN, respectively.

Shao et al. [32] (2023) used theoretical research, finite element analysis, and
experiments to study the springback phenomena of hyperbolic component. The
introduced springback compensation technique, the resulting springback
compensation formula based on surface curvature, and the additional correction and
fitting of the compensated die surface are all covered in this article. According to the
results, the multi-point forming technique for corrosion-resistant aluminium alloy
hyperbolic components may successfully minimize springback error using the

springback compensation approach described in this work.

Li et al. [33] (2023) have investigated how the ultrasonic vibration forming method
reduces springback. The impact of ultrasonic vibration on minimizing springback is
investigated using the finite element program ANSYS/ABAQUS and ultrasonic
vibration forming experiments of common materials. The theoretically derived and

numerically simulated springback agrees with the findings of the experiment.
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2.3 Place of This Study in Literature

It is clear from the literature that MPF was often used for the components to take
advantage of process flexibility. Some process variables, such as pin diameter and
comparison between relative fixation and active pin arrangements, have not yet been
studied. With the use of finite element modelling and experimental research, the goal
of this thesis is to analyse these MPF parameters. This research may fill a gap in the

literature.
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CHAPTER 3
OVERVIEW OF MULTI-POINT FORMING

3.1 Introduction
Many various manufacturing techniques are used to turn raw materials into final
goods, additionally metal forming is a crucial one thanks to its benefits, which include

process flexibility, resource savings, and potential properties of material enhancement.

Depending on the size and shape of the metal workpiece, metal forming is classified
into two major categories: bulk deformation and sheet metal deformation as shown in
Figure 3.1.

Metal forming
Bulk deforming ‘ Sheet metal forming ‘
| 1
v v v v v v v %
Rolling Forging Extrusion Wire and Deep Shearing || Bending Miscellaneous
Processes || processes || processes bar drawing | | processes || processes processes
drawing processes

Figure 3.1 Metal forming classification diagram [1]
The processes can also be separated based on how hot the workpieces were when it
was being formed. As indicated in Figure 3.2, there are three types of forming based
on temperature: cold, warm, and hot. In Figure 3.2, Ta represents the ambient

temperature and Twm represents the workpiece melting temperature.

Cold Warm Hot
working working working

Figure 3.2 Temperatures in metal forming [1]
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In this study, sheet metal forming is the main focused area. The process of sheet metal
forming involves shaping a metal sheet (metal blank) into the desired shape. The
forming tools used in sheet metal forming processes typically consist of rigid pieces.
Figure 3.3 shows the main components of sheet metal forming processes. Additionally,

there is no need to retain the sheet in some metal sheet formation techniques.

Punch / Male Die

Workpiece

Blank Holder

/

Female Die

Figure 3.3 Main components of sheet metal forming

Stamping is the typical method that is most frequently used to create three-dimensional
shaped parts. The tools used in mass manufacturing are made precisely for each desired
form, but they are also highly expensive and huge, making this method impractical for
creating small quantities of goods [34]. This led to the creation of a novel forming
technique [35] that forms three-dimensional surfaces using changeable discrete dies.
Process that uses the changeable die is called as multi-point forming process.

3.2 Overview of Multi-Point Forming

In order to lower the cost of die design, adjustable tooling, or die forming for variable
forms, has long been considered interesting because it would provide rapid and nearly
cost-free design changes. Researchers have up to this point offered several
temporary concepts for changeable tooling. The multipoint forming (MPF) technique
for panels that made of sheet metal has advanced thanks to Li et al. [36, 37]. The
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fundamental concept behind MPF is the substitution of a solid die for a collection of
punch pieces that form the tool's surface. Due to the controllability of each element,
the shaped tool face may therefore be changed at any time. Steel structures like the
Bird's Nest Stadium (home of the Beijing Olympics), high-speed train bodies, skins
for aerospace panels, and facades of buildings have all been made using MPF. The
basic conception of MPF die is shown in Figure 3.4 [3]. As seen in Figure 3.4, the
fundamental concept of MPF is to use punch components rather than solid dies to split
the curved surface of the conventional die into several distinct pins. By adjusting the
position of the punch elements in both the top and bottom sides of the apparatus, it is
possible to utilize this MPF device to create a variety of curved surfaces as opposed to

utilizing several fixed dies.

Figure 3.4 Basic conception of MPF die [3]

The sheet blank must be plastically deformed throughout the forming process by
applying enough pressure to the punch. Figure 3.5 shows an illustration of the making
of sheet metal part by using multi-point forming [38].

v - 1
[T i

Initial state Intermediate state 1 Intermediate state 2 Final state

Figure 3.5 Process of MPF for curved geometry [38]
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In place of the traditional stamping dies, a set of structures of punches with cylindrical
tips is employed. The set of structures of punches may be controlled to resemble a
uninterrupted working surface of a die tool by altering the rise of every punch. It is
possible to produce sheet metal components in any arbitrary shape using a multi-point
die (MPD). It is clear that the accuracy of the surface approximation increases with

decreasing spacing between punches.

3.2.1 Various Punch Adjustment Methods

The punches’ height may be changed to form various curved surfaces, which is the
key characteristic of MPF [3]. As seen in Figure 3.6, there are different ways to alter
the punch height.

Sorting Multipoint Multipoint Multipoint Multipoint

State die half die half press

Ll 1LTLS
Beginning ouo‘uo
Progressive
End

Figure 3.6 Different ways of MPF [3]
Six different forming procedures are available depending on the composition of the
punch adjustment, four of those that are attractive and functional. Beginning with
technique is known as multipoint die formation (consisting solely of unmoving
punches), The following method is known as multipoint half-die (MPhD) formation
(it uses both unmoving and inactive punches), multipoint press is the third (consists of

all the top and bottom punches that are in motion), moreover, the fourth multipoint
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half press (which incorporates punches throughout the action that are both passive and

active).

Relative Fixation: Punches in relative fixing are correctly positioned before shaping
and forming the tool face. The punches do not move at all while the shape is being
formed. Similar to conventional forming, but with the solid die divided into separate
pins. Therefore, MPD forming is a suitable name for this technique.

Passive Adjustment: The MPhD formation, which consists of both unmoving and
inactive punches, may make advantage of inactive adjustment. With the other fixed
punches, the top punches (or lower punches) are prepared to the required shape prior
to forming. During the forming process, the fixed die serves as the top set of punches,
while the bottom group moves inactively as a consequence of the upper group until
the formation is complete (there is no relative motion between the punches). The
number of the regulated elements is noticeably decreased, which is the key

characteristic of this strategy.

Active Adjustment: It is possible to apply active adjustment in multipoint press
forming. The punches are properly positioned during the process of forming, rather
than prior to it, so that the products may be dynamically formed into the required shape.
It may be referred to as multipoint press forming process since there is relative motion
between the punches and each pair acts as a little press. The loading force state may
be best represented using this technique since it completely captures flexible features.
Additionally, operators can easily alter the deforming way to get the optimal

deformation.

In a multipoint half press, both passive and active adjustment are applicable. While the
other passive punches are compelled to move as a result of the active punches bearing

down on them, the active punches manage their movement according to necessity.

3.3 Technology of Forming and Deformation Characteristics
3.3.1 Defects in Deformation Process
As in other sheet metal forming processes, some defects occur in multi-point forming.

These are dimple formation, wrinkling and tearing and springback.
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Dimple Formation: The flexibility of MPF is a noteworthy benefit over classic
stamping, however using a discrete-MPD also introduces certain limits since the
characteristics of junction in the MPF process are quite dissimilar from those in the
classic pressing process. Dimples, which are caused by contacts of point and irregular
interactions between the punches and the sheet, are one of the MPF's most visible
defects [11, 39]. The issues with MPF that designers must solve are dimples. One of
the most glaring drawbacks is the necessity of a pliable pressing medium (i.e., elastic
pad) between the punch points and the sheet metal in order to avoid the formation of

dimples on the surface of the final geometry.

In order to compare the results of traditional stretching (using solid die) with those of
the MPF procedures with absence of elastic pad, the outcomes for pieces were
examined. The consequences of elastic pads on dimple suppression were further
investigated by numerically analysing the MPF processes with elastic pads of various
thicknesses Figure 3.7 depicts the MPF simulation results for saddle-shaped and
cylindrical sections with absence of elastic pad [11]. On the surface of the cylindrical
component, dimples are visible throughout and emerge where the part makes contact
with the punch elements. Additionally, the areas surrounding the corners of the saddle-
shaped section show significant dimples.

Dimples on the

Dimples on the
part |

part

Figure 3.7 Dimples on the parts [11]

Due to the concentrated stresses that the punch elements place on the sheet blank in
the absence of an elastic cushion, the sheet workpiece will be dimpled by the tip of the

punch element. The surface of the die tool must be smoothed in some way, and elastic
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medium must be employed in MPF, in order to manufacture a qualified component, in
discrete MPD. Utilizing an elastic cushion will reduce MPF dimpling and enhance the
contact situation between the discrete die and sheet blank. However, there may be a
difference between the shape of a produced component and that of a discrete MPD

because to the elastic cushion.

Wrinkling and Tearing: The plane compressive stresses produced when complicated
three-dimensional sheet metal components with significant deformation are formed
frequently result in wrinkling [5]. A blank holder used in traditional stamping binds
the material at the edge to provide an in-plane tensile bias, which suppresses the
defects (tearing and wrinkling) [40-44]. The similar method may be used to get rid of
these problems in MPF. To create complicated sheet metal components free of tearing

and wrinkling errors, an MPF press with a blank holder was built.

Three-dimensional components may be successfully formed using MPF and a blank
holder without tearing or wrinkling. It will be highly helpful in the production of
intricate sheet metal components, such as car panels. Four steel components made

using this method are shown in Figure 3.8 [5].

Figure 3.8 Final parts after MPF process [5]

Springback: After the sheet metal is removed from the forming tools, springback is a
common occurrence because the inconsistent deformation over the thickness can

change the product's shape and size with the stress still within it, particularly when
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using a large workpiece in cold forming [3, 45-48]. In general, the testing and revision
of the die in traditional forming requires substantially more time in preparation.
However, by applying the MPF approach and making little modifications to the
punches, this issue may be immediately resolved. Additionally, if the MPF technique
is applied, taking advantage of its flexible properties, no springback forming may be
performed. In MPF, each punch may be actively changed. As can be seen in Figure
3.9 [3], repeated shaping may be easily accomplished by adjusting the height and

direction of the punches.

s 7 Desired shape

vpm““t

Figure 3.9 Forming with MPF [3]

3.3.2 Technology of Forming

Sectional MPF: Based on the adaptability of MPF, a workpiece may be created section
by section using the so-called sectional MPF by altering the form of the MPD [5, 38].
A Dbig size sheet workpiece is split into six parts and manufactured in six phases in
Figure 3.10.
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Transition region Blank sheet

Figure 3.10 Sections of sheet workpice

The sheet metal is divided into three fundamental regions: the transition zone, the
undeformed zone, and the deformed zone. Transition zones are the areas that overlap
the deformed sections from earlier forming stages and the current step's forming
section. They are particularly significant to sectional MPF.

The ldeal Forming Path of MPF: The two failures—tearing and wrinkling—are
brought on by the non-uniform distribution of metal deformation during the forming
process: too much local stretching strain can cause tensile unsteadiness, which results
in tearing, and too much regional in-plane compressive stress can cause compressive
unsteadiness, which results in wrinkling. In order to get the most homogeneous strain
distributions in the finished products, optimum forming processes are accomplished
when material constituents are required to deform along minimal plastic work
directions. Therefore, forming metal along "ideal path™ is an efficient way to prevent

failures while creating sheet metal parts [38, 49].

3.4 Some Examples of Employed MPF

Beijing National Stadium is the most known application of MPF, is shown in Figure
3.11 constructed in the south of the Beijing Olympic Green. The National Stadium is
a special-grade oval structure with an intended service life of up to 100 years. It is 333

m in length, 296 m in width, and 69 m in height at its highest point.
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Figure 3.11 Beijing national stadium

China produced the whole 110 000 tons of steel used to construct Beijing National
Stadium. When employing the conventional solid die, the primary challenge is the
shaping of the steel framework employed in the Beijing National Stadium. A matching
solid die set is used in the conventional solid process to create a cavity into which the
sheet is displaced; however, this step is very expensive due to the length of the
development process and the high cost of manufacture.

In typical die forming, the die surfaces create the planned shape of the product,
whereas in MPF, the element group’s envelope surface creates that shape. In an MPF
press, a range of geometrical forms of products may be produced by arbitrarily
changing the geometrical form of the forming sheet by adjusting the relative locations
of the parts. Thanks to this, using the MPF process will result in considerable savings
in terms of time and money spent designing, manufacturing, and adjusting solid dies
compared to the traditional solid die forming method. This benefit will also become
more obvious the larger the product is.

The CRH380A, a Chinese-built production train that travels at 486.1 km/h, currently
holds an international record for the fastest train as shown in Figure 3.12 [50].

26



Figure 3.12 The CRH380A high speed train

Considering aerodynamics, the panel of high-speed trains has significant effects on
these vehicles. The high-speed train's panel was made using conventional solid die
technology. The main issue with this method is that it is quite expensive to create these
intricate dies due to the expenses of both manufacturing and research. The panel of
high-speed trains has been effectively formed using the MPF press to address these
issues. Following their creation by the MPF equipment, these various panel forms will

be welded. The conventional technology can then be used to build high-speed trains.

Manufacturing of aircraft outer shell panels, aircraft skin, is the industry that uses the
MPF technology. Production of the outer skin parts of aircraft frequently use stretch-
forming processes [51-53]. However, conventional stretching dies are expensive and
large, and they also need a lot of setup time at the forming before production can start.
The discrete multipoint stretching die (MPSD), which is made up of matrices of punch
pieces with hemispherical ends, has replaced the conventional solid stretching die as a
novel technique for stretch forming. MPSD can produce the necessary forms in
accordance with the CAD data by modifying the height of punch parts. Stretch-
forming is used on the sheet metal over the MPSD. Stretch forming with MPSD, also
known as SF-MPSD, is schematically described in Figure 3.13 [11].
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Figure 3.13 Stretch forming with MPSD [11]

MPF is also used in medical engineering, mainly in Titanium Alloy Cranial Prosthesis.
A typical neurosurgical clinical situation is absenting cranium caused by surgery or
wound [54]. There have been several attempts to fix the skull in recent years using
materials like silicone glue, polymers, and plexiglas. The materials are often prone to
disfigurements, such as subcutaneous effusion, rejection, inflammatory response, and

material aging; as a result, application of the materials gradually declines [55, 56].

Because of its innocuity, corrosion resistance, low allergy issues, stable chemistry, and
satisfactory biocompatibility, titanium alloy is regarded as a superior biomaterial. It is
currently widely employed in medical applications. Titanium alloy retiary sheets are
used to create the titanium alloy cranial prosthesis, which is dependent on the size and
location of the absenting cranium. Because titanium alloy has poor formability and
various missing craniums have diverse forms, conventional forming techniques are
difficult to utilize. Therefore, a very precise MPF press with a blank-holder mechanism

is used to create the 3D curved surface.
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CHAPTER 4
MODELLING WITH FINITE ELEMENTS AND EXPERIMENTAL STUDY

4.1 Introduction

The properties of workpiece, experimental setup and methods, and finite element
modelling which was used in multi-point forming are included in this chapter. The
experimental study and jobs of measuring were performed in the Laboratories of
Department of Mechanical Engineering in both Adiyaman University and Gaziantep
University. DEFORM-3D Ver 6.1 finite element software was used to model finite
element. The following headlines introduce experimental setup, the mechanical

properties of workpiece material and finite element modelling steps.

4.2 Experimental Works

4.2.1 The Properties of Workpiece Material

In this study, aluminium alloy 1100 H14 or ASTM B209 with 0.5 mm thickness sheet
was used in experiment and finite element modelling. There is no requirement for
heating when using this material for cold shaping. Since Al 1100 has a high strength
to weight ratio, low density, high ductile behaviour, toughness, and fatigue resistance,
it is frequently utilized as shaped parts in the aerospace and automotive industries. In
addition, it is ductile and soft, making this material suitable for sheet metalworking
operations. Table 4.1 provides information about the workpiece material's chemical

components.

Table 4.1 Chemical components of Al 1100 H14 alloy
Fe Mn Cu Zn Si Al

0.09 | 0.049 | 0.117 | 0.72 | 0.081 | Balance
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The designation H14 for this aluminium refers to the sheet metal's temper type. The
letter H stands for the strain hardening or work hardening temper type. The strength of
Al 1100 aluminium alloy sheet is increased through work hardening using cold
working techniques like rolling or pressing. Without using the annealing operation,
half of the hard is obtained.

Tensile properties of Al 1100 aluminium alloy sheet were acquired from tensile test.
Shimadzu AG-X machine manufactured in Shimadzu Corporation, Tokyo, Japan was
used to conduct tensile test with ASTM E8 standard. Test speed was selected as 1

mm/min. Figure 4.1 shows the captures of a few specimens following tensile testing.

Figure 4.1 Aluminium specimens after tensile test

By applying the offset yield technique, the longitudinal yield strength of 105 MPa was

estimated, and the tensile strength of 112 MPa was acquired in Figure 4.2.
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Figure 4.2 Tensile test result from Shimadzu AG-X
4.2.2 Experimental Setup
In order to define some boundary conditions of finite element modelling and verify
finite element result carried out in DEFORM-3D Ver 6.1, experimental studies were

performed for multi-point forming.

Experimental works were carried out by using a die set for multi-point forming with
7-row x 7-column (likely 7x7 matrices) as schematic representation shown in Figure
4.3. Die setup was constructed as relative fixation manner. This die set has two main
component, bottom die section and top die section. Each die section includes 7x7
forming pins. All materials in multi-point forming die set were manufactured from
AISI 4140 steel's mechanical characteristics [57]. Top plate and bottom plates have
8x8 M8 thread holes. Center-to-center distance of each hole is 15 mm. These holes
were produced with CNC milling machine in mechanical engineering laboratory,
Gaziantep University. Guide pins were also manufactured in CNC turning. Figure 4.4
shows the pins and top plate assembly. Pins have 87 mm length and 12 mm diameter.
M8 internal hole was also processed with 45 mm length to pins. Additionally, pins
have tip of 6 mm radius. Plates and pins were connected to each other with M8 bolt
with 10.8 grade value. Figure 4.5 (a), (b) and (c) show the pins dimensions.
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Figure 4.4 The pins and plate assembly
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Figure 4.5 Pin dimension of (a) Length, (b) Diameter and (c) Technical drawing
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When doing experimental works and finite element simulations, three types of shapes
were utilized in the multi-point forming process. These final shapes were made from
a blank sheet of 150 by 150 mm. The last shape of Form 1 (F1) is a VV-shape, whereas
Form 2 (F2) was a wavy shape, and Form 3 (F3) was a 3D free-form surface. The

schematic illustrations and technical drawings in Figure 4.6 (a), (b), and (c) are shown.

()

& 8_‘ 35.00
o))
(b)
15000
8
&
(c)

Figure 4.6 The shape of (a) Form 1 (F1) V-shape, (b) Form 2 (F2) wavy shape and
(c) Form 3 (F3) 3D free-form surface
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As the press source, a Utest universal testing apparatus with a 20 kN maximum load
capacity was employed. Sheet metal was formed at room temperature by the press head
moving at a stroke rate of 1 mm/min. The interface between the sheet and the pins was
additionally lubricated with SEA 40 oil. The reason for using SEA 40 oil is the ring
compression test. The adhesion friction factor may be easily and accurately determined
using the ring compression test, which has been widely accepted as a completely
suitable method for this purpose. Its approach is based on the application of geometric
alterations to the strained ring itself, such as a reduction in thickness and a reduction
in bore inner diameter [65]. In numerical analysis, friction factor was defined as 0.1
[61]. Accordingly, an aluminium specimen in the dimensions in Figure 4.7 was used
to perform test and friction factor determinates as 0.1. The material of punch plate of
test was made from AISI 4140 steel.

This test was also modelled and simulated in finite element analysis by using 0.1
friction and giving reduction in height with 50 %. Then, inner diameter reduction was
obtained as nearly -15 %. After obtaining this value, the ring compression test was
performed using several different oil types, and the decrease in the inner diameter was
measured in the order of -16% in the test using SAE 40 oil. Therefore, the accuracy of
SAE 40 oil has been decided for lubrication.
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Figure 4.7 Ring compression test specimen (a) Dimensions, (b) Initial ring, (c) Ring

after experiment, and (d) Graph of friction

The testing machine's load was obtained after each 1 mm of movement. Figure 4.8 (a),
(b) and (c) indicates the photographs of the die and sheet during the forming process
for F1, F2 and F3, respectively. By individually altering the pin height, the geometry
of the die set's forming regions was produced. First, the sheet metal's forming area was
separated into 7 by 7 matrices, and then CAD data in Solidworks was used to compute

the pin heights required.
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Figure 4.8 The die and sheet during the forming process for (a) F1, (b) F2 and (c) F3
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4.3 Finite Element Modelling

4.3.1 Introduction

FEM, the finite element method, is a practical technique for simulating and predicting
the actual behaviour of challenging engineering issues. Software for commercially
accessible and got a lot of validation from finite element analysis (FEA) from
academics or students at institutions as well as engineers in industry. FEA is vital to
cutting down on the time used while creating or modelling an engineering system. A
powerful computer method for predicting solutions in a range of actual complicated
engineering systems with accurately defined boundary conditions is the FEM. The
basis for FEA's operation is the division of an engineering system or domain into a
finite number of components, or subdomains, from which a systematic approximation

may be created by using variational methods [58].

FEA reduces problem of the engineering system to a limited number of unknowns by
dividing this domain into subdomains (components) and describing the role of the
field's unknown variable within each element. These functions, which are also known
as interpolation functions, are specified in terms of the field variable values at
particular nodes, or locations. A certain series of global node numbers is used to
present each element, which is expressed with an element number. Every node in a
FEM model builds a mesh, which is a grid Figure 4.9 depicts how the mesh, nodes,

and elements are related.

Nodes

Mesh

Figure 4.9 Element, nodes, and mesh relation
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The mesh must be used to store the geometrical and material features that determine
how the body will respond to outside influences.

4.3.2 Finite Element Modelling in DEFORM-3D

In this study, to model the finite element works, the commercial finite element
software package DEFORM-3D was employed. Multi-point forming is one of the
metal forming processes, as mentioned before. Owing to this, DEFORM-3D was used

to simulate the process. The software main interface is illustrated in Figure 4.10.
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Figure 4.10 The software main interface

Pre Processor, Simulator and Post Processor are the main levels of DEFORM-3D Ver
6.1 as shown in Figure 4.11. In modelling section, all levels have specific job to do.
The pre-processor is used to specify the object form, material type, mesh feature,
contact type (friction), and simulation control in order to set up the steps and add the
boundary conditions for carrying out the simulations [59]. Figure 4.12 shows the
general view of Pre Processor section. In simulator section, model occurred in pre
processor is run using predetermined characteristics in this area. This section contains

visuals for process monitoring and simulation [59].
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Figure 4.11 DEFORM-3D analysis levels
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Figure 4.12 Window of pre processor

The Post Processor component of DEFORM is the last section. Data are gathered from
a database file of simulations and the results are observed. All simulation steps are
preserved as a result of the simulation engine. The Post Processor includes these
procedures as well. Applied die motions, deformed mesh and geometry at each stage,
contour viewing of any graphical values (such press stroke per load), stress, fracture,
and effective strain, and a graph of any state variable between two user-defined
locations are all available information in the post-processor [59]. The general view is

shown in Figure 4.13.
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Figure 4.13 DEFORM post-processor window

4.3.3 Finite Element Modelling of Multi-Point Forming

Finite element model (FEM) is constructed for three types of forms, F1, F2, and F3.
For both relative fixation and active punch adjustment. For each model, analysis was
carried out by the way of pin diameter effect. 10 mm, 12 mm, and 14 mm pins are
utilized in FEM. Two types of forming adjustments are used to investigate the effect
of forming adjustment. Effective stress-strain distribution, thinning at pin sheet contact
area, and maximum required loads are compared each other to examine the parameters.
Diameter effect was also compared the experiment to verify and validate the finite

element analysis.

In forming process, AL 1100 has lower strength than AISI 4140 steel. Owing to this
and to reduce the simulations time, plates, bolts, and pins are modelled as rigid body.
In DEFORM 3D, for rigid bodies, no material type was added, and no mesh wasn't
created. Elasto-plastic material was used to model the workpiece. The elasto-plastic
material characteristics of AL 1100 are included in the DEFORM-3D database for cold
forming. Figure 4.14 illustrates the agreement between the calculated flow stress-strain
curve from the tensile test and the database flow stress-strain curve for Al 1100.

Poisson’s ratio and elastic modulus are 0.33 and 70 GPa, respectively.
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Figure 4.14 Flow stress-strain curve of AL 1100

In finite element analysis, fracture is the one of the main difficulties. To analyse how
sheet metal cracks occur, the fracture criteria in DEFORM-3D ver. 6.1 software must
be established. Due to the accuracy of strain, the fracture criteria was decided to be the
normalized Cockroft & Latham since it is a better criterion for the metal forming
process [60]. This criteria states that the fracture occurs when the effective strain is

greater than the critical value shown by Equation in:

jo (Z)de=c )

Where C is the critical value or damage factor, £/ is the fracture strain, and a* is the
maximum principal tensile stress. The @ and € are effective stress and effective strain,
respectively. A tensile test may be used to assess the critical value C, which is the
regardless functioning operation. Based on the results of a tensile test, Al 1100's

damage factor was calculated to be 0.34.

The friction that exists between pins and sheet metal has to be identified. According

to Coulomb's model, friction was defined to be 0.1 as mentioned before. Mesh is
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crucial in the part on finite element modelling as well. An automatic mesh generator
(AMG) was employed by DEFORM-3D to provide the optimum re-meshing and
handle severe deformations throughout the forming process. The element type was
designated as a tetrahedral mesh type. The element and node numbers were obtained
by choosing a mesh above the point at which the mesh number no longer had an impact
on the parameters. Table 4.2 displays the total number of sheet metal nodes and

components for all forms of relative fixation and active punch adjustment.

Table 4.2 Element and node numbers

Pin Diameter Form | Elements Number | Nodes Number
F1
10 mm F2 18069 6259
F3
F1
12 mm F2 18069 6259
F3
F1
14 mm F2 18069 6259
F3

Figure 4.15 (a), (b), and (c) demonstrate the example relative fixation of F1, F2 and
F3 shape appeared prior to simulation in the DEFORM-3D. Additionally, Figure 4.16
(@), (b), and (c) shows the active punch adjustment of F1, F2, F3 forms before the
simulations.
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Figure 4.15 Shapes appeared prior to simulation in the DEFORM-3D of relative

fixation adjustment of (a)F1 10 mm pin, (b) F2 10 mm pin and (c) F3
10 mm pin
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CHAPTER 5
RESULTS AND DISCUSSION

5.1 Introduction

In this study, some multi-point forming parameters were investigated to understand
the effect of these parameters on the process. AL 1100 with 0.5 mm thickness sheet
metal was employed as workpiece material. The effect of pin diameter in MPF was
investigated in both numerical and experimental ways for relative fixation (RF).
Numerical simulations were aimed to verify by experiments. After that, the active
punch (AP) arrangement of the process was also studied by using the finite element
method. Effective stress distributions, thinning at contact points, damage factors, and
load-stroke graphs were examined to understand the effects. The load-stroke curves
and thinning at contact points of the numerical and experimental data were compared
in the section on experimental results with the goal of validating the finite element

simulations.

5.2 Finite Element Results and Discussion

5.2.1 Effects of Pin Diameter on Effective Stress Distribution in Relative Fixation
In the first simulations, relative fixation adjustment was carried out for all shapes. In
this adjustment, pins were arranged before the forming operation then the loading was

applied to the sheet metal.

According to Smith et al. [62], stress during sheet metal forming has a direct impact
on the sheet metal's formability. Figure 5.1 displays the effective stress distributions
by using finite element analysis, pins with diameters of 10 mm, 12 mm, and 14 mm
were placed on F1 sheet metal. With pins of 10 mm and 12 mm diameter, the maximum
effective stresses on F1 were obtained as nearly 83.750 MPa and 92.700 MPa,
respectively. However, it was discovered that the maximum effective stress for the 14
mm pin-forming process was roughly 120 MPa, which was about 30% higher than the
forming for pins with a diameter of 10 mm. Localized stress was encountered as a

result of the
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pins' interaction with the sheet metal during the MPF forming process, as shown in
Figure 5.1.

The 14 mm diameter pin's rate of material wrapping around it was higher than the two
other pin diameters because of the larger contact area. Because the material could not

flow freely to acquire shape, a larger localized stress was the end outcome.

Figure 5.2 shows F2 as having a more complex shape than F1 and having more
constricting regions. For pins with a diameter of 10 mm, 12 mm, and 14 mm,
respectively, the highest effective stresses computed on F2 were about 109 MPa,
113.220 MPa, and 122.700 MPa. According to calculations, the maximum effective
stresses for a pin with a 14 mm diameter are 12.5% and 7.7% greater than that for pins

with 10 mm and 12 mm diameters, respectively.

F3 features a 3-D free-form surface, giving it one extra forming dimension than F1
and F2, which both needed to be formed in two dimensions. As mentioned in the
literature [2—7], MPF forming is a very adaptable approach for 3-D components.
Figure 5.3 depicts the stress distribution for F3. For pin sizes of 10 mm, 12 mm, and
14 mm, nearly 94 MPa, 105 MPa, and 121 MPa were computed as the highest effective
stresses, respectively. Additionally, compared to the 10 mm and 12 mm diameter pins,
the loads on the pin with a 14 mm diameter were greater by 22.2% and 13.8%,

respectively.

The FE simulations demonstrated that higher-level stresses and a reduction in
thickness are present at the point where the pin and sheet make contact. A 10 mm
diameter pin, on the other hand, produced the least stress distributions and damage
factor values associated with tearing. In contrast, the biggest diameter pin (14 mm)

produced the highest effective stress values.
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Figure 5.1 The effective stress distributions of F1 sheet metal (a) 10 mm, (b)12 mm
and (c) 14 mm diameter pin
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Figure 5.2 The effective stress distributions of F2 sheet metal (a) 10 mm, (b)12 mm
and (c) 14 mm diameter pin
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Figure 5.3 The effective stress distributions of F3 sheet metal (a) 10 mm, (b)12 mm
and (c) 14 mm diameter pin
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5.2.2 Effects of Pin Diameter on Damage Distribution in Relative Fixation
One issue that arises while sheet metal is being formed is tearing [63]. The sheet begins
to break and creates cracks when the material's damage factor in DEFORM-3D reaches

its maximum set level.

As shown in Figure 5.4, the damage factors for F1 forming with pins of 10 mm, 12
mm, and 14 mm diameter, respectively, were calculated by simulations as 0.196,
0.210, and 0.448. In 14 mm diameter pin formation, ripping occurs in comparison to

the Al 1100 maximum damage factor of 0.34.

The estimated damage factors from the simulations for F2 for forming with pins of 10
mm, 12 mm, and 14 mm diameters, respectively, were derived as about 0.320, 0.340,
and 0.770 as shown in Figure 5.5. Tearing of the sheet was observed in forming with
employing forming the highest diameter of the pin. The damage factor value was
approximately at a critical level for using the 12 mm diameter pin, but ripping did not

occur.

Damage factor values for pins with small to high diameters were determined as in
Figure 5.6 for the 3-D free-form shape (F3). The fracture was not detected in this form,
although the 14 mm diameter pin had a damage factor that was very close to the critical
threshold.
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Figure 5.4 The Damage factors of F1 sheet metal (a) 10 mm, (b)12 mm and (c) 14

mm diameter pin
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Figure 5.5 The Damage factors of F2 sheet metal (a) 10 mm, (b) 12 mm and (c) 14

mm diameter pin
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Figure 5.6 The Damage factors of F3 sheet metal (a)10 mm, (b)12 mm and (c) 14

mm pin



5.2.3 Effects of Pin Diameter on Forming Loads in Relative Fixation

Another crucial factor in forming processes is the required loading. The necessary
press capacity can thus be calculated in this manner. Figure 5.7 compares the forming
loads of the three forms using pins of various diameters. As can be seen from the
captures, forming loads begin at rather low levels and increase progressively with the
stroke until the localized forming of the sheet begins.

According to [30], when the final shape of the forming and the squeezing took place,
the forces increased quickly. For F1, the highest loads measured for pins with
diameters of 10 mm, 12 mm, and 14 mm were approximately 4200 N, 6300 N, and
8525 N, respectively. For F2, higher forming loads were computed because of how the

effective stress distribution behaved.

With the increasing diameter of the pin, the highest loads for F2 were measured at
nearly 6530 N, 8675 N, and 11200 N. For F3, the maximum loads were measured at
just about 3650 N, 4640 N, and 5070 N. The maximum loads were estimated for each
shape using pins with a diameter of 14 mm in accordance with the predicted effective
stress distribution. As the pin diameter increases, the material flow becomes more
difficult for complicated geometry components. This situation illustrated the

requirement for a greater load and, thus, a press with a higher capacity.

5.2.4 Active Punch Adjustment

The second simulation series was employed using active punch adjustment. In active
punch adjustment, pins moved to form sheet metal during the forming process. Pin
heights and moving ranges were obtained from CAD data of shapes. After, that
necessary movements were assigned to DEFORM 3D. After, forming process final

forms of active punch adjustment are shown in Figure 5.8 (a), (b), and (c).
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Figure 5.7 The forming loads of the three forms using pins of various diameters
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(©
Figure 5.8 Final forms of active punch adjustment for (a) F1 10 mm, (b) F2 10 mm,

and (c) F3 10 mm diameter pins.
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5.2.5 Comparison between Relative Fixation and Active Punch Adjustment
According to Effective Stress Distributions

After simulating active punch adjustment, some comparisons have to be made to see
if there are differences between forming arrangements. Figure 5.9 shows difference in
the effective stress distributions between relative fixation and active punch adjustment

of F1 shape for all diameter types.

As seen in Figure 5.9, some differences were observed for effective stress distribution.
For 10 mm pin forming, a 16 % variation was obtained. For 12 mm and 14 mm pin
forming the differences were calculated as 13.2 % and 10.1 %, respectively. These
variations of relative fixation and active punch adjustment were caused by total

material flow.

In relative fixation, the flow of material occurs across the entire shape. In the active
punch arrangement, on the other hand, material flow occurs according to the touch of
the punches, then punch forming is finished, and the other forming process begins.

The effective stress variations are shown in Figure 5.10 for F2 for all diameter types
for both arrangements. 14.1 %, 11.4 %, and 9.5 % differences were obtained between

relative fixation and active adjustment.

Figure 5.11 shows the difference of arrangements for F3 for all diameters of pins. The
variations were obtained as 12.7 %, 10.6 %, and 8.2 % for 10 mm, 12 mm and 14 mm

pins, respectively.
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Figure 5.9 The effective stress distributions of (a) F1 RF 10 mm, (b) F1 AP 10 mm,
(c) FLRF 12 mm, (d) F1 AP 12 mm, (e) F1 RF 14 mm and (f) F1 AP 14

mm pin
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Figure 5.10 The effective stress distributions of (a) F2 RF 10 mm, (b) F2 AP 10 mm,
(c) F2 RF 12 mm, (d) F2 AP 12 mm, (e) F2 RF 14 mm and (f) F2 AP 14

mm pin
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Figure 5.11 The effective stress distributions of (a) F3 RF 10 mm, (b) F3 AP 10 mm,
(c) F3RF 12 mm, (d) F3 AP 12 mm, (e) F3 RF 14 mm and (f) F3 AP 14

mm pin
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5.2.6 Comparison between Relative Fixation and Active Punch Adjustment
According to Damage Factors

The damage factor is also an important parameter for the metal-forming process. The
effect of changing forming adjustments also affected the damage value as well as
effective stress distribution. For F1, damage factor comparisons have been shown in
Figure 5.12.

As a result of the comparison of damage factors similar to effective stress distributions
of F1 for all pin diameters. Percentage variations were acquired as close values as
effective stress comparison. In active punch adjustment, the highest damage value was

reduced, but still higher than the critical value.

Figure 5.13 shows the F2 shape damage factors. Like effective stress distribution,
damage factor changes are 14.7 %, 11.9 %, and 10.1 % for small to highest pins,
respectively. However, the damage factor value of 12 mm pin forming nearly reached
the defined value in relative fixation forming. However, with active pin adjustment

this value decreased the 0.296 and this better result for forming operation.

Damage factors of F3 forming are shown in Figure 5.14. Differences in damage factor
values were calculated as 13.4 % for 10 mm pin, 10.8 % for 12 mm pin, and 8.8 % for
14 pin forming. It is easily seen that active punch adjustment reduced the damage

factor values in the same manner as the effective stress distribution of the F3 shape.

Forming adjustment of multi-point forming directly affects the effective stress
distribution. The selection of the appropriate forming arrangement becomes more

important, especially for shapes that may be critical in terms of damage factors.
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Figure 5.12 The Damage factors of (a) F1 RF 10 mm, (b) F1 AP 10 mm, (c) F1 RF
12 mm, (d) F1 AP 12 mm, (e) F1 RF 14 mm and (f) F1 AP 14 mm pin
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Figure 5.13 The Damage factors of (a) F2 RF 10 mm, (b) F2 AP 10 mm, (c) F2 RF
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Figure 5.14 The Damage factors of (a) F3 RF 10 mm, (b) F3 AP 10 mm, (c) F3 RF
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5.2.7 Comparison between Relative Fixation and Active Punch Adjustment
According to Forming Loads

Additionally, forming loads must be compared for two forming directions. Figure 5.15
shows the load-stroke comparisons of RF and AP adjustments. As mentioned before,
the same trends were obtained in the load-stroke graphs, similar to the effective stress

distributions and damage factors.

The percentage differences were determined as 16 %, 13 %, and 11 % for 10 mm, 12
mm, and 14 mm pins based on the F1 shape for maximum load values, respectively.
For F2 shape these values were nearly 14 %, 11.5 %, and 9.5 % from smallest to
highest pin. Additionally, for 3D free-form surface shape, F3, these variations were
calculated as almost 12.7 %, 10.5 %, and 8 % for 10 mm pin, 12 mm pin, and 14 mm

pin forming, respectively.

So, it seems that just like effective stress and damage factor distribution, active punch

adjustment is a more suitable method than relative fixation.
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5.3 Experimental Results and Discussion

Experiments were conducted with a 12 mm diameter of pin by applying the relative
fixation adjustment (RF) of forming for three shapes, as mentioned before. For
validation of numerical analysis thinning of contact points and load-stroke diagrams
were used. Figure 5.16 depicts the final forms of the workpieces following the
experimental works. The surfaces of the final workpieces have dimples that can be
easily visible. In MPF, leading to the formation of dimples is caused by the area where

the pin and sheet metal make contact and where the stress concentration is centered.

Interlayer elastic cushions can be used to spread these localized loads and prevent the
production of dimples. By employing a polyurethane or rubber cushion, these flaws
can be fixed; nevertheless, this application significantly raises the maximum load [5,
30]. Also, in this Figure 5.16 shows the contact points where thinning was measured.
In the experimental and finite element analysis, the thickness of the sheets at dimple
areas was also measured. The points on the lines in Figure 5.16 were measured using
slicing tools in Deform 3D. A micrometre was used to gauge the degree of thinning at

these sites on the final experimental workpieces.

The lines of F1 and F2 were built from left to right, and F3's line was constructed
diagonally. Figure 5.17 displays the measured thickness of the experimental and FE
analysis specimens of the 12 mm pin forming. Point 4, the midway of the lines, was
where the maximum degree of sheet metal thinning for F1 and F2 was measured. For
FE and experimental studies, the sheet metal part's thickness on F1 was determined to
be nearly 0.435 mm and 0.430 mm, respectively. The thicknesses of F2 were measured
as nearly 0.370 mm and 0.365 mm. Because of the geometry of the 3D free-form
surface, the maximum thinning was seen on F3 at points 1, 4, and 7. Points 1 and 7
were measured to be nearly 0.415 mm and 0.405 mm thick, whereas point 4 was

measured to be nearly 0.410 mm and 0.400 mm thick.
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Figure 5.16 The Final forms of the workpieces after experiments (a) F1, (b) F2
and (c) F3 type forming
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Figure 5.17 The measured thickness of the experimental and FE analysis (a) F1, (b)
F2 and (c) F3 type forming
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The graphs all display similar tendencies when they are analysed. The results of the
analysis and modelling of FE have therefore been verified and confident. According
to the research done in [31], the maximum point of F1's thinning is consistent. In that
investigation, the 1060 aluminium alloy with a 2 mm thickness was subjected to MPF
and multi-point forming with individually controlled force-displacement (MPF-
ICFD), which produced a shape comparable to F1 in the current study. The conclusion

reached was that MPF-ICFD produced less thickness fluctuation and thinning.

Figure 5.18 displays the experimental study's producing load-stoke curves as well as
the findings of the matching FEA. For F1, F2, and F3, the maximum forming loads
were found to be around 6800 N, 9140 N, and 4750 N, respectively. For the three
forms, the percentage errors between the experimental and FEA results were computed
as approximately 7.5%, 5.0%, and 2.0%, respectively. The load-stroke graphs
displayed patterns resembling those in the thinning graphs. As a consequence, it was
decided that the outcomes of finite element modelling and analysis appeared to be

trustworthy.
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CHAPTER 6
CONCLUSIONS AND FUTURE WORKS

6.1 Conclusions

The previous chapters described the finite element modelling and experimental
investigations of the multi-point forming method for three different shaped parts
manufactured of aluminium alloy AISI Al1100. The following conclusions may be

reached after taking into account all the information presented in the thesis:

1. By adjusting the pin length in accordance with the necessary component
geometry, three different parts (V-shape F1, wavy shape F2, and free-form
surface F3) were manufactured in a single MPF die. This makes MPF both time
and cost-effective.

2. The main contributions of this study are the evaluation of the effects of pin
diameter and the difference of punch adjustments, on the multi-point forming
of various parts.

3. Using the multi-point forming finite element method (FEM), forming
processes may be successfully optimized. The potential of acquiring crucial
data for determining essential parameters and operating timeframes is the most
evident advantage of using FEM. Using the FE models and approaches
suggested in this study for MPF, the final form of a produced object and any
possible imperfections may be precisely anticipated.

4. The FE simulations proved that the place where the pin and sheet contact is
where the higher-level stresses are located and where the thickness is reduced.
On the other hand, maximum effective stress values resulted for the highest
diameter pin (14 mm diameter pin), while the least stress distributions and
damage factor values linked to tearing were obtained for a 10 mm diameter
pin.

5. The material flow becomes more challenging in complex formed components
as the pin diameter rises. This circumstance demonstrated the need for a larger

load and, hence, a bigger capacity press.
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6. Multi-point forming is very applicable for forming different parts. This flexible

property reduces the manufacturing and set-up time, so the cost, of forming
dies.

For the V-shape (F1), wavy shape (F2), and free-form surface (F3), the active
punch adjustment method was an appropriate way compared to the relative
fixation method for forming.

The experiments were utilized to verify the results of FE's load-stroke diagrams
as well as the fracture criterion that was applied to anticipate cracks. Therefore,
it can be concluded that FE simulations are a sufficiently accurate method of
prediction based on multi-point forming tests that have been undertaken.

6.2 Future Works

1.

By employing a larger capacity press, the experimental investigation and finite
element modelling may be done using an elastic pad to prevent the formation
of dimples.

Several forming rates and velocity profiles may be used to examine the process.
A system called Fibre Bragg Grating (FBG) [64] can be employed to measure
the forming force on individual pins in an MPF matrix.

To assure more precise positioning of pin heights, to speed up the process of
creating various forms, and because the MPF tools utilized in this study are
compact and have a closed arrangement, digital control of MPF tool adjustment
might be used. This could also enable automated correction for springback.
Investigations into changes in friction values or friction conditions can be

examined.
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