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Abstract

Single point incremental forming (SPIF) is a dieless sheet metal forming technique

that can manufacture customised sheet metal components in a cost-effective manner.

However, the process is still in the developmental phase and hasn’t been utilised in-

dustrially due to low geometrical accuracy, fracture at high wall angles and long cycle

times. The goals of this research are to study the feasibility of the already existent

strategies to eliminate geometrical errors and enhance formability and to, introduce a

methodology to successfully generate vertical walls with the least geometrical errors

and thickness variation within the manufactured component.

The impact of friction on sheet interface and formability is reported by recording

the temperature obtained by increasing the tool rotation speed and feed rate. A flat

tool is used in the study and an upper limit of the tool rotation speed is reported.

The limit is much lower than the hemispherical tool reported in the literature and

two heat generation zones is the justification. High tool rotation speed and feed rate

are found to reduce the geometrical errors but still are unacceptable.

Multi-stage strategies such as the conventional downward, DDDU and IO-OI are

implemented to manufacture a C-channel designed to support a plane fuselage for

vibration testing. Tunnel strategy is also employed. Vertical walls are only conceiv-

able using a conventional downward strategy and a series of steps followed for the

toolpath development are reported in the form of an algorithm. The results show

that the developed component is affected by severe geometrical inaccuracies and ex-

treme thickness variation. Cost analysis reveal high costs associated with multi-stage

forming in the design stage.

Finally, it is concluded that cost-effective and industrially acceptable flat base

geometries are inconceivable through SPIF. The apparatus of Two Point Incremental

Forming (TPIF) is modified and a new tool path strategy is developed to manufacture

the vertical walls. The results show that the novel strategy is capable of manufac-

turing vertical walls with much lower thickness variation and geometrical errors. The

developed method is cost-effective and easy to implement but requires a die.
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Chapter 1

Introduction

1.1 General Overview

Sheet metal forming is an important element of the manufacturing industry. Deep

drawing and stamping operations have ful�lled the mass scale demands from the

numerous sectors including the automotive industry in a cost-e�ective manner. How-

ever, these conventional operations require extensive resource allocations that increase

with the requirement of product speci�c dies and moulds.

Asymmetric Incremental Sheet Forming (AISF) is a 
exible sheet forming process

that can be carried out on a Computer Numerically Controlled (CNC) milling ma-

chine, with the aid of a smooth tool that plastically pushes the sheet in small steps

to obtain the desired geometry. Low tooling cost, the ability to manufacture complex

geometries and suitability for small batch sizes has made AISF an attractive option

for low volume production and rapid prototyping. Even though the process has been

researched for 20 years, its industrial use is still limited by low geometrical accuracy,

inconsistent thickness distribution, fracture at high wall angles and long cycle times.

Various strategies have been developed with the intention of enhancing formabil-

ity, increasing geometrical accuracy and avoiding thickness variation. Many methods

such as Friction Stir Incremental Forming (FSIF) and Multi-stage Incremental Form-

ing (MSIF) have been recommended to enhance formability and overcome geometrical

inaccuracies. However, work conducted on actual industrial geometries is fairly lim-
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ited, especially when it comes to design and development of geometries with vertical

walls. The complexities are increased when the required geometries have a 
at base.

Conducting formability studies and geometrical analysis on the geometries man-

ufactured by FSIF and MSIF can help understand the capabilities and limitations of

the processes. By revelation of the process limitations, a methodology to overcome

the process limitations can be proposed.

1.2 Motivation

The metal forming sector along with other manufacturing sectors is going through

a major change due to the increased demand of mass customisation. This change is

further fueled by the intense competition from developing countries that necessitates

changes to traditional manufacturing approaches [1]. The industries are reluctant to

make big investments in this rapidly changing era with an advent of Industry 4.0 [2].

Hence, there is a need for a 
exible metal forming process that can accommodate

manufacturing of customised sheet metal components while enabling cost reduction

and bypassing special tooling design.

1.3 Objectives

The aim of this research is to enhance the capability of AISF by improving the geomet-

rical accuracy and enabling homogeneity in thickness distribution of the manufactured

component. These aims are achieved through:

ˆ Investigating the capabilities of FSIF by conducting geometrical analysis with

a 
at tool and studying the resulting microstructure. The upper limit for the

process in terms of tool rotation speed and tool feed rate is de�ned. Chapter 4

and 5.

ˆ Investigating the most suitable MSIF technique to form vertical walls. Deter-

mining a toolpath development algorithm of the successful technique. Conduct
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geometrical and thickness analysis of the manufactured components along with

a detailed cost analysis from design to the development stage. Chapter 6 and

7.

ˆ Developing a methodology to enable cost-e�ective manufacture of 
at base ge-

ometries without complex modi�cations to the CNC milling machine. Com-

paring with outcome of MSIF in order to prove the suitability in terms of

geometrical accuracy and thickness distribution. Chapter 8.

1.4 Thesis Organisation

ˆ Chapter 2 is an introduction to the incremental sheet forming process. The

chapter provides background on the current state of the art, lists the process

requirements, drawbacks and the methodologies to overcome the process limi-

tations.

ˆ Chapter 3 is a review paper published in theSpringer Advances of Manufac-

turing. The review paper presents new results on the formability of aluminum

alloys and steels in response to various tool shapes and sizes.

ˆ Chapter 4 is a conference proceeding presented at17th International Conference

on Sheet Metal, SHEMET17and published in Elsevier Procedia Engineering.

The chapter introduces a new geometry and studies the e�ect of tool rotation

speed on the resulting interface temperature during the forming operation.

ˆ Chapter 5 is a journal article published inSpringer The International Journal

of Advanced Manufacturing Technology. It studies the e�ect of tool rotation

speed on the surface roughness, microstructure, wear and geometrical errors of

the manufactured parts.

ˆ Chapter 6 is a conference proceeding presented at18th International Conference

on Sheet Metal, SHEMET19and published inElsevier Procedia Manufacturing.
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The paper investigates the appropriate methodology for the manufacture of a

vertical-walled C-channel.

ˆ Chapter 7 is a journal article published inSpringer The International Journal

of Advanced Manufacturing Technology. The paper investigates and reports

the merits and demerits of the vertical wall manufacturing strategies. The

paper also gives a cost estimate for a component manufactured with single

point incremental forming.

ˆ Chapter 8 has been sent for review inSpringer The International Journal of

Advanced Manufacturing Technology. The paper presents a novel methodology

to obtain vertical wall angled geometries with a high thickness uniformity and

better geometrical accuracy.

ˆ Chapter 9 presents the un-published results and contributes to the �eld to a

certain extent.

ˆ Appendix is a journal article published in Taylor & Francis Production and

Manufacturing Research. The paper presents a theoretical overview and review

of the essential parameters a�ecting the �nite element simulations a�ecting

SPIF.

1.5 Co-authorship

ˆ Chapter 3 is a review paper published in theSpringer Advances of Manufac-

turing. Only the simulations and �nite element review was provided by Pranav

Gupta. The paper is co-authored by Prof. Jacob Jeswiet, Dr. David Adams,

Dr. Matthew Doolan, Tegan McAnulty and Pranav Gupta.

ˆ Chapter 4 is a conference proceeding presented at17th International Confer-

ence on Sheet Metal, SHEMET17and published inElsevier Procedia Engineer-

ing. All experiments and post-experimental analysis were conducted by Pranav
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Gupta. The paper is co-authored by Pranav Gupta and Prof. Jacob Jeswiet.

ˆ Chapter 5 is a journal article published inSpringer The International Journal

of Advanced Manufacturing Technology. All experiments and post-experimental

analysis were conducted by Pranav Gupta. The paper is co-authored by Pranav

Gupta and Prof. Jacob Jeswiet.

ˆ Chapter 6 is a conference proceeding presented at18th International Conference

on Sheet Metal, SHEMET19and published in Elsevier Procedia Manufactur-

ing. All experiments and post-experimental analysis were conducted by Pranav

Gupta. The paper is co-authored by Pranav Gupta and Prof. Jacob Jeswiet.

ˆ Chapter 7 is a journal article published inSpringer The International Journal of

Advanced Manufacturing Technology. The experiments and post-experimental

analysis were solely conducted by Pranav Gupta. Additional advice and sug-

gestions were provided by Dr. Alexander Szekeres with a major contribution to

the costs section. The paper is co-authored by Pranav Gupta, Dr. Alexander

Szekeres and Prof. Jacob Jeswiet.

ˆ Chapter 8 is a paper sent for review inSpringer The International Journal

of Advanced Manufacturing Technology. The idea generation, experimentation

and post-experimental analysis were solely conducted by Pranav Gupta. Dr.

Alexander Szekeres provided advice and council on the RCA �gure. He was also

responsible for writing the costs section with the ideas given by Pranav Gupta.

The paper is co-authored by Pranav Gupta, Dr. Alexander Szekeres and Prof.

Jacob Jeswiet.

ˆ Chapter 9 presents the additional work that was never published. The experi-

ments and post-experimental analysis were solely conducted by Pranav Gupta.

Additional help regarding the use of software JMP was taken from Alexandru

Sonuc.
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ˆ Appendix is a journal article published in Taylor & Francis Production and

Manufacturing Research. The literature review was conducted by Pranav Gupta

with constant discussions with Prof. Jacob Jeswiet. The paper is co-authored

by Pranav Gupta and Prof. Jacob Jeswiet.
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Chapter 2

Asymmetric Incremental Sheet Forming:

State of the Art

2.1 Background

Traditional forming processes such as deep drawing and stamping are usually used

in order to manufacture sheet metal components. These processes have shown to

be extremely e�cient when the desired batch size is large. The suitability of these

processes for large batches is mainly due to the requirement of dedicated dies that

require additional resource allocation for design and manufacture for each individual

shape. Costs are further added by the requirement of specialised machinery. As a

result, the traditional methodologies become cost intensive when the batch sizes are

small [1, 2].

Rapidly changing consumer demands, competition from developing countries and

the advent of Industry 4.0 necessitates the development of manufacturing systems that

are more 
exible and are suitable for small batch production and mass customisation

[3, 4]. These changes in manufacturing are also applicable to metal forming when it

comes to the requirement of mass customisation.

AISF is a 
exible sheet metal forming technique that holds the ability to ful�l

the requirements of mass customisation in the absence of special tooling and machin-

ery requirements (Table 2.1). The possibility of conducting AISF on CNC milling
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Table 2.1: Comparison between di�erent sheet forming processes

Deep drawing Stretch forming AISF

Tooling cost High High Low

Machinery cost/specialisation High High Low

Cycle time Low Medium High

Geometrical accuracy High High Low

Environmental impact High High Low

machines that are widely available in machine shops around the world, is a major

source of interest in this forming technique. In this process, the desired geometry is

created in Computer Aided Design (CAD) software and the toolpath is created in

the form of G-codes in Computer Aided Manufacturing (CAM) software (Fig. 2.1).

The forming is carried out by a smooth rotating stylus tool which moves from the

periphery of the clamped sheet towards the inside while moving incrementally to give

depth to the part (Fig. 2.2). Since the deformation is carried out in multiple steps,

the manufacturing time is much larger than tradition metal forming operations.

Figure 2.1: Constituents of a typical AISF setup
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Figure 2.2: Schematic of AISF [5]

2.2 Types of AISF

AISF is fundamentally a hybrid of shear forming and stretch forming. Continuous

research in the �eld of AISF has led to the introduction of various versions of AISF.

These versions can be categorised based on the type of setup and the additional setup

requirements.

2.2.1 Conventional AISF

Single Point Incremental Forming

SPIF is a dieless process where the �nal geometry is obtained by deformation carried

out by the stylus tool over a clamped metal sheet (Fig. 2.3). This process requires

the most basic setup to carry out the forming operation [6].

Two Point Incremental Forming

TPIF is a process that requires an additional die to carry out the forming operation.

Depending on the die positioning, the process can be positive or negative TPIF. An

additional complication in the process is introduced by the requirement of sheet-die

relative movement (Fig. 2.4).
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Figure 2.3: Schematic of SPIF [7]

Figure 2.4: Schematic of TPIF setups adapted from [8]. (a) Positive forming with

partial die; (b) Negative forming with full die; (c) Positive forming with full die

2.2.2 Hybrid AISF

Double Sided Incremental Forming

In double sided incremental forming, two tools are used during the forming operation

with each tool on either side of the sheet being deformed [9]. The main objective
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behind this technique is to squeeze the sheet between the tools in order to enhance

geometrical accuracy (Fig. 2.5).

Figure 2.5: Schematic of double sided incremental forming [9]

Stretch forming with Incremental Sheet Forming

Stretch forming is conducted on the metal sheet before Incremental Sheet Forming

(ISF) is conducted to obtain the desired part shape (Fig. 2.6). This is done to

overcome process limitations such as geometrical inaccuracies and cycle time [10, 11].

Figure 2.6: Schematic of stretch forming with ISF [10]

Hammer ISF



12

Hammer ISF is similar to SPIF but the tool advances forward with high a reciprocat-

ing motion of tool and thus, reproducing a hammering e�ect (Fig. 2.7). The process

requires an industrial robot to conduct the forming operation [12, 13].

Figure 2.7: Schematic of hammer ISF [13]

Waterjet ISF

In this process, ISF is carried out by making use of a waterjet (Fig. 2.8), in a

non-abrasive working range [14, 15].

Of the above listed AISF techniques, conventional AISF requires a simple setup

without any major modi�cations to the machinery. Unlike hybrid AISF, conventional

AISF can also be conducted on a CNC milling machine and performed in the absence

of any robotic arms or pre-forming operations. The ready availability of CNC milling

machines makes the conventional AISF more employable than the hybrid means.

Therefore, this research will explore only the applicability of SPIF and TPIF in the

manufacturing of parts with high wall angles.
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Figure 2.8: Schematic of waterjet ISF [14]

2.3 Hardware Requirements

In terms of machinery, AISF can be conducted on CNC milling machines. An ad-

ditional setup is still required for sheet clamping. CNC milling machines make up

the most economic option for the AISF operation [6]. However, companies such as

AMINO have developed specialised machinery to conduct AISF with 30 units in op-

eration [16]. New designs for specialised and 
exible machines have also been put

forward by some researchers [17, 18]. AISF has also been carried out on robotic arms

but have displayed comparatively low sti�ness and might lead to tool deviation during

forming operation [13, 19].

The additional requirements for AISF that are necessary to conduct the forming

operation are: Rig, tool, lubricant, backing plate and in certain cases such as TPIF,

a die.

2.3.1 Rig

Depending on the machinery employed, a rig is required to clamp the sheet in place

while conducting the forming operation. The purpose of rig is also to provide ad-
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ditional clearance to the part during forming and avoid any major changes to the

machine bed. The examples of a rig can be seen in Fig. 2.3 and Fig. 2.7.

2.3.2 Tool

Tools in AISF undergo continuous bending and axial forces during the sliding and

rotational movement over the sheet. Hence, the tool material selection is a critical

parameter in order to conduct the forming operation successfully. The tool material

should ful�l the following requirements:

ˆ High strength and hardness

ˆ High temperature resistance and stability

ˆ Low wear

ˆ Low chemical a�nity

ˆ Cost-e�ective, available and machinable

P20 tool steel was selected as the tool material to conduct experiments in this

research.

2.3.3 Lubricant

Continuous contact of the tool over the metal sheet can cause undesirable changes

to the interface properties due to material adhesion, abrasion, material fatigue and

oxidation. Proper lubricant selection is important for stable sheet-tool contact, heat

dissipation and avoiding material wear. Lubricants have also been shown to reduce

the force required to obtain plastic deformation [20]. Hence, proper lubrication of

the sheet-tool interface is necessary for successful metal forming in AISF. A high

performance 75W-140 synthetic gear-box oil was selected for the experimentation.
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2.3.4 Backing plate

Backing plate (Fig. 2.3) also referred to as a restraining plate in the US patent [21],

has shown to reduce the geometrical error in the form of bending (Fig. 2.9) at the


ange and part corner. This is facilitated by the ability of backing plate to establish

the region for the concentration of plastic deformation [22].

Figure 2.9: Geometrical error concentration in SPIF [23]

2.3.5 Die

Full or partial dies (Fig. 2.4) are required in the TPIF process to provide desired

support to the sheet during plastic deformation. The dies have shown to improve

geometrical accuracy and unlike conventional forming operations, can be made from

resin, wood and aluminum [24].

2.4 Process Parameters

Various controllable parameters have an impact on the maximum plastic deformation

and accuracy obtained in the �nal manufactured component. These parameters are

as follows:

2.4.1 Tool properties

Tool diameter has shown to have an impact on the plasticity obtained in the com-

ponent manufactured. A tool diameter varying from 5-20 mm is mainly used by the
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researchers in the �eld of AISF with a majority reporting decreased formability with

decrease in tool diameter [23].

Another important parameter associated with tools is the tool type (Fig. 2.10).

The majority of studies in the literature have employed a hemispherical tool [25{27]

with a few demonstrating the use of roller [28, 29] and 
at tools [30].

Figure 2.10: Schematic of tool types adapted from [23]

2.4.2 Step size/down

Sheet material being plastically deformed at an instant is directly dependent on the

step size selected. It becomes an important parameter since it has a direct in
uence

on the sheet-tool contact area and resulting forces on the machine [20]. High forces

may a�ect the accuracy of the manufactured part and can be detrimental to the

hardware. Step size also in
uences the surface roughness of the developed component

depending on the magnitude (Fig. 2.11). Step size usually varies from 0.2 mm to

1 mm [23]. A higher step size may reduce the cycle time of the component being

manufactured but may substantially reduce the surface quality [31].

2.4.3 Toolpath

Toolpaths for AISF are generated in CAM software and are highly dependent upon

the software capabilities. Research in the �eld of AISF has usually been conducted

via contour [32] or spiral toolpaths [33] (Fig. 2.12). Contour toolpaths execute one

complete step at a time for one round at the geometry periphery, whereas spiral
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Figure 2.11: Surface quality of a cone [31]. (a) High step size; (b) low step size

toolpaths are completed without any breaks in between rounds and one step down is

executed over an entire revolution. Some researchers have also used a bidirectional

toolpath, where tool changes the cycle direction (clockwise or anti-clockwise) after

every step down [34, 35].

Figure 2.12: Schematic of toolpath types adapted from [36]. (a) Spiral toolpath; (b)

Contour toolpath; (c) bidirectional toolpath
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2.4.4 Sheet thickness

Plastic deformation in ductile metals occurs by dislocation movement over the pre-

ferred slip planes. This process exposes new material during the plastic deformation

process thereby, reducing the material thickness. Formability in AISF comes at an

expense of reduction in sheet thickness. This makes sheet thickness an important pa-

rameter depending upon the strain concentration in the desired geometry. Hardware

limitations may restrict the maximum sheet thickness employed during AISF due to

high forces [20].

Tool rotation speed and feed rate also have an impact on the formability and

geometrical accuracy of the manufactured component and will be discussed in the

upcoming chapters.

2.5 Process Mechanics and Formability

2.5.1 SPIF

Tensile formability in a sheet metal forming operation is generally given by Forming

Limit Diagrams (FLDs). In the very early stages, it was discovered that the SPIF does

not follow the traditional Forming Limit Curves (FLCs) and the formability obtained

from the process is much larger (Fig. 2.13). The major deformation mechanisms

in the SPIF are claimed to be through-thickness shear, stretching and bending [37].

However, a confusion persists in the research community regarding the leading defor-

mation mechanism where, some believe it to be through-thickness shear [38{40] while

others believe stretching to be the most prominent deformation mechanism [41, 42].

More recent developments have shown the prominent deformation mechanism to be

a function of geometry location, sheet thickness and tool diameter [43].
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2.5.2 TPIF

Only a few studies have been conducted in the �eld of TPIF regarding deformation

mechanics. The major strain component in TPIF in an experimental study was found

to be the through-thickness shear [40], whereas another study has claimed stretching

as the prominent deformation mechanism in the TPIF [7].

Figure 2.13: Forming limit diagram for SPIF [44]

2.6 Process Evaluation

Suitability of process parameters in the �eld of AISF have usually been analysed

by observing the process outcomes in terms of forming forces, surface roughness,

geometrical accuracy and formability.

2.6.1 Forming forces

Forming forces play an important role in the parameter selection for the AISF es-

pecially when the machinery employed is not speci�c to the process e.g. hardware

restriction imposed while using a conventional CNC milling machine. Real time eval-

uation of forming forces have been shown to aid in fracture prediction in the process
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due to the necking suppression [45]. However, failure predictions have demonstrated

to be suitable for only certain geometrical shapes [46].

2.6.2 Surface roughness

Components manufactured with ISF have exhibited a low surface quality due to the

inherent nature of the forming process. Surface roughness resulting due to ISF has

been categorised as a combination of large-scale waviness introduced by the toolpath

and small-scale roughness resulting from the strains introduced due to plastic defor-

mation [47]. Low step size (Fig. 2.11) and higher tool diameter have been shown to

reduce the surface roughness of the manufactured component [48]. Sheet thickness in

another study has been shown to be the most in
uential parameter in determining

the �nal surface roughness of the component [49].

Figure 2.14: White light interferometer surface scans of specimen for an area of 3.5

mm � 4.7 mm [47]

2.6.3 Geometrical accuracy

Parts manufactured from ISF exhibit low geometrical accuracy as compared to the

conventional sheet forming processes such as deep drawing and stamping (Fig. 2.9).

Hence, selection of the optimal process parameters plays an important role in obtain-

ing the desired geometry [6]. Various factors play a critical role in determining the

�nal accuracy of the manufactured component. These include process parameters
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(Section 2.4), hardware design (Section 2.3) and material properties (strain harden-

ing, Young's modulus etc.) [22]. The geometrical accuracy is usually evaluated by

3D scanning techniques by obtaining data in point form and comparing with CAD

geometry after post-processing.

2.6.4 Formability

Di�erent process parameters result in di�erent strain distributions in the manufac-

tured component. Optimal process parameters can enable an increase in formability

of the manufactured component and allow complex shapes to be manufactured by

ISF. Various strain conditions are imposed on the sheet metal in order to obtain the

desired shape from ISF. These strain states can be studied by the FLDs (Fig. 2.13)

or as the maximum draw angle (� ) as shown in Fig. 2.15. The strains imposed during

ISF can be approximated by the mathematical relationship used to predict the �nal

sheet thickness (t f ) in shear forming as a function of initial sheet thickness (t i ) and

wall angle (� ) [6].

t f = t i sin(90� � � ) (2.1)

Figure 2.15: Schematic of thinning principle parameters

As the �̀ ' increases, the �nal thickness of the developed component reduces.

According to the Eqn. 2.1, sheet thickness is reduced to half at the wall angle of 60� .
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The maximum formable wall angle is a function of material properties and usually

lies between 60� to 70� for the majority of aluminum alloys and steels [44]. Usually

two geometries are used to determine the wall angle: (a) constant wall angle conical

frustums or (b) variable wall angled geometry. The variable wall angle geometry may

overestimate the wall angle by 4� [50].

2.7 Drawbacks

2.7.1 Dimensional accuracy

Low geometrical accuracy is a major drawback of ISF and is more prominent in the

SPIF due to the absence of support during the forming operation [22]. The desired

geometry is designed in CAD with the G-codes generated on a CAM software. The

toolpath development does not compensate for the elastic deformations that occur

during ISF. Geometrical deviations in SPIF are categorised mainly as errors due to

springback (underforming), bending (overforming) and the pillow e�ect as shown in

Fig. 2.9 and Fig. 2.16. Complex features may also increase the geometrical deviations

within the developed component [51], whereas geometrical deviations in the case of

TPIF are usually more complex and result due to geometry movement around the

die and springback (Fig. 2.16).

For industrial acceptance, the parts manufactured by ISF require a tight tolerance

of � 1 mm [52].
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Figure 2.16: Geometric deviations in components manufactured with SPIF: (a) pyra-

midal frustum (b) conical frustum [53]

Figure 2.17: Geometric deviations in components manufactured with TPIF: (a) local

springback (b) part movement around die during forming (c) stress release due to

post forming operations (d) hardware interaction [19]
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2.7.2 Sheet thinning and forming limit

The �nal thickness of the manufactured component is dependent upon the wall an-

gle �̀ ' as approximated by the sine law (Eqn. 2.1). As a consequence, geometries

with a wall angle approaching 90� cannot be manufactured by traditional ISF. The

geometries that fall within the forming limit also demonstrate extreme thickness vari-

ation (Fig. 2.18) thus, rendering the manufactured part unsuitable for the designed

application.

Figure 2.18: Fractography and thickness variation resulting from tool diameters of 10

mm and 20 mm [54]

2.8 Process window enhancement

The drawbacks have been a major �eld of research in ISF. Various strategies have

been developed with the intention of enhancing formability, increasing geometrical

accuracy and avoiding thickness variation. The information regarding these strategies
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is given in the following section.

2.8.1 Heat assisted forming

Forming at elevated temperatures has been shown to improve formability while re-

ducing the geometrical errors arising due to springback [51, 55{57] (Fig. 2.19). The

temperature of the sheet can be increased by the external means such as lasers [51, 58],

special heating rigs [59] and by electrical means [60]. The forming temperature

can also be increased by internal means such as Friction Stir Incremental Forming

(FSIF) [61].

Figure 2.19: E�ect of temperatures on 
ow stress curves for Ti6Al4V [57]

Lasers

A laser beam irradiates the area ahead of the tool by locally increasing the tempera-

ture of the material. Lasers were �rst implemented in ISF by Du
ou et al. [51] and

since then have demonstrated the capability of increasing geometrical accuracy (Fig.

2.20) and formability of AISI5155 [62], Ti6Al4V [63] and AZ31 [58].

However, the setup required for lasers is complicated, expensive and cannot be

implemented in a simple machine shop environment (Fig. 2.21). Further complexities
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are added by the intricacies originating due to the features of desired geometry. As

a consequence, this increases the cost of the component developed with ISF while

reducing the cost-e�ectiveness of the process.

Figure 2.20: Geometrical deviation with and without laser support in an AISI5155

part [62]

Figure 2.21: Setup for laser assisted ISF [62]

Special heating rigs
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Unlike lasers, designs have been developed to carry out global heating of the sheet

inside the rig before conducting the forming operation. Depending on the design and

means of delivering heat, additional time is required for the sheet metal to reach the

desired temperature. Some of the designs investigated in the literature are as follows:

ˆ Halogen lamps have been used to elevate the temperature of Mg-AZ31 to about

250� C. Forming at elevated temperature was found to increase the formability

of the alloy. It was found that the maximum temperature of the sheet remained

less than 300� C [64].

ˆ Hot air blowers have also been used to elevate sheet temperature of Mg-AZ31

to 250� C in a study. Drastic increase in formability was reported for forming

temperatures above 150� C [65, 66]. Forced air warming (Fig. 2.22) has also

been shown to increase the formability and geometrical accuracy of shallow

components manufactured from AA5182-O [67].

ˆ Hot oil was successfully demonstrated as the means of elevating the sheet tem-

perature of Mg-AZ31 in another study. A substantial increase in formability

was reported at a temperature of 250� C [68].

Figure 2.22: Setup for forced air blower assisted ISF [67] (a) CNC milling machine

(b) Test setup

Electric assisted forming

Electric assisted techniques have been used to heat the sheet metal locally upon

their contact with the tool due to resistive heating. This process has been successful
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in increasing the formability of Mg AZ31 [69, 70], AA2024-T3 [69], AA5055 [70],

AA6016-T6 [60] and Ti6Al4V [71].

Electric assisted forming also requires additional setups, hardware and tooling

modi�cations which may require legal approvals (Fig. 2.23).

Figure 2.23: Setup for electric assisted forming [60]

Frictional heating

Forming carried out by frictional heat generated at the sheet-tool interface is

called Friction Stir Incremental Forming (FSIF). The tool velocity, relative to the

sheet metal is increased to introduce local frictional heating. This phenomenon of

local heat generation at the sheet-tool interface can be expressed as:

Q / F � V � t (2.2)

where, Q is the heat generated per unit area,F is the frictional force, V is the

relative sliding velocity (resultant of tool rotation speed and feed rate) andt is the

time for which tool makes contact with the sheet.

Unlike other heat assisted forming techniques, FSIF does not require any addi-

tional tooling or hardware modi�cations. Studies have reported increased formability

for AA6082-T6 [72], AA5052-H32 [73] and AA2017 [74].
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2.8.2 Feature based toolpath generation

The toolpaths generated for ISF are usually developed on conventional CAM soft-

ware. The milling toolpath capabilities are employed to manufacture the component

by assuming the stock to be bulk and not sheet metal. As a consequence, this makes

the process in
exible for complex features and geometries while resulting in geomet-

rical deviations. Feature based toolpath generation adds 
exibility to the toolpath

development by accommodating and manipulating toolpath at complex features or

geometrical error prone zones. Various toolpath generation methodologies have been

shown to improve the geometrical accuracy of the manufactured parts [33, 75, 76].

The process however, requires additional experiments for calibration based on the

geometry features and material employed (Fig. 2.24). The optimized model is then

transferred to a CAM software for toolpath generation.

Figure 2.24: Scheme for the feature based toolpath generation [76]

2.8.3 Multi-stage forming

Multi-stage incremental forming solves the problem of improving geometrical accu-

racy, reducing thickness variation and forming wall angles usually unattainable by

the conventional ISF. This process allows better distribution of material for forming

which is unavailable during the single tool pass forming. This material distribution is

enabled by the creation of intermediate geometries before forming the �nal geometry
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(Fig. 2.25). Various strategies have been developed for multi-stage ISF that have

demonstrated the capability to form vertical walled geometries [62, 77{80].

Figure 2.25: Strategies for multi-stage incremental forming (a) Conventional down-

ward strategy adapted from [62, 80] (b) Down-Down-Down-Up strategy adapted

from [77, 78] (c) Inside-Out Outside-in strategy adapted from [79]

2.8.4 Flat tools

As explained in Section 2.4.1, tools play an important role in the manufacture of

components by ISF. Hemispherical tools have been the tools of choice for the ma-

jority of studies but 
at tools with a well-chosen radius have been shown to increase

geometrical accuracy by the reduction of pillow e�ect (Fig. 2.9). Flat tools have

also shown to increase the formability of AA3003-O [30]. Another study reported

an increase in surface quality of an AA3003-O component with a minor reduction in

formability [81].

2.9 Conclusion and work proposal

The geometries usually required for industrial applications are complex. In order to

accommodate the complexity, incorporation of process window enhancement strate-

gies are essential for a geometrically accurate part with a uniform thickness distri-

bution. However, the majority of process window enhancement techniques require
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new hardware, major modi�cations to the existing setup and additional intermediate

analytical steps which increase the cost and complexity of the ISF.

The ready availability of CNC milling machines in machine shops, easy imple-

mentation of the process and no additional training requirement for the machine

operators gives ISF a potential to dominate the �eld of low volume production. FSIF

and Multi-stage incremental forming are the only strategies that do not require any

additional hardware/software or setup modi�cations.

The goal of this study is to �ll in the gaps of the current strategies and devise a

new methodology to increase accuracy and improve the process. While various studies

have been conducted on the FSIF on the e�ect of formability, a little is known about

the resultant e�ects on the microstructure and geometrical deviations. Extremely

high tool rotation speeds/feed rate may cause tool wear, poor surface quality or cause

microstructural changes. Better understanding of the resulting characteristics of the

manufactured part can enable in the development of better process parameters while

de�ning a process upper limit. Similarly, three di�erent multi-stage strategies have

been devised in the literature with no information on the process capability in re-

gards to the complex geometries. Generation of vertical walls has been demonstrated

without any information about the toolpath generation and resulting part accuracy

especially for complex geometries. The proposed work will explore the capability of

multi-stage incremental forming in terms of thickness distribution and geometrical

accuracy. The proposed work will also provide a simpli�ed approach to toolpath de-

velopment while reporting the outcomes from di�erent approaches. In the end, a new

method will be devised to overcome process drawbacks.
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Chapter 3

Single point and asymmetric incremental

forming: A journal review paper of the

state-of-the-art

Prelude

The following is an article published inSpringer Advances in Manufacturing. Due

to a series of developments in the �eld of SPIF, a review paper with new results

was requested by the journal editors. This was completed with input from several

universities, including Queen's University. This journal paper covers the state-of-the-

art of single point and asymmetric incremental forming and can be omitted if the

reviewer has read the previous chapter in detail. Please note the equations for sine

law and cosine law are equivalent and either term of the cosine law or sine law is used

in the literature.

Abstract

This paper presents an update on single point incremental forming (SPIF) of sheet

metal since 2005. It includes a description of the process with new information on the

maximum forming angle,� max , for 5052-H32. An in-depth example of the successful

design and production of parts is given for industry. This includes discussion on pro-

duction times and surface roughness with details that will help designers. A general
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design guide for users of SPIF is provided. It is based upon experience gained in the

last decade. In general, materials show a trend of decreasing formability with increas-

ing initial thickness. It is shown that for thicker sheet metal, it is recommended using

large spherical tools (12.7 mm or larger), or a large 
at-ended tool. The 
at-ended

tool provides the best combination of good formability and very low surface rough-

ness. For aluminum, galvanized steel and stainless steel, it is recommended using a


at-ended tool. Advances in multi-pass techniques and information on successful and

useful numerical models which predict forming behaviour are included. Finally, there

is a discussion on future work needed in SPIF.

List of nomenclature

z vertical step size between forming passes

� wall angle

� max maximum wall angle

d tool diameter

r tool radius

R radius of test shape wall angle increase

L overall depth of the part

H vertical height of the tool centre above the bottom of the test shape

h vertical height of the point of contact between the tool and test surface

� �
� error bounds in wall angle

t i initial sheet thickness

t f �nal sheet thickness

3.1 Introduction

Single point incremental forming (SPIF) of sheet metal is a useful method for produc-

ing sheet metal prototypes and low volume production runs. SPIF is a way of making

parts with shapes similar to those that can be formed by stamping, without needing
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a die. The concept of dieless forming was �rst published by Leszak [1], but the tech-

nology to do this was not available at that time. It is no accident that Leszak's idea

was not followed up until his patent had expired. Leszak's idea was later applied by

Kitazawa et al. [2]. Later work soon followed showing how a simple 3-axis computer

numerical control (CNC) mill could be used using o�-the-shelf software [3{5]. Indeed,

it was shown how easy it was to do SPIF with a CNC mill, so that the work in this

area had proliferated dramatically in the last 15 years.

The process was �rst described as SPIF in the 2005 CIRP metal forming keynote

[5], although the term SPIF had already been coined by Young and Jeswiet [6].

The acronym, SPIF, was used to help di�erentiate this process from other forming

techniques such as using progressive die shapes in stamping and other bulk form-

ing strategies that used multiple forming stages. Hence, SPIF was recognised as a

member of a class of techniques described as asymmetric incremental sheet forming

(AISF) because unlike spinning and shear forming which also use a single point tool

to incrementally form the sheet, AISF techniques can form asymmetrical shapes. It

may be noted that ISF is sometimes used, but this lacks accuracy because this can

also be used for spinning.

SPIF uses a small tool, ranging in diameter from 5 mm to 20 mm, which moves in

a series of contours tracing apart a pro�le to make a desired shape. Typical SPIF is

shown typically in Fig. 3.1. A sheet is held in place over a backing plate, and formed

by a small tool making a series of passes around the periphery. The �nal shape of the

part is determined by the combined motion path of the tool, rather than the shape

of the tool as with traditional stamping. Forming can be done by a single tool, as in

SPIF, or countered on the opposing side by either a second stationary or moving tool

or a full or partial die, a process referred to as two-point incremental forming (TPIF)

described in detail in Ref. [5].The sheet is commonly clamped on top of a backing

plate,which is useful for adding de�nition to the outer periphery of the part.

The main advantage of SPIF over other AISF techniques is that it uses a single

tool and no counter tooling or moulds, which means that it is easily implemented in an



45

Figure 3.1: Overview of the SPIF process

existing, commercially available CNC mill. Using a conventional machine tool lowers

the cost required to implement such a process, as well as allowing for other features

to be machined in place using conventional machine tools and commercial software.

In general, SPIF o�ers shorter lead times and low tooling cost at the expense of

higher cycle times than can be achieved with traditional forming techniques such as

stamping, as outlined in Table 3.1. SPIF is an ideal custom and prototyping process,

and the long cycle times mean that it is not well suited to high volume production.

SPIF has also been implemented using a robot as the method of moving the tool, for

example Meier et al. [7] used two robots in opposition on either side of the sheet being

formed. Du
ou et al. [8] also implemented a system where the path of the forming

tool was matched on the opposing side by a laser following the same track, heating

the sheet metal as it was being deformed to improve formability and reduce spring

back of di�cult-to-form materials.
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Table 3.1: Comparison of advantages and disadvantages of metal forming methods

SPIF Stamping Spinning

Mass production Poor Excellent Excellent

Asymmetric shapes Excellent Excellent Impossible

Lead times Vert short Long Medium

Tooling costs Low High Medium

3.2 Forming limit test for SPIF

Before any useful components can be formed with SPIF, it is necessary to determine

the formability limits of the materials of interest. The maximum formability in SPIF

is often expressed in terms of the maximum wall angle,� max , that can be formed in

a single pass [5]. The maximum wall angle increases as a result of thinning in the

walls of the sheet during forming. Figure 3.2 shows how the draw angle changes as

the tool moves down.

Figure 3.2: Simulations and formed part for a vehicle front light

SPIF is commonly modeled as a process that induces no displacement of the

material radically along the formed edge. Through-wall thickness can be estimated

as a function of the wall angle� . The wall thickness is loosely approximated using

the cosine law, shown in Fig. 3.3,t f = t i cos� [9, 10]. Exact measurements will show a

slight taper in sheet thickness and a small radial displacement component [11]. As the

wall thins while forming, there is a maximum wall angle� max which can be formed in
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practice in a single pass. The wall angle,� max ; is a useful design criterion as it can be

measured directly and applied when designing parts for manufacture with SPIF.� max

is a useful design criterion in describing which shapes can be formed. Usually, tests

are performed on a variety of samples to determine the maximum wall angles that

are achievable. These maximum wall angles are then available as a design guide. A

set of maximum angles for di�erent materials can be found in Ref. [5]. While� max is

dominated by material properties, it is worth noting that forming conditions can have

an e�ect as well. Wall angle was shown by Ham and Jeswiet [12] to be a�ected by

material thickness, tool diameter, and an interaction between material thickness and

tool size. To assess material formability, samples of the material are formed using a

variable wall angle conical frustum (VWACF) test. A variation of this was proposed

in Ref. [5] (see Fig. 3.4), and later the VWACF test shape with a linearly increasing

wall angle was proposed by Hussain and Gao [13]. Parts are formed until fracture

occurs within the wall, and based on the �nal position of the tool at the point of

fracture the wall angle at that height can be determined. The VWACF test shape is

shown in Fig. 3.4.

Figure 3.3: Cosine law for wall thickness [9, 10]
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Figure 3.4: Drawings of the truncated cone and the current VWACF test shape [5, 13]

(all dimensions are in mm unless otherwise speci�ed)

For each material, the factors of interest usually are sheet thickness,t i , the step

size, z, and the tool diameter, d. Tool diameters commonly range from 6 mm to

25 mm. Figure 3.5 shows examples of tool shapes [3, 5, 13{15]. The stepdown,z, is

important because it has a very large impact on cycle time for a given part. The larger

is � z, the faster is production. � z also has a large e�ect upon surface roughness and

the orange peel [16], which can lead to the opposing side of the metal sheet with

particular step sizes [17]. Hamilton and Jeswiet [18] developed a relationship for

�nding equivalent surface roughness in terms of average roughness,Ra, i.e., 10-point

average roughnessRz. The tool diameter, d, has been shown to have the largest

impact on � max and surface roughness [5], aside from the material properties.
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Figure 3.5: Examples of tool shapes

3.3 Design guide for SPIF

Since the milestone paper on SPIF in 2005 [5], considerable experience has been

gained. Based on the experience of the last decade, a simple guide was introduced with

the aim to have an introductory set of instructions to enable designers to fully exploit

the advantages of SPIF [19]. The process of taking a design to a �nal produced shape

can be broken down to the following three main areas: model generation, toolpath

generation, and production.

Creating a design that is suitable for production using SPIF begins with the

following general rules:

(i) Check the part that can �t in the blank holder working volume.

(ii) Design the part such that it consists of one concave surface, bounded by a 
ange

of undeformed sheet. This allows the part to be clamped.

(iii) Walls must be drafted at some angle� from the sheet plane (see Fig. 3.3).

Forming is the easiest and fastest when wall angles are kept below� max for the

material. Steeper walls can be formed using multi-pass methods but at greatly

increased cost and time. Hagan and Jeswiet [20] alluded to these formal steps

without stating them.
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3.4 Formability tests

3.4.1 Determining wall angle

During forming a VWACF test, the wall angle at a given point can be determined

from the �nal depth of the tool geometrically. In Fig. 3.6, the tool is represented as

a circle of radiusr , contacting the wall of the test shape of radiusR. The position of

the tip of the tool from the top of the part is recorded asD. The vertical height of

the tool above the bottom of the test shape is then determined by adding the overall

depth of the part L with the tool radius, as shown in Eqs. 3.1 and 3.2. The estimated

error of the wall angle is a function of the stepdown using this method, and can be

calculated using Eq. 3.3.

Equations for SPIF are also shown in the following references [20, 21]:

H = L � D + r (3.1)

� =
�
2

� arcsin
�

H
r + R

�
(3.2)

�� � = � �
�

�
2

� arcsin
�

L � (D � 2z) + r
r + R

��
(3.3)

Figure 3.6: Geometry used to determine the wall angle� for a given tool position [21]
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3.4.2 Forming experiments for SPIF with VWACF

To determine the e�ect of tool shape on formability in SPIF, a series of experiments

were conducted (by Adams [21]) varying the tool and stepdown. Experiments were

conducted measuring formability based on a factorial experimental design with four

corner points, and for each test the test shape was formed from a 
at sheet until

fracture occurred within the wall. At the point of fracture, the test was stopped and

the vertical position of the tool was recorded. When fracture occurred it was always

highly audible. The wall angle was then determined using foregoing Eqs. 3.1 to 3.3

outlined previously. After forming, measurements of surface roughness were taken

to allow comparison of post-forming surface �nish with the pre-formed surface. To

ensure consistency of the results, the tests were performed in random order. The

tools were cleaned and polished between tests. A special tool was mounted in the

work cell for this purpose.

The forming experiments were conducted on 5052-H32 aluminum sheet with an

initial thickness of t i = 1.02 mm. Values used for these experiments areR = 50 mm,

and L = 39.3 mm. Figures 3.7 and 3.8 shows the results with a general trend of

decreasing wall angle with increasing tool diameter and stepdown. The treatments

used are shown in Table 3.2, with combinations of tool diameter,d, and step size,z.

After forming, measurements of surface roughness are taken to allow comparison of

post-forming surface �nish and were determined by Adams [21].

Additional tests have been carried out for steel materials, as shown in Fig. 3.9.

3.4.3 Forming tool selection

As observed previously, tool selection has a large impact on overall part quality. In

general, smaller tools tend to allow for higher wall angles but with rougher surfaces.

The two notable exceptions to this trend are with the thicker aluminum samples and

stainless steel samples. When forming 1.99 mm thick aluminum, considerable spalling

was observed when using a 6.35 mm diameter tool. This e�ect was more signi�cant
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Figure 3.7: Maximum wall angle,� max , for aluminum 5052-H32 (error bars represent

variability from three replicates of each experimental condition)

Figure 3.8: Maximum wall angle,� max , corresponding to step size and tool diameter,

for 5052-H32 aluminum sheet with an initial thickness of 1.02 mm

when forming 2.49 mm aluminum using a 6.35 mm diameter tool. When severe

spalling occurred the part failed prematurely with an extremely poor surface �nish.

For this reason a new tool was developed and used on this material using a 
at-end

with the dimensions, as shown in Fig. 3.5. The 
at-ended tool produced a maximum

wall angle of � max = 72:9� . While this was similar to the wall angles formed using

other tools, the main di�erence was in the elimination of almost all spalling from the

sheet. When forming the stainless steel samples, similar poor surface roughness and

low wall angles were observed. It was likely that this poor result was due to the high
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