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Abstract: Lightweight materials, such as titanium alloys, magnesium alloys, and aluminium alloys,
are characterised by unusual combinations of high strength, corrosion resistance, and low weight.
However, some of the grades of these alloys exhibit poor formability at room temperature, which
limits their application in sheet metal-forming processes. Lightweight materials are used extensively
in the automobile and aerospace industries, leading to increasing demands for advanced forming
technologies. This article presents a brief overview of state-of-the-art methods of incremental sheet
forming (ISF) for lightweight materials with a special emphasis on the research published in 2015–
2021. First, a review of the incremental forming method is provided. Next, the effect of the process
conditions (i.e., forming tool, forming path, forming parameters) on the surface finish of drawpieces,
geometric accuracy, and process formability of the sheet metals in conventional ISF and thermally-
assisted ISF variants are considered. Special attention is given to a review of the effects of contact
conditions between the tool and sheet metal on material deformation. The previous publications
related to emerging incremental forming technologies, i.e., laser-assisted ISF, water jet ISF, electrically-
assisted ISF and ultrasonic-assisted ISF, are also reviewed. The paper seeks to guide and inspire
researchers by identifying the current development trends of the valuable contributions made in the
field of SPIF of lightweight metallic materials.

Keywords: formability limit; forming forces; friction; geometric accuracy; incremental sheet forming;
ISF; lubrication; single point incremental forming; SPIF

1. Introduction

Nowadays, many sectors of industry use conventional sheet metal-forming (SMF)
processes, such as stamping and deep drawing, to manufacture sheet metal components
with high productivity [1]. Conventional methods of stamping metal sheets are usually
carried out under cold working conditions with the use of tools called press-forming
dies [2,3]. During stamping, the sheet is deformed by exceeding the yield point of its
material. The increase in the strength of the drawpiece material is related to the work
hardening of the sheet material. Sometimes, coatings are used as the last operation, which
requires that adequate roughness of the drawpiece surface is ensured. The disadvantage of
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traditional methods of SMF is the necessity to manufacture special tools adapted to the
shape of the element. The high cost of the SMF process is related to the high complexity
of the dies, requiring the use of precise machine tools for their production and the use of
expensive tool materials. Therefore, the use of conventional SMF methods is suitable for
medium and large-scale production.

It is possible to reduce the operation time and reduce the cost of production in small-
lot or even piece production by using incremental sheet-forming (ISF) [4] methods, the
methodology of which is based on conventional spinning that allows drawpieces with an
axisymmetric shape to be obtained. The dissemination of CNC machine tools permitted the
development of spinning methods, enabling the production of non-axisymmetric shapes.

The need for relatively fast flexible technology for small and medium-sized enterprises
resulted in the development of the single point incremental forming (SPIF) technology,
which is also known as a dieless NC forming, which was introduced in Japan by Matsub-
ara [5] based on a concept of Leszak [6]. This process was initially developed for the needs
of car body manufacturers. However, SPIF variants are now used by many other industries,
i.e., automotive [7], aerospace [8,9], and marine [10]. SPIF also offers high flexibility and
high formability for medical applications [11,12]. These can be carried out in cold and at
elevated temperatures [13,14]. SPIF methods have found application in the production of
complex-shaped shell elements [15] and for the rapid production of prototypes using Rapid
Prototyping (RP) methods [16]. Despite the relatively low cost of the tools, ISF methods
are cost effective in small batch production due to the long forming times compared to
conventional stamping. The use of modern variants of SPIF permits a significant reduction
in the preparation time for the production of a new product and the reduction of manufac-
turing costs. Due to the localised contact of the tool with the workpiece under SPIF, there
are lower forming forces, and the limit deformations are larger than with conventional
stamping. The disadvantages are the reduction of the geometric accuracy of the products,
especially in places with small rounding radii and the occurrence of significant springback
of the material; however, these can be minimised using appropriate algorithms correcting
the toolpath. In the SPIF process, the forming tool with a rounded shape gradually forms
a sheet by performing an integrated movement around the blocked edge of the shaped
workpiece and a plunge movement. Therefore, a CNC machine tool needs to be controlled
in at least three axes. The essence of the process is the localised contact of the forming tool
with the sheet metal as well as the ability to control the degree of sheet deformation in
places that are exposed to shaping movement exceeding the forming limit values. The use
of integrated CAD/CAM systems allows for effective design of the tool trajectory on a
CNC machine based on a computer model of the product.

The rotational speed of the forming tool can reach 20,000 rpm [17]; however, in the
majority of SPIF methods, the tool performs a forced rotational movement with a rotational
speed in the range 200–800 rpm. The feed rate of the tool, similar to the rotational speed,
depends on the geometrical and technological specificity of the process and is usually in
the range of 300–2000 mm/min [18]. At the same time, investigations are being carried out
on the use of free or non-rotating tools. Too large a value of step size in relation to the size
of the tool tip may result in the formation of cyclic grooves in the drawpiece surface, which
increases the surface roughness. The surface finish of the product is also influenced by the
direction of rotation of the forming tool in relation to the direction of tool movement [18].
The lubricants used in SPIF correspond to those used in conventional stamping and are
mainly adapted to the values of the pressures, the type of materials of the friction pair, the
forming temperature, and the working speed of the tool.

Among the many factors affecting the applicability of the ISF method and the accuracy
of the formed part, the technological parameters (including the dimensions of the tool,
the value of the step size, the rotational speed of the tool, the lubricant used), the material
parameters of the workpiece material (work hardening, material anisotropy, Young’s
modulus) and factors resulting from the design process (sheet thickness, geometry of the
final part) should be indicated.
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No die, or only a simple die, is needed in the SPIF, so this method is more suitable
for customised production than conventional stamping or drawing [19,20]. Despite the
economically unjustified use of the SPIF method for the production of large batches of
products, it is also used for the production of components that cannot be produced with
the use of conventional methods of SMF [1,21].

The SPIF process has been shown to achieve greater component formability when
compared to conventional stamping; however, this process is still being studied when
forming hard-to-deform materials, since effects such as process temperature, springback,
and deformation mechanisms are not fully understood [22]. There are many research
studies dealing with the forming of components made of steel sheets and easily deformable
copper and aluminium alloys. These processes do not require special technological treat-
ments, and therefore, they are usually carried out in cold working conditions. The SPIF
of hard-to-form materials, which includes, for example, 5000- and 7000-series aluminium
alloys, titanium alloys, and magnesium alloys, requires much more attention. These alloys
are often considered more difficult to form and generally have less predictable forming
characteristics than other structural alloys such as steel.

The forming of high-strength aluminium alloys is due to the continuous evolution
of new aluminium alloys, which are mainly used in the aviation industry (Figure 1).
Developed in the second decade of the 21st century, the third-generation Al-Li alloys
2055 and 2060 showed an improved strength/toughness relationship compared to 2024-
T3 and 7075-T6 aluminium alloys that are commonly used in the aircraft and military
industries [23–26].
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The process of their forming often takes place with heating and the use of special
lubricants and processing conditions. Due to the limited number of comprehensive works
on SPIF of hard-to-deform lightweight materials, this article presents a brief overview
of state-of-the-art ISF methods of lightweight materials, with a special emphasis on the
research published in 2015–2021. Special interest is given to the effect of process conditions
on the surface finish and formability limit of material formed in single point incremental
forming. Moreover, emerging incremental forming technologies, i.e., laser-assisted ISF,
water jet ISF, electrically-assisted ISF and ultrasonic-assisted ISF, are also reviewed.

2. Review Method

This systematic review of the developments in SPIF and SPIF-based methods of
forming hard-to-deform lightweight materials was prepared following the PRISMA guide-
lines [27]. In general, the review method is also consistent with the methods used in
previous papers of the authors [28,29] published in the Metals (MDPI) journal.

To fulfil the aim of the article, the main scientific bibliographic databases, i.e., Aca-
demic Search Engine, DOAJ Directory of Open Access Journals, ScienceDirect, Scopus,
Springer and WorldWideScience have been explored. The English language is selected as
the main source of review. Duplicated papers from different sources were excluded. No
restriction has been made on the year of publication. However, the sources were viewed
from the newest to the oldest, with particular emphasis on the years 2015–2021. Sources
available in the articles that were found were also considered in the analyses. The search
strategy was limited to scientific theses and articles distributed under the access available
at the authors’ universities. In addition, publications published in open access were also
considered. The manuscripts were reviewed “manually”; no search engines were used.

3. Forming Methods

The process of incremental sheet metal forming consists in shaping the component
with a spherically ended tool that moves along a specific trajectory using a CNC machine
or a robot arm [30]. The method does not require special tools, and no dies are required.
Conventional sheet-forming processes require expensive tools (punch and die), which, on
economic grounds, are only feasible when mass production is involved [31,32]. Spreading
the cost of the punch and die over many products significantly reduces the tooling costs.
Otherwise, in ISF, a simple tool moves on a controlled path with a different strategy to
progressively deform a clamped sheet to produce a new part [33,34]. Only one simple ge-
ometry tool is used in single point incremental sheet forming (SPIF), and two independent
tools are used in double-sided incremental sheet forming (DSIF), which is also known as
two-point incremental forming (TPIF) (Figure 2).
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In a TPIF process, there are two contacts, i.e., one contact between the forming tool
and the sheet, and the other contact between the sheet metal and a support member
such as a die or an auxiliary tool. TPIF can be performed with the use of a partial die
(Figure 3b) and a full die (Figure 3c). Compared to SPIF (Figure 3a), the use of TPIF
increases the geometrical accuracy of the formed elements. In two-point forming methods,
there is an additional movement of the assembly fixing the edges of the shaped sheet
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(Figure 3b,c), which translates into greater geometric accuracy of the components obtained
and allows one to control the wall thickness. In SPIF with a counter tool, an additional
spindle placed opposite the forming spindle and displaced by the thickness of the sheet
moves along an appropriately corrected trajectory in relation to the main tool (Figure 3d).
From among the methods mentioned, TPIF with a full die is called positive incremental
forming, while the other methods are called negative incremental forming.
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4. Forming Tool

In this section, a review is made of research papers examining the effect of the forming
tool on the ISF components. As the characteristics of the ISF tool are still not as standardised
as milling or drilling tools, the forming tool has to be designed and manufactured based
on the requirements of each application. The selection of the design of the forming tool is
considered a key factor in the ISF manufacturing processes governing the production of
components of the desired shape and, as far as possible, without defects. The designs of ISF
forming tools have been supported by much experimental and modelling work and still
present great scope for future work. McAnulty et al. [20] and Desai et al. [35] mentioned
different types of forming tools used in SPIF; a hemispherical or spherical end, flat end
tool, and ball bearing in a concave cavity with free movement. From that point of view, it
can be noted that the tool names are based on the shape of the tool end with no relation to
the tool shank. Kwiatkowski et al. [36] presented different ideas and concepts by utilising
several forming areas using multiple tools operating together in parallel in asymmetric
incremental sheet forming (AISF). The four concepts that have been developed are Robot
Cell, TwinTool, RotaryTool, and Hedgehog Tool. The main aim is reducing the forming
process time as they proved that the TwinTool is the simplest and cheapest concept.

A tungsten carbide forming tool of 10 mm diameter with a high-temperature resistant
coating has been used by Duflou et al. [37]. Various tools with different materials and
(surface-coated and surface-hardened) steel tools have been used by Hussain et al. [38]
to select the best material and its surface treatment after Energy-Dispersive Spectroscopy
(EDS) analysis of the tool tip. They found that a high-speed steel tool with a hardness of 62–
65 HRC is the commercially ideal tool to form pure titanium sheet, and they recommended
a small diameter to pitch ratio for a better surface finish.

The rise in temperature between the coated tool tip and the coated sheet surface has
been analysed by a new approach presented by Zhang et al. [39]. They found that the



Metals 2021, 11, 1188 6 of 55

interfacial rise in temperature can be controlled by increasing the heat conductivity of the
coating of the tool tip.

Fan et al. [40] utilised the forming tool as one of the direct current (DC) power source
electrodes, supplying an electric current and forming a Ti-6Al-4V titanium sheet with
higher accuracy by electric hot incremental forming. Many modelling and experimental
works have been conducted based on the Joule effect. The closure of a circuit by applying a
DC current through a connection between the end of the forming tool and the formed sheet
(Figure 4) has been used by Ambrogio et al. [41] when deforming three lightweight alloys
(AA2024-T3 aluminium alloy, AZ31B-O magnesium alloy, and titanium alloy), plus the
Ti6Al4V alloy in [42–44], and 1050 aluminium alloy in Pacheco et al. [45], to study the effect
of process parameters on the properties of the formed components. Vahdani et al. [11]
studied the effect of electric hot incremental sheet forming (EHISF) on the formability of
Ti-6Al-4V and AA6061 by connecting the sheet and the forming tool to poles of the power
supply. EHISF has significant effects on the forming depth in both sheets but does not
change it for the DC01 sheet compared to cold SPIF. Double-sided two-point incremen-
tal forming with electrical assistance was developed and implemented to form 2024-T3
aluminium alloy by Gao et al. [46] and to form AZ31B magnesium alloy by Xu et al. [47].
Unlike the above-mentioned studies, Najafabady and Ghaei [48] employed an alternating
current (AC) instead of DC to perform ISF on Ti-6Al-4 V sheets at high temperatures.
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Gatea et al. [49] mentioned that both the forming tool material and tool size play an
important role in the final surface roughness. Different tool materials and shapes have
been investigated experimentally to study factors including formability and geometric
accuracy [50] and surface roughness [51] on an AlMn1Mg1 sheet formed by SPIF. Kumar
et al. [52,53] found that the surface roughness of formed AA2024-O sheets using the SPIF
process increases with the decrease in tool diameter end radius of the flat tool. Dodiya
et al. [54] found that tool diameter was the most significant factor affecting the surface
roughness of AA 3003-0 aluminium alloy using SPIF.

A forming tool with a freely rotating ball was developed and used by Shim and
Park [55] to form various shapes of Al 1050 sheets and describe their formability. They
claimed that the deformation generated in incremental forming with the tool is confined to
the contact area. Kim and Park [56] studied the effect of tool type and three different tool
sizes on formability using a ball tool with a freely rotating ball and a hemispherical head
tool. In terms of formability, they found that the 10 mm tool produced the best formability
of the 1050 aluminium sheet, and the ball tool is more effective than the hemispherical head
tool. A new Oblique Roller Ball (ORB) tool has been developed by Lu et al. [57] to study
the influence of friction on AA110, AA2024, AA5052, and AA6111. They achieved a better
surface finish, lower forming force, higher formability, and smaller through-thickness
shear using ORB than a conventional rigid tool. Durante et al. [58] evaluated formability,
forming force, and surface roughness of AA7075-T0 using two types of forming tools (a
freely rotating sphere covered by a thin layer of Teflon and a cylindrical punch with a
hemispherical head). They claimed that the type of contact does not affect the formability
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but affects the roughness and forming force in SPIF. Oraon et al. [59] noted the advantage
of a freely rotating ball tool because the ball can be replaced after the tool end has worn out,
and the materials of the ball can have a high wear resistance, which allows it to operate for
a longer time. Ramkumar et al. [60] showed better formability and surface finish achieved
by a new design of multipoint tool compared to a single-point tool on Cr/Mn/Ni/Si-based
stainless steel. Liu et al. [61] developed novel tools for electricity-assisted ISF of titanium
alloy by employing an inner water-cooling system and rolling tool to decrease the tool tip
surface wear and improve the surface roughness of the component.

A single and double offset vibration tool has been developed as a non-axisymmetric
tool by Lu et al. [62]. They found that the two key factors are the tool vibration and large
surface shear deformation to form magnesium sheets of AZ31 with laminated ultrafine-
grained structures.

Tool size is an essential factor that affects the properties of SPIF components, since
increasing the tool diameter causes a decrease in the hardness of AA1100 aluminium [63],
whereas decreasing it causes higher formability and a lowering of the forming force of
a commercially pure titanium (CP-Ti) sheet [64]. This, together with the vertical depth,
significantly affects the thickness homogeneity of the AA-6061 (T6) aluminium alloy sheet
after forming [65].

Flat end and hemispherical tools have been examined by Kumar and Gulati [66] to
form AA2024-O sheets in order to study the effect of tool shape. Flat tools need a stronger
force than hemispherical ones in SPIF, and increasing the tool diameter has the effect of
increasing the forming force, as the last finding also asserted in [67,68]. Analysing SPIF
components formed using flat tip tools showed improvements in formability and thickness
uniformity, thus increasing the accuracy and decreasing the pillow effect of AlMn1Mg1
thin sheets in SPIF [69,70]. A comparative analysis by Kumar et al. [71] indicated that the
roller-ball tool needed a lower forming force than required by a hemispherical-end tool of
the same diameter.

Zhang et al. [72] investigated incremental sheet metal forming aided by ultrasonic
vibration (UV), and this predominantly resulted in improved components of incremental
forming. Products of the vibratory forming tool manufactured by Amini et al. [73] proved to
have positive and significant effects on the process of incremental forming of AA1050 sheets
where the ultrasonic vibrations had been axially added to the forming tool to investigate the
effect of longitudinal vibrations. Zhai et al. [74] asserted that adding ultrasonic vibration
led to a reduction in the forming force, and an early forming step can be produced in the
incremental sheet-forming process of AA-1050-O material.

Jagtap and Kumar [75] studied the compensating influence of tool radius and its effect
on the accuracy of a formed part, and they found that the effective parameter is the tool
offset, while tool radius does not influence the geometric accuracy of the components. In
addition, a forming tool with a hemispherical end provides better outcomes in terms of
forming accuracy [76,77]. McAnulty et al. [20] declared that in six research papers, the
adjustment of tool diameter is stated to achieve high formability, seven papers asserted
that formability increased by increasing the tool diameter, and ten of them showed a
reverse effect. Su et al. [78] determined that the forming limit of 1060 and AA6061 sheets
incrementally formed using SPIF increases as the tool head radius increases. Uheida
et al. [79] studied the influence of tool velocity on the process conditions in SPIF of grade 2
titanium sheets. They alleged that increasing the forming temperature and forming force
are directly linked to the tool rotation speed, and that this is the critical factor that drove
the thermomechanical effects. Wang et al. [80] carried out an experimental investigation of
the effects of forming parameters on temperature. They found that tool diameter has an
insignificant influence on the temperature of AZ31B magnesium alloy in frictional stir ISF.
Li and Wang [81] asserted that the equivalent heating tool method, carried out to simulate
frictional stir incremental forming, reduces the simulation time of using a non-turning tool
together with an equivalent temperature rather than a rotating tool. The tool diameter
has lower effectiveness than other parameters investigated by Zhang et al. [82] on the
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springback of AZ31B Mg alloys in a warm incremental sheet forming assisted with oil
bath heating. Jagtap and Kumar [83] found that the tool radius significantly influences the
minimum thickness of components formed utilising the hybrid incremental sheet-forming
process. As the radius of the tool increases, the minimum thickness increases due to an
increase in the contact area between the tool and the sheet.

5. Forming Forces

One of the main advantages of the incremental forming process is that it drastically
decreases the forming forces in comparison to conventional forming technologies. A signif-
icantly smaller contact surface compared with common sheet metal forming technologies
leads to entirely new forming conditions, which are described in detail in order to under-
stand the process well. Furthermore, an accurate description of the forming forces is of
great importance for the proper selection of the equipment to be used, since several incre-
mental forming processes are performed with machines that are not specially dedicated
to this technology. Several pieces of research were carried out using five-axes machining
centers [56,84–87] (Figure 5a); however, in recent years, the use of robot arms is increasing
due to the implementation of advanced SPIF technologies such as double-sided incre-
mental forming [88–90] (Figure 5b). The incremental forming process does not load these
machines in the same way as the processes that these machines were originally designed
for. Comparison of the loads when machining on a five-axis CNC centre shows [91] that
the loads on the machining centre in the vertical “z” axis are significantly lower than those
appearing in the metal-forming operations of thicker and/or “difficult-to-form” materials.
A similar effect can be observed when the robot arms are applied to ISF. Additionally in
this situation, the type of loading is not similar to that appearing in forming operations,
and in some cases, the loading of robot arms during incremental forming may even cause
large loading moments that are highly unfavourable for the construction of the robot arm.
Laurischkat [92] measured position deviations of more than 3 mm during incremental
forming in which two Kuka robot arms were used. This tool displacement during ISF needs
to be compensated for. For this purpose, Abele et al. [93] have worked on the multi-body
dynamics of a flexible joint system describing the movement of an industrial robot. The
behaviour of the robot during incremental forming is predicted in advance with this system
and incorporated into the toolpath during the ISF.
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To improve the incremental forming processing of materials with lower formability
and/or high strength, the material can be heated, either locally or completely. Xu et al. [47]
presented several possible heating methods ranging from friction, conduction, radiation,
and by an electrical current. In their work, they have analysed electrically assisted double-
sided incremental forming (EADSIF) of AZ31B magnesium alloy. However, for a quality
electrically-heated process, both horizontally positioned punches have to be in steady
contact with the formed specimen. The current can be applied to one or both punches, and
in both cases, the authors have applied a DC with a maximum of 800 A. Through this, it
was possible to locally heat the specimen up to 200 ◦C. Improved formability and decreased
springback were observed. Valoppi et al. [88] have extended the research on EADSIF to
Ti6Al4V lightweight alloy where significantly higher temperatures were necessary when
compared to the AZ31B to improve the formability of the material. In contrast to the work
of Xu et al. [47], the punches were positioned vertically, and a continuous current from 40
to 120 A was applied. It was found that the maximum reduction in forming forces was
seen at 100A, in which situation measurements showed that for both punches, only 85% of
the initial force was applied (Figure 6).
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Xiao et al. [94] have analysed the forming of aluminium alloy with 1 mm thick
sheets of AA7075-T6 at room temperature and at elevated temperatures. As the basis for
their research, they performed tensile tests on the above-mentioned material at various
temperatures ranging from room temperature to 200 ◦C where the formability of AA7075-
T6 is drastically improved. The improved formability and lower flow curves also led to a
decrease of the acquired forming forces from 1900 to 1300 N.

In addition to the heating of the material, some combined processes were introduced
that had been designed to form materials with higher strength. In this field of research, the
authors have either combined incremental forming with a preliminary classical forming
process [83,95–97] or applied additional vibration of the tool to the forming force [86,97–99].

The stretching or bulging by a conventional punch was mostly applied as a preforming
operation. This deforms the material in the central part of the workpiece where the
materials often remain undeformed during the ISF processes. Through this combined
approach, the formability of the part can be improved. Since the classical stretching punch
only permits one geometry, Li et al. [98] have applied preforming with a flexible forming
punch composed of several small hemispherical punches fixed according to the position of
the preform demanded. The geometric irregularities that arose through the multi-punch
system were smoothed out with an elastic cushion. To ensure more uniform thinning
during the stretching phase, Shamsari et al. [100] have applied hydraulic bulging in the
preform phase. The implementation of the bulging pre-phase enables larger wall angles
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and deeper parts to be produced with ISF. With a hybrid strategy of hydraulic bulging
followed by ISF, Samshari et al. [100] have reached 26% greater forming depth with 45%
less thinning observed at the 70◦ wall angle. They even succeeded in producing 30%
deeper parts with vertical walls, which are the most demanding parts to produce with
SPIF technology.

The vibration on the contact surface formed between the punch and the specimen is
obtained through added vibrating systems such as an ultrasonic vibration generator [99]
or through a special shape of the rotating forming punch, which is discrete in only making
contact with the formed part [97]. Bai et al. [99] applied additional force to the tool load
commonly used in the SPIF process and also to the static pressure support applied below
the formed specimen and to ultrasonic vibration of the forming tool, which should decrease
the effect of springback during the forming of the specimen. The authors have described the
analytical model of the forming forces applied, which arises through the proposed process
modifications, and have empirically verified them. Generally, the vibrations applied during
ISF decrease the values of the friction force and with it the connected forming force. To omit
special additional equipment, Nasulea and Oancea [97] have developed an oval-shaped
top of the forming punch. Through its rotation, the punch applies the forming load to
the specimen in a discrete mode combined with hammering arising from the tool spindle
speed of n = 1000 rpm.

The influential parameters in ISF are mainly associated with step, tool diameter, feed
rate, toolpath strategy [19], and the majority of the research considers the force applied on
the punch as a reaction to the above set of parameters. However, at the beginning of the
present section, it was already clearly described why the forming force has a significant
influence on the selection of the machinery necessary to perform the ISF process. Searching
the Web of Science database and considering only the last five years and the general topic
“incremental forming” delivers more than 3000 results. However, only 365 also have the
term “force” in the topic, while only 31 of those 365 also consider the topic “parameter
influence” describing the lightweight alloys. A careful overview of those papers shows that
the evaluation of the forming force in various types of ISF is either dedicated to predicting
the forces in advance or, on the other hand, to finding the impact of the material selected
and/or the influential parameters conditioning the forming process.

In order to evaluate the forming forces applied by the forming punch in incremental
forming, different optimisation concepts are used, which are dominated by prediction
using FEM analyses [98,101,102] as well as the use of different Taguchi analyses [103,104],
response surface methods (RSM) [105,106], Pareto optimisation [107], analysis of variance
(ANOVA) [108,109], various types of artificial neural networks (ANN) [110–112], and
genetic algorithms (GA). The statistical methods mentioned are used with results obtained
by the finite element method (FEM) or by experiment. Some authors also use analytical
methods [113,114] to predict the forming forces.

The incremental forming process is influenced by several process parameters leading
to the dynamic and fast-changing forming load being difficult to predict and control. To
overcome this problem, Racz et al. [112] have used an adaptive network-based fuzzy infer-
ence system to estimate the vertical forming force in advance. In the fuzzy inference system
developed, several technological influential parameters served as the inputs, including the
diameter of the tool, feed rate, and incremental step. Through their research, the authors
have built an intelligent system aimed at helping the operator estimate the forming force
obtained when a particular set of the above technological parameters needs to be used. To
predict the influential parameters of the ISF force, Alsamhan et al. [111] used an adaptive
neuro-fuzzy inference system (ANFIS) and compared it with ANN. Using ANN, Alsamhan
et al. [111] obtained correlation equations for predicting the forming forces Fx, Fy, and Fz as
a function of tool feed rate, tool diameter, step size, and sheet thickness. The analyses were
carried out for AA1050 aluminium in the H14 condition. The training forces of ANFIS and
ANN were compared, and it was proven that ANFIS is better than ANN at predicting the
ISF forces.
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The above-mentioned analyses have shown that the forming force is strongly linked
to the wall angle α of the part produced, depth of the part, incremental depth (also defined
as step size), tool diameter, sheet thickness, tool speed, tool rotation, and contact friction.
Considering the importance of the lightweight materials, Bansal et al. [113] showed for
the AA5005 and AA3003 materials that the predicted correlations between the influential
parameters and the calculated axial force obtained from the analytical model have same
trends as the measured values obtained by Aerens et al. [115] and Duflou et al. [116]
(Figure 7). With the increase of incremental depth, sheet thickness, and tool diameter, the
ISF forces also gradually increase, while at large values of the wall angle above 50◦, the
forming force starts to decrease. Similar results were also obtained by Chang et al. [114],
who analysed the classical SPIF and multi-pass SPIF processes. For the same materials as
Bansal et al. [113], they obtained the maximum values of the forming force at a wall angle
of 50◦, being smaller at higher wall angles. In contrast to the above-mentioned trend of
force magnitude, they have proved that there is a steady rise of the forming force with step
depth, sheet thickness, and tool diameter. Using Design of Experiment (DoE), Al-Ghamdi
et al. [106] have proved that small forming tools with a ratio d/t0 of tool diameter d versus
an initial sheet thickness of t0 below 3 can cause manufacturing defects and leads to an
intensive rise of the forming force, which also influences possible failures of the CNC
spindle. The authors have also proposed a set of optimised parameters d/t0 to obtain
minimal forming forces for the material AA1060 for sheet thicknesses from 1.65 to 2.6 mm.
With the experimental design of the experiment, Kumar et al. [117] have determined the
correlation between forming force and tool diameter, spindle speed, and step size for
AA2024-O aluminium. For all three different tool diameters of 7.52 mm, 11.6 mm, and
15.66 mm, respectively, the forming force increased with step size and decreased with the
spindle speed applied, which was in the range of 0 to 1500 rpm. On the other hand, wall
curling, as described by Hussain et al. [105] and which causes inaccuracies in the parts,
is influenced, inter alia, by parameters with a forming force. The authors have proven
that smaller forming forces, and in particular smaller stretching forces, result in a lower
curl height, while the aluminium alloys can be formed in a cold and in a warm state.
Zhang et al. [118] defined the temperature of 300 ◦C as a suitable temperature to form
AZ31B magnesium alloy. The temperature was reached by electrically assisted ISF. As
expected, the forming forces at 300 ◦C were significantly decreased in comparison to the
room temperature of the blank, and the formability was drastically increased. The greatest
difference in the Fz force is between 150 and 300 ◦C where the formability of the material is
already improved in comparison to forming at room temperature, and the force level is
decreased from 900 to only 400 N.
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In addition to the experimental evaluation of the forming and its prediction with
numerical and statistical methods in recent years, the sustainability of production [119]
and energy consumption for the incremental forming is also considered. For this purpose,
Liu et al. [120] have created a model designed to observe the effects of process parameters
on energy consumption in ISF. They have compared the power consumption of the so-
called standby state (no loading of the machine), idle feed state, “air forming” state with
proper machine movement but without clamped sheet metal in the tool, as well as the
actual forming state used for real forming of the material. The measurements of the power
consumption during forming on the milling machine are presented in Figure 8. Using
in-depth analysis, the authors have determined that the amount of standby power is up
to 85% of the entire power used in the processing of the part that is formed. On the other
hand, Yao et al. [121] as well as Li et al. [77] used RSM in order to evaluate the influence
of the process parameters on the energy necessary for ISF and to determine the optimal
forming parameters for minimising energy consumption.

Metals 2021, 11, x FOR PEER REVIEW 14 of 58 
 

 

 
Figure 8. Machine tool power curves measured in different states (reproduced with permission 
from Reference [120]; copyright © 2020 Elsevier). 

6. Process Formability 
This section describes investigations carried out on the formability of lightweight 

metals and alloys, mainly Al alloys, Ti alloys and Mg alloys, during SPIF, considering the 
deformation mechanism, formability assessment techniques, forming limit curves, effects 
of influencing factors, and the effect of heating. 

6.1. Deformation Mechanism 
Madeira et al. [122] concluded that plastic flow and failure in SPIF take place via the 

crack opening mode I under meridional tensile stresses. Li et al. [123] investigated de-
formation modes and strain evolutions in the SPIF of 7075-O aluminium alloy sheet 
through finite element simulations employing solid elements. Finite element simulation 
results showed that a combination of stretching, bending, and shearing occurred in in-
cremental forming a cone shape, and a strain component perpendicular to the tool direc-
tion was found as the major deformation mode. Ai et al. [124] developed an analytical 
model to study the deformation behaviour of two aluminium alloys, i.e., AA1100 and 
AA5052, in SPIF. It was concluded that the deformation was significantly influenced by 
bending, and the onset of fracture was seen to be dependent on both deformation stabil-
ity and sheet material ductility. By means of experimental and finite element studies, Said 
et al. [125] found that a combination of higher values of forming wall angle and sheet 
thickness with low forming tool radius could increase the damage of the AA1050 sheet 
during SPIF. Maqbool and Bambach [126] investigated the contributions of different 
modes of deformation, i.e., the stretching, bending, and shearing of an Al sheet during 
SPIF, using analytical modelling, finite element simulations, and incremental 
sheet-forming experiments. Sensitivity to the deformation modes was studied consider-
ing the process parameters namely tool diameter, tool step-down, friction, sheet thick-
ness, and wall angle. The bending mode of deformation was seen to be prominent for 
larger tool diameters, and shear deformation was found to be significant for greater sheet 
thickness. Esmaeilpour et al. [127] showed that the Yld2004-18p yield criterion was more 
accurate for representing the deformation of an AA2024 sheet in SPIF. Esmaeilpour et al. 
[128] carried out finite element simulation of SPIF of a 7075-O alloy sheet using 3D yield 
function determined through the 3D representative elementary volume (RVE) method 
and crystal plasticity material model. Finite element simulation results of thickness dis-
tributions, tool force, and effective strain employing two yield functions, i.e., Hill 1948 
and Yld2004-18p, were compared. Mirnia et al. [129] investigated damage evolution in 
two-stage SPIF of AA6061-T6 sheet using the three-parameter Modified Mohr–Coulomb 
(MMC3) fracture criterion and finite element analysis. It was seen that a two-stage 
forming strategy could produce a sound part with less damage than that obtained by 
single stage SPIF. Ilyas et al. [130] investigated the deformation mechanics of SPIF of 

Figure 8. Machine tool power curves measured in different states (reproduced with permission from
Reference [120]; copyright © 2020 Elsevier).

6. Process Formability

This section describes investigations carried out on the formability of lightweight
metals and alloys, mainly Al alloys, Ti alloys and Mg alloys, during SPIF, considering the
deformation mechanism, formability assessment techniques, forming limit curves, effects
of influencing factors, and the effect of heating.
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6.1. Deformation Mechanism

Madeira et al. [122] concluded that plastic flow and failure in SPIF take place via the
crack opening mode I under meridional tensile stresses. Li et al. [123] investigated deforma-
tion modes and strain evolutions in the SPIF of 7075-O aluminium alloy sheet through finite
element simulations employing solid elements. Finite element simulation results showed
that a combination of stretching, bending, and shearing occurred in incremental forming
a cone shape, and a strain component perpendicular to the tool direction was found as
the major deformation mode. Ai et al. [124] developed an analytical model to study the
deformation behaviour of two aluminium alloys, i.e., AA1100 and AA5052, in SPIF. It was
concluded that the deformation was significantly influenced by bending, and the onset
of fracture was seen to be dependent on both deformation stability and sheet material
ductility. By means of experimental and finite element studies, Said et al. [125] found that a
combination of higher values of forming wall angle and sheet thickness with low forming
tool radius could increase the damage of the AA1050 sheet during SPIF. Maqbool and
Bambach [126] investigated the contributions of different modes of deformation, i.e., the
stretching, bending, and shearing of an Al sheet during SPIF, using analytical modelling,
finite element simulations, and incremental sheet-forming experiments. Sensitivity to the
deformation modes was studied considering the process parameters namely tool diameter,
tool step-down, friction, sheet thickness, and wall angle. The bending mode of deformation
was seen to be prominent for larger tool diameters, and shear deformation was found to be
significant for greater sheet thickness. Esmaeilpour et al. [127] showed that the Yld2004-18p
yield criterion was more accurate for representing the deformation of an AA2024 sheet
in SPIF. Esmaeilpour et al. [128] carried out finite element simulation of SPIF of a 7075-O
alloy sheet using 3D yield function determined through the 3D representative elementary
volume (RVE) method and crystal plasticity material model. Finite element simulation
results of thickness distributions, tool force, and effective strain employing two yield
functions, i.e., Hill 1948 and Yld2004-18p, were compared. Mirnia et al. [129] investigated
damage evolution in two-stage SPIF of AA6061-T6 sheet using the three-parameter Modi-
fied Mohr–Coulomb (MMC3) fracture criterion and finite element analysis. It was seen that
a two-stage forming strategy could produce a sound part with less damage than that ob-
tained by single stage SPIF. Ilyas et al. [130] investigated the deformation mechanics of SPIF
of AA2024-O sheet based on the Gurson–Tvergaard–Needleman damage model and finite
element simulation of a straight groove test employing solid elements. Failure was found
to occur in the sheet during SPIF when the damage parameter value tends to 1, irrespective
of the forming conditions. Deformation modes in SPIF involve stretching, bending, and
shearing due to the cyclic nature of the loading due to the overlapping toolpath [131]. Two
types of failure, namely necking-initiated and fracture-initiated, were observed in SPIF,
and localised deformation through thickness shear resulted in an increased formability
of SPIF. Shrivastava and Tandon [132] showed that the formability of an AA1050 sheet in
SPIF was improved due to a change of texture from cube type to P and brass type. Mishra
et al. [133] showed that through-thickness shear (TTS) significantly influenced deformation
in SPIF, and a plain strain with TTS existed in the wall region of incrementally formed
components. Anisotropy in yield strength of the incrementally formed sheet was due to the
presence of a brass component confirmed by the average Schimd factor. Hussain et al. [134]
reported that microstructural changes in the SPIF of aluminium alloys, i.e., AA5754 and
AA6061, resulted in improved strength with reduction in ductility. Kumar and Maji [135]
showed that instability in the deformation mechanism limited the forming limit angle and
determined the limit strains in SPIF of truncated drawpieces (Figure 9).
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6.2. Evaluation of Formability

Formability in single point incremental forming is measured in terms of the maximum
wall angle (φmax) and limit strains at the onset of fracture expressed as a forming limit
curve (FLC). By carrying out the process of sheet deformation at different stress states,
which also corresponds to different deformation states, and by applying the limit strain
values in the coordinate system ε1 = f (ε2), where ε1 is major strain and ε2 is minor strain,
the forming limit diagram (FLD) can be determined. The forming limit curve (FLC) for
single-point incremental forming shows a straight line that descends towards increasing
values of ε2 (Figure 10). So, the forming limit of SPIF is much higher than with conventional
SMF methods. Below the FLC, there is a safe area due to sheet cracking. Above this curve,
there is a loss of sheet stability and a risk of cracking. The values of limit strains in the
incremental forming method are higher than those in conventional SMF, which allows for
higher plastic deformations when forming drawpieces without the risk of a wall crack.
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The effects of different process parameters related to material, tool, toolpath, and
geometry on formability in SPIF were discussed by McAnulty et al. [20]. Ingarao et al. [136]
suggested that the SPIF process was one of the most environmentally friendly processing
routes with savings of energy, emissions, and material.

6.3. Forming Limit Curves

Madeira et al. [122] predicted the FLC based on fracture strain pairs obtained from
incremental forming of truncated cone shapes of an AA1050-H111 sheet by SPIF. It was
found that the use of gauge length fracture strain could avoid the scattering of exper-
imentally measured limit strain pairs and the dependency of the incremental forming
tool and part geometry in estimating FLC. Lu et al. [137] found that the fracture forming
limit in double-sided incremental forming could be increased compared to that of SPIF by
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applying different amounts of supporting force and tool shift. Do et al. [138] found that
the formability of an embossed aluminium sheet was higher than that of the flat sheet in
terms of maximum formable wall angle in SPIF of a cone shape in a CNC machine. Ai
et al. [124] developed an analytical model based on deformation stability in SPIF to predict
the maximum forming wall angle and limit strains. The model developed was found
to overestimate the forming limit strains compared to the experimental values obtained
by incremental sheet-forming tests on two aluminium alloys, i.e., AA1100 and AA5052
sheets. Do et al. [139] predicted a forming limit curve based on fracture strains for plane
strain and equi-biaxial strain deformations produced by incremental sheet-forming tests.
Finite element simulation results of plastic strains were in good agreement with the ex-
perimental values for an AA5052-O sheet. Mirnia and Shamsari [140] predicted ductile
fracture in SPIF of an AA6061-T6 aluminium alloy sheet through finite element simulation
employing a modified Mohr–Coulomb model. It was seen from the numerically predicted
fracture strains that the fracture-forming limit diagram under non-proportional loading
was different in shape and magnitude from that obtained for proportional loading. Gatea
et al. [141] carried out finite element simulation to predict the fracture in SPIF of pure
titanium sheet using different damage models based on stress triaxiality and deforma-
tion modes. The forming limit curve at fracture for titanium sheet in SPIF predicted by
numerical simulations was in good agreement with that obtained by the Nakazima test.
Yoganjaneyulu et al. [142] found that higher values of tool diameter and speed resulted
in better formability in SPIF of a titanium Grade 2 sheet. Wang et al. [143] showed that
the formability of AA2024 sheets with different heat-treated conditions was improved
at elevated temperature with a higher feed rate and low pitch. Zhan et al. [144] also
found higher formability for an AA2024-T3 sheet at high tool rotational speed compared
with that for traditional SPIF. Yoganjaneyulu et al. [145] showed that the forming limit
of the uppermost sheet was highest in the case of multi-sheet incremental forming of a
titanium sheet, and it decreased towards the bottom sheets. Kumar and Maji [146] showed
predictions of the forming limit of aluminium alloy sheets in SPIF by the deformation
instability approach (Figure 11a–c). Su et al. [78] determined suitable process parameters to
maximise the forming limit in SPIF of aluminium alloy sheets using numerical simulations
and experiments.
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6.4. Effects of Process Parameters on Formability

Jeswiet et al. [147] discussed the process design of SPIF, considering formability,
production time, and surface roughness using different tool geometries. It was found
that a flat-ended tool provided the best combination of good formability and low surface
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roughness. Azevedo et al. [148] investigated the effects of different types of lubricants such
as SAE30, B5746, AL-M, and AS-40 on the AA1050 parts formed by SPIF. It was seen that
the surface finish of the incrementally formed part was dependent on the lubricant type.
Behera et al. [149] studied dimensional accuracy when fabricating a clinical implant of
titanium sheet by SPIF using the multivariate adaptive regression spline function and free
form surface model. The proposed approach showed improved shape and dimensional
accuracy of the medical titanium implant formed by SPIF. Lu et al. [150] carried out
investigations on incremental forming of a customised cranial plate from a grade 1 pure
titanium sheet. The surface finish and thickness distributions of the incrementally formed
plate were found to be applicable for cranioplasty. Bastos et al. [151] recommended a
suitable process setup and parameters to improve the forming time efficiency in SPIF.
The maximum forming angle and surface roughness in SPIF of an AA5052-H32 sheet
were modelled by Mulay et al. [10] using Design of Experiments software. Vanhove
et al. [152] showed that thin-shelled clavicle implants of titanium could be fabricated by
SPIF with satisfactory accuracy. Formisano et al. [153] found a higher formability of positive
incremental forming than negative incremental forming. Uheida et al. [154] investigated the
effects of tool rotation directions on the formability of a titanium sheet in SPIF. The toolpath
climb strategy was seen to provide higher formability in terms of a maximum forming
wall angle and better dimensional accuracy. Khan et al. [155] investigated the effects of
different heat treatments on the formability of Al-2219 alloy in SPIF. High formability and
minimum form error were obtained through the solution treatment-incremental forming-
age hardening route. Tera et al. [156] recommended two-stage forming strategies consisting
of roughening and finishing as the most suitable avenues based on analytic hierarchy
process. Palumbo et al. [157] achieved improved formability of biocompatible AZ31B
magnesium alloy sheet at elevated tool rotational speed with delayed cytotoxic effect.
Kumar et al. [158] conducted a parametric study on formability of AA2024-O sheet in
SPIF, and formability was most significantly affected by wall angle and step size. Kumar
and Gulati [159] performed an experimental study on the effects of process parameters
on surface roughness of the formed surface in incremental forming of aluminium alloy
sheets based on Design of Experiments and the Taguchi method. Tool diameter was
seen as the most significant factor affecting surface quality along with tool shape and
lubricant viscosity. An optimal set of input parameters was determined to produce better
surface quality. Oraon and Sharma [160] developed an artificial neural network model
to predict surface roughness in SPIF of an AA3003-O alloy sheet considering six input
process variables such as step depth, feed rate, spindle speed, sheet thickness, wall angle,
and lubricant density. The model developed was seen to predict surface roughness in the
incremental forming process with satisfactory accuracy. Su et al. [161] studied the effects of
process parameters on the formability of an AZ31 magnesium alloy sheet in SPIF, and they
recommended a forming temperature of 250 ◦C, forming tool radius of 5 mm, and feed
rate of 0.7 mm as the most suitable parameters. De Castro Maciel et al. [162] observed that
adhesion on the tool affects the material deformation of aluminium and magnesium alloys
in SPIF when using a roller ball forming tool. Maji and Kumar [163] carried out multi-
objective optimisation of formability of an AA5083 sheet in SPIF considering the forming
wall angle, surface roughness and deformed sheet thickness as measures of formability.
Murugesan and Jung [164] investigated the formability of an AA3003-H18 sheet in SPIF
using Design of Experiments and response surface methodology to determine the optimal
forming parameters. Gatea and Ou [165] performed investigations on variations of surface
roughness values in incrementally formed grade 1 pure titanium sheets considering the
process parameters such as tool diameter, step size, and feed rate. It was observed that
surface roughness varied with the depth of deformation of the incrementally formed part,
and a rough surface could be generated in zones with high equivalent stress and low
equivalent plastic strain.
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6.5. Heat-Assisted Formability

Incremental forming of hard-to-form materials and materials with less ductility such
as titanium, Mg-alloy sheet materials has been made feasible by applying heat using
different methods [166], and heat-assisted formability was seen to be greater than that at
room temperature. There are two commonly used methods of workpiece heating in ISF: air
assisted (Figure 12a) and tool assisted (Figure 12b).
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6.5.1. Tool Assisted Heating

Ambrogio and Gagliardi [167] carried out investigations on the temperature distri-
butions and formability in high-speed SPIF of two lightweight alloys, i.e., AA5754 and
Ti6-Al-4V, considering tool velocity and coil pitch. It was concluded that the optimal pro-
cess parameters for a sheet material could not only increase productivity and part quality
but also improve formability at elevated working temperatures. Khazaali and Saniee [168]
studied the effects of the input process variables, namely vertical pitch, tool diameter, and
sheet temperature, on formability and thickness reduction in warm incremental forming
of Ti-6Al-4V sheet. Formability and drawing depth before fracture were seen to be higher
for higher values of vertical pitch and tool diameter. The sheet material temperature was
significantly influenced by interfacial friction and input factors. Flow stress and springback
were reduced at higher working temperature. Liu et al. [61] investigated electricity-assisted
incremental forming of titanium alloy sheet using differently designed tools with an inner
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water-cooling system. It was seen that the incremental forming tool with a roller ball end
and inner water cooling could reduce the tool wear and improve the surface finish of the
formed part. Honarpisheh et al. [42] obtained improved formability in hot incremental
forming of a Ti-6Al-4V sheet through heating by applying an electric current between the
forming tool and sheet. Investigations were carried out on electric hot incremental forming
of titanium alloy sheets, and formability at elevated temperature with suitable process
parameters was discussed [48,169]. Bao et al. [170] found a significant improvement in the
formability of AZ31B magnesium alloy in SPIF due to heating of the sheet by applying
electric pulsed current between the forming tool and the sheet material. Husmann and Mag-
nus [171] presented a method of measuring workpiece temperature in incremental sheet
forming using thermography. Gupta and Jeswiet [172,173] observed that frictional heating
of an AA5754-H32 sheet during SPIF was significantly influenced by the geometry to be
formed and the lubrication conditions at the tool–sheet interface. Pacheco and Silveira [174]
achieved a reduction of forming forces in electric hot incremental forming of an AA1050
sheet with preheating compared to that without preheating. Grimm and Ragai [175] ob-
tained improved formability and surface finish in electrically-assisted incremental forming
of titanium sheet by applying liquid metal lubrication. Riaz et al. [176] observed that an
increase in the tool rotational speed increased the temperature and consequently affected
the microstructures in incremental forming of aerospace alloy. Zhang et al. [118] found that
the forming depth and major true strain increased with reduced forming force at elevated
temperature in electric hot incremental forming of AZ31 magnesium alloy sheet.

6.5.2. Air-Assisted Heating

The Taguchi method was applied to perform a parametric study and to determine the
optimal processing conditions in warm incremental forming of titanium alloy by Khazaali
and Saniee [177,178] through a simple groove test, and this was validated by experiments.
Leonhardt et al. [179] showed the achievement of a constant homogeneous temperature
in SPIF of an AZ31 magnesium alloy sheet by the hot air heating method. The maximum
forming angle of 50◦ was obtained at a temperature of 300 ◦C with an orange peel effect,
and the forming force was reduced at an elevated temperature. Liao et al. [180] found
better surface quality in incrementally formed AZ31B magnesium alloy sheet using hot air
heating compared that produced by far-infrared heating, and the temperature distributions
strongly influenced the orange peel effect. Mugendiran and Gnanavelbabu [181] showed
that strain measurements in SPIF of an AA5052 sheet using the digital image processing
method could reduce measurement errors in predicting the forming limit diagram. Lee and
Yang [182] achieved a significant improvement of formability of an AZ31 magnesium alloy
sheet in terms of the angle representing the forming limit in incremental forming using a
near-infrared heater. Through experimental study on different tool materials and lubricants,
Sing et al. [183] found that tool steel (EN-31) and a molybdenum disulphide mixture were
suitable for hot incremental forming of aluminium alloy sheets. Major formability study
approaches in ISF of lightweight metals are listed in Table 1.

Table 1. Overview of formability study approaches in incremental sheet forming of lightweight metals.

Formability Approaches Summary of Findings

Deformation
mechanism

Finite element method,
Deformation stability model
Ductile damage mechanics

Crystal plasticity and RVE method
Microstructure and texture analysis

Deformation in ISF includes stretching, bending, and shearing [123,131]
Fracture is dependent on deformation stability and sheet metal ductility [124]

Two-stage forming has less damage compared to the single-stage ISF [129]
3D yield function better represents the deformation in ISF [127,128]

Microstructure and textural changes affect formability and strength [132,134]

Forming limit
curve

Incremental sheet-forming tests
Finite element simulation

Deformation stability method
Ductile damage theory

Digital image processing

Fracture limit strains for plane strain and equi-biaxial strain modes [124,139]
Numerical prediction of FLC is in agreement with experiments [139,141]

Forming force becomes more than the supporting force in ISF [124]
Shape and magnitude of FLC depends on type of loading [140]

Reduced error in measurement of fracture limit strains [181]
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Table 1. Cont.

Formability Approaches Summary of Findings

Parametric study

Tool geometry and tool path
Artificial neural network

Design of experiments and RSM
Friction and lubricants

Process parameter optimisation
Electro-assisted Joule heating

Air-assisted heating

Formability is higher for flat tool geometry and climb tool path [147,149,154]
Modeling and prediction of formability and process parameters [160,163]

Parametric study and optimisation in ISF [10,159,164]
Surface finish depends on friction and lubrication conditions [159,167]

Optimal parameters for maximum formability [161,163,164]
Higher productivity and formability with less forming force [42,48,61,167–176]

Homogeneous global temperature, orange peel effect [177–183]

7. Toolpath and Toolpath Strategies

The main research directions related to the forming path of lightweight metals manu-
factured by SPIF in the last decade can be grouped into the following: analysis of different
path strategies and their strategy regarding forming forces, thickness distribution, and
springback reduction, optimisation of the forming path in order to increase the formability
and the part accuracy, and punch positioning.

The influence of the toolpath in SPIF for 1050 aluminium was investigated by Ben
Said [184] using the finite element method simulation with Abaqus. The authors studied
four types of toolpath to obtain a part with a 10 mm depth and an 80 × 90 mm rectangular
shape. In addition to the classic strategy in which the punch follows a rectangular trajectory
having a vertical movement with the value of the vertical step size in one corner, the authors
also investigated three other types of trajectory, as shown in Figure 13, and analysed the
effects of these toolpaths on the variation in thickness and forces in the SPIF process.
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(c) zigzag (figure prepared by authors on the basis of [184]).

The influence of the toolpath in SPIF was also analysed by Racz et al. [185] but in the
manufacturing of Ti6Al4V titanium alloy for cranioplasty plates. They analysed three types
of trajectory: a circular trajectory with vertical entry points on the same generatrix, a circular
trajectory with vertical entry points positioned at different angles, and a spiral trajectory.
They compared the results obtained experimentally with those obtained following the
numerical simulation using the finite element method and analysed the values of the main
strains, thickness reduction, as well as the geometrical accuracy of the parts produced by
SPIF. Employing the analytical hierarchy process as a decision-making method regarding
the technology used led to the conclusion that the use of a continuous trajectory (spiral
trajectory) with no entry points on the vertical direction is the most convenient alternative
to the manufacturing of cranioplasty plates by SPIF.

The manufacturing of hemispherical parts from a magnesium AZ31B-H24 alloy using
a combined study method (finite element method plus experimental) was undertaken
by Palumbo et al. [186]. The hybrid method they used is composed of three steps and
aims to obtain as uniform a thickness distribution as possible. The first step consists in
the simulation of the superplastic forming process using the finite element method, and
then, the thickness distribution is obtained. Starting with this distribution, the blank is
preformed (usually in a conical shape) by the single point incremental forming process, in
view of the fact that the thickness distribution respects the sine law. The third step consists
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of the superplastic forming of the part obtained by SPIF in a hemispherical shape, thus
obtaining an improvement of the thickness uniformity along approximately 65% of the
profile length.

The toolpath design for the counter SPIF of aluminium Al5052 with 1 mm thickness
was studied by Jung et al. [187]. They analysed two shapes: a frustum of cone shape and
a ship-hull shape. In the first step, the part was conventionally processed by SPIF, which
is followed by the measuring of its accuracy. The second step consisted in the counter
SPIF manufacturing of the part, which was manufactured in the first step on a trajectory
optimised in such a way as to decrease the shape error. The study identified several shape
errors: the modification of the total height of the part, the modification of the value of the
radius between the inclined wall and the bottom area of the part, as well as the pillow effect
also present at the bottom of the part. By using this two-stage SPIF process, the authors
reduced the shape error for both shape types; the most important progress was regarding
the error reduction being observed in the area of the radius between the inclined wall and
the bottom area of the part.

Akrichi et al. [188] proposed a new method, based on the deep learning method, to
improve the accuracy of the parts obtained by SPIF through the prism of two important
parameters: roundness and positional deviation. They manufactured parts from 1050 alu-
minium with a thickness ranging between 0.6 and 0.8 mm. The following were introduced
as input parameters for the optimisation of the SPIF: initial sheet thickness, vertical step,
toolpath strategy, wall angle, speed rate, and feed rate. Each of the parameters had two
levels of variation, and as far as the toolpath strategy was concerned, the single direction
strategy and the alternating direction strategy were used. The back propagation neural
network was used as a method to predict roundness and positional deviation, and the
authors used the deep belief network and stacked autoencode as deep learning methods.
The analysis of the experimental data led the authors to the conclusion that by applying
the deep belief network, a higher geometrical accuracy of the parts produced by SPIF is
obtained (97.8% for roundness deviation and 95.4% for positional deviation).

For parts made of lightweight materials with high values of their wall angle obtained
by SPIF, Wu et al. [188] proposed a multi-step strategy to find the dependence between
the punch radius and the vertical step. For this purpose, the authors generated a part
with variable wall angle that is necessary to obtain the flow limit diagram in SPIF, i.e.,
a maximum wall angle and a maximum height that can be obtained for the respective
geometry. After obtaining the FLD, the authors aimed to minimise thinning through
various strategies, to reduce rigid body motion and to prevent localised cracks. The
schematic diagram of the multi-step strategy proposed by Wu et al. [189] is presented in
Figure 14. Based on this scheme, three different toolpaths with different geometric data
were adopted. The results obtained with regard to thickness reduction, the possibility
of fractures occurring, and geometrical error were compared for the multi-step strategy
and the single-step strategy, obtaining an increase of the minimum thickness from 0.47 to
0.68 mm in the case of the multi-step strategy.
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Among the first concerns related to toolpath optimisation in order to increase the
accuracy of SPIF were those of Behera et al. [190], who used a non-parametric regression
technique called multivariate adaptive regression splines (MARS) for parts with a complex
shape. The first stage presented by the authors of the study is that of feature detection,
which is a particularly important stage that has a decisive influence on accuracy during the
SPIF manufacturing of complex parts. Based on software built by the authors, the features
detected were saved in a stereolithography (STL) model, and the feature interaction was
also analysed in the case of complex parts. Then, the geometric shape that would appear
in the manufacturing of the part is predicted, without compensating the trajectory in the
manufacturing by a single pass process. Then, the part is manufactured, measured using
the mesh point cloud technique, compared to the STL file, and STL models are generated for
training sets. These are further used for toolpath optimisation using the MARS algorithm.
Experimental research was performed on aluminium AA3103 sheets with 1.5 mm thickness,
and a decrease of geometric errors to less than 0.4 mm was found for all part types. The
most important limitation of using MARS in SPIF is that in the case of parts that have a
wall angle close to the maximum allowable value beyond which fractures occur, there is a
risk that by correcting the toolpath, the wall angle will exceed this value, and the part will
actually break.

Toolpath optimisation with a learning-based adaptive model predictive controller
was used by Wang et al. [191]. The geometric errors considered in the model were the
bending effect error close to the fixed zone of the part, the pillow effect error at the bottom
of the part, and the springback error in the wall zone. The shape of the deformed part is
modelled based on a regression model. The thin plate spline interpolation was used to
build the 3D surfaces of the model. The authors presented both a close-loop algorithm in
which after each processed contour the forming process is stopped, the part is measured,
and the toolpath is optimised, as well as an open-loop algorithm that is based on the data
“learned” from the close-loop algorithm and which is able to reduce the geometric errors
without excessively increasing the manufacturing time. This algorithm was applied to two
geometries: a truncated cone geometry and a “dog-bone” geometry made of AA7075-O
with 1.6 mm thickness.

Lu et al. [192] used a model predictive control (MPC) algorithm to correct the punch
trajectory in both the vertical and horizontal directions for 7075-O aluminium. In fact, in
the above-mentioned paper, the authors are continuing a previous piece of research that
used the same model predictive control algorithm but only in one direction, namely the
vertical direction. This new predictive model led to the reduction of errors in the corners
and wall areas of the part by optimising the horizontal step increment and the vertical
step increment. MPC is based on the following algorithm: after the forming of a certain
contour, the part is measured and the shape of its profile is determined; then, this profile
is used to calculate the following horizontal step increment and vertical step increment.
Finally, the MPC optimisation module will calculate the sequence of control inputs in order
to minimise the difference between the desired profile and the predicted profile. By using
this two-directional MPC algorithm, the authors obtained an error reduction in the bottom
area of the part, the error falling within the range of ±0.3 mm.

An optimisation algorithm used to increase the geometric accuracy of the parts pro-
duced by SPIF and analysed on the basis of the finite element method was presented by
Sbayti et al. [193]. Based on the Box–Behnken experimental design, this study analyses the
influence of three technological parameters of the SPIF process, i.e., punch diameter, vertical
step, and friction coefficient, on the bending error, pillow effect error, and springback error,
which are three classic defects of parts manufactured by SPIF. The material used in the
FEM analysis was CP-Ti Grade 1 titanium, which is modelled as an elasto-plastic material
with isotropic hardening. A schematic diagram of the optimisation process is presented
in Figure 15. After ranking the importance of each of these factors and determining the
regression equation for the three types of errors, the genetic algorithm, the Grasshopper
optimisation algorithm, the multi-objective genetic algorithm, and the global optimum
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determination by linking and interchanging kindred evaluators algorithm were used for
optimisation. The last two optimisation algorithms led to the best results, obtaining a value
close to 8 mm for the punch diameter and 0.02 mm for the vertical step so that the three
types of errors are as small as possible.
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Another paper that aims to improve the accuracy of complex shaped parts made by
lightweight materials produced by SPIF is that of Dai et al. [194]. After investigating the
influence of punch diameter, vertical step, feed rate, and spindle speed on the geometrical
accuracy of cavity parts with a stepped feature using an analysis of variance technique, the
authors proceeded to optimise the toolpath. Having observed that when using a single-pass
strategy, the maximum value of the error occurs in the stepped feature area, the authors of
the study focused on reducing it by using a three-pass strategy (Figure 16). The use of this
strategy led to a reduction of the maximum deviation by 60% and of the stepped deviation
by 48%. The trajectory compensation continued in order to improve the local accuracy and
precision of the wall angle with its correction by 2–4 mm in a reverse direction. The end
result was a 70% reduction of the stepped deviation.

Metals 2021, 11, x FOR PEER REVIEW 24 of 58 
 

 

 
Figure 15. The flowchart of the optimisation process (reprinted by permission from Reference [193]; 
copyright © 2019 Springer-Verlag London Ltd.). 

Another paper that aims to improve the accuracy of complex shaped parts made by 
lightweight materials produced by SPIF is that of Dai et al. [194]. After investigating the 
influence of punch diameter, vertical step, feed rate, and spindle speed on the geomet-
rical accuracy of cavity parts with a stepped feature using an analysis of variance tech-
nique, the authors proceeded to optimise the toolpath. Having observed that when using 
a single-pass strategy, the maximum value of the error occurs in the stepped feature area, 
the authors of the study focused on reducing it by using a three-pass strategy (Figure 16). 
The use of this strategy led to a reduction of the maximum deviation by 60% and of the 
stepped deviation by 48%. The trajectory compensation continued in order to improve 
the local accuracy and precision of the wall angle with its correction by 2–4 mm in a re-
verse direction. The end result was a 70% reduction of the stepped deviation. 

 
Figure 16. Three-pass incremental forming strategy (reprinted by permission from Reference [194]; 
copyright © 2019 Springer-Verlag London Ltd.). 

Giraud-Moreau et al. [195] present a study on the optimisation of the toolpath de-
signed to reduce the geometric errors of a frustum of a cone-shaped part made of 
5086-H111 aluminium. For this, an analysis was performed using the finite element 
method, based on which sections of the part are measured following the forming simu-
lation, which also takes the springback into consideration. The optimisation firstly con-
sists in the extension of the initial toolpath, which is followed by the use of an iterative 
process to reduce the distance between the obtained section and the desired section in 

Figure 16. Three-pass incremental forming strategy (reprinted by permission from Reference [194];
copyright © 2019 Springer-Verlag London Ltd.).

Giraud-Moreau et al. [195] present a study on the optimisation of the toolpath designed
to reduce the geometric errors of a frustum of a cone-shaped part made of 5086-H111
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aluminium. For this, an analysis was performed using the finite element method, based
on which sections of the part are measured following the forming simulation, which also
takes the springback into consideration. The optimisation firstly consists in the extension
of the initial toolpath, which is followed by the use of an iterative process to reduce the
distance between the obtained section and the desired section in different points of the
toolpath. After obtaining the minimum distance between the two sections, the iterative
process stops, and the final trajectory is considered the optimal one.

Another paper by Akrichi et al. [196] proposes the use of an artificial neural network,
more exactly the multiple layer perceptron, in order to increase the dimensional accuracy
of multi-slope conical shaped parts obtained by SPIF for lightweight materials (AA1050
aluminium alloy). The circularity error and the position error were taken into account as
output parameters for the analysis of geometric precision, but the roughness of the surfaces
which come in contact with the punch, the thickness distribution, and the springback were
also analysed. The vertical step, initial thickness, speed rate, spindle velocity, wall angle,
and toolpath strategy (in one direction and in alternating directions) were chosen as input
parameters. The advantage of using the multiple layer perceptron is that each network is
optimised separately from the others in order to lead to a better accuracy of the estimates.
Thus, by using this method, the authors obtained a prediction of the experimental results
with an accuracy of 89%.

Ndip-Agbor et al. [197] present a new methodology for defining the relative posi-
tioning of the punch based on numerical simulation using the finite element method
in the case of accumulative double-sided incremental forming. In essence, their re-
search is based on determining the gap between the up punch and the bottom punch
(Figure 17) in order to increase the dimensional accuracy of the manufactured parts pro-
duced by accumulative double-sided incremental forming (ADSIF). For this, the authors
concluded that the position of the up punch is largely given by the desired wall angle, while
the position of the bottom punch is given by the two parameters, S and D, as shown in
Figure 17. For the Design of Experiments, they used an optimal Latin hypercube sampling
for the three parameters, which allows a better population of the workspace, while keeping
the up punch diameter and the bottom punch diameter, the vertical step, and the initial
thickness constant. They simplified the geometric model with finite elements by taking
only a strip of the frustum of cone geometry of the part in order to reduce the time for
analysis. A stationary Gaussian process was used for optimisation, and the purpose of
the optimisation was to find a model that predicts the wall angle that is formed with the
best possible accuracy based on the three parameters previously mentioned, and a good
agreement was obtained between the predicted results and the experimental results for
wall angles of 25◦, 35◦, and 45◦.
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Another study on the generation of toolpath trajectories for large, complex asymmetric
parts for five-axis milling machines is presented by Zhu et al. [198]. They exploit the
advantages of using five-axis vs. three-axis milling machines by increasing the flexibility of
the forming process in generating intermediate trajectories. Thus, the punch, when using
the five-axis milling machine, has higher degrees of freedom compared to when using
the three-axis milling machine, where the punch can only form in the vertical direction
(Figure 18). When using the five-axis milling machine, the punch presses the material
perpendicularly and in intermediate stages and has the possibility of moving up or down
and along its own axis. Starting with the STL model of the final part, the authors propose a
new methodology, which is based on the residual height to obtain the forming toolpath in
order to increase the efficiency of the forming process. The use of this method allowed the
deviation to be reduced in the vertical direction and the roughness of the manufactured
parts to be maintained within acceptable parameters.
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Another hybrid SPIF-TPIF forming technology for manufacturing aerospace com-
ponents is presented by Gupta et al. [199]. The paper proposes a succession of the two
incremental forming processes (single point and two-point) in order to manufacture vertical
walls with the lowest possible geometric errors and the best possible uniformity of thick-
ness distribution, using the advantages of each process while also considering the economic
aspects. The blank is preformed using SPIF; then, it is introduced into the die, and the
forming process is continued using TPIF. Flat tools are used for SPIF, and a hemispherical
punch is used for TPIF. The most important advantage of the hybrid approach of the two
incremental forming processes is that it allows the use of a three-axis milling machine.

Wang et al. [200] also considered the DSIF manufacturing of parts from lightweight
materials, proposing a method to reduce the springback effect. A bending strategy and
a squeezing strategy were taken into consideration, as can be seen in Figure 19 for an
elliptical shaped part. The reverse bending strategy contributes to the uniformisation of the
stress distribution, while the squeezing strategy leads to the changing of the stress value
in the area between the two tools, and an increase of the hydrostatic pressure leads to the
improvement of the formability. Following the theoretical and experimental research, the
authors concluded that both strategies lead to the reduction of springback, the best results
having been obtained in the case of reverse bending.
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Another study related to toolpath optimisation during DSIF was conducted by Rakesh
et al. [201]. They minimised the elastic springback based on the predicted forming force for
both the case in which the forming tool is positioned below the part and the case where the
forming tool is positioned above the part. For this, they took into account two parameters:
the sheet deflection in the axial direction and the tool deflection in the radial direction. In
order to predict the forming tool, they made an approximation that the contact between the
punch and the sheet is made on a rectangular strip with constant width and estimated a
uniform distribution of the stress on the contact area. The toolpath geometry was sliced to
generate contact points. The compensated toolpath was obtained by applying tool radius
compensation for contact points located on the upper part, and tool radius and predicted
thickness for contact points located on the lower part, respectively. For parts made of Al
5052-O aluminium sheets of different shapes, the authors compared the results obtained
for the process forces, thickness reduction, and geometric error for both the compensated
toolpath and the uncompensated toolpath. The maximum error that resulted in the case of
the parts obtained on the basis of the compensated toolpath was 0.5 mm.

Another paper studies ways to avoid loss of contact between the punch and the sheet
by compensating the trajectory [202] to take account of double-sided incremental forming
of large components in 8011 aluminium with 0.8 mm thickness. The authors consider
both the machine tool errors, forming forces, and punch deflection, as well as the sheet
deflection, and recommend trajectory compensation using a regression algorithm.

Another research avenue is that related to the tool position both during SPIF and in
ADSIF. In this latter category, Ren et al. [203] published a study analysing the influence
of tool position on the accuracy of part geometry. They established a methodology that
studies the design variables of the tool position. The design variables of the tool position
that were examined were the position angle and normalised tool gap. The normalised tool
gap represents the tool gap divided by the initial sheet thickness, while the position angle
represents the angle between the line that connects the centre of the geometry to the tool
centre and the vertical line (from the centre of the part). The influence of these parameters
on two new indicators defined by the authors, namely the stable angle and the peak angle,
was highlighted. The study was performed based on the finite element method, by means
of the Ls-Dyna analysis programme, and the results were experimentally validated on an
AA5754-O aluminium alloy. The results obtained led to the division of the part into three
areas: a squeezing-dominant area, a bending-dominant area, and a competing area.

Praveen et al. [204] proposed an analytical study on increasing the accuracy of small
and large components produced by lightweight materials through DSIF. The study con-
siders both sheet deflection and tool deflections, which are two of the factors that most
influence accuracy during DSIF. They use two optimisation strategies, one for the case
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where the sheet deflection is smaller than the sheet thickness and one for the case where
it is larger. To obtain the compensated toolpath, the authors used a combination of small
deflection theory and membrane theory, so that the toolpath obtained was valid for both
small and large components. They validated the optimised trajectories for frustum-of-cone-
shaped parts with wall angles varying from 25◦ to 60◦ and different opening diameters
(150, 250, and 610 mm), obtaining a sheet deflection reduction of approximately 10% for
the compensated toolpath.

A new study on incremental hole flanging, in which the final shape of the flange
is obtained by a pair of tools in a similar manner to double-side incremental forming,
is presented by Zhang et al. [205]. The two tools, the “punch” and the “die”, had a
complementary-shaped cross-section to produce an increased accuracy of the part being
manufactured. The parts analysed were made of aluminium AA5754-O and had an initial
thickness of 1 mm. By using this method, in addition to increasing the geometrical accuracy,
the authors also found that the predominant strain in this method is circumferential strain,
as opposed to the conventional SPIF where radial strain is predominant.

Yang et al. [206] study the manufacturing by SPIF of aerospace components with a new
approach, namely the use of ultrasonic vibrations. The role of this approach is to reduce the
radial error of these types of parts. The ultrasonic vibration was introduced alongside SPIF
to reduce the elastoplastic delamination and make the stress distribution of the truncated
cone parts produced from Al1060 aluminium alloy more uniform. The influence of SPIF
parameters, such as punch diameter, initial thickness, wall angle, and layer spacing, which
were each varied on three levels, was analysed using the Box–Behnken response surface
methodology, and a second-order mathematical model was validated. Subsequently, by
using an ultrasonic vibration system with frequencies between 10 and 30 kHz and ampli-
tudes between 10 and 90 µm, it was found that frequency has an insignificant influence on
radial accuracy, while amplitude has a significant influence leading to a reduction of the
radial error with an increase of the vibration amplitude as a result of the reduction of the
residual stress.

Ortiz et al. [207] studied ways to increase the geometrical precision, as well as the
surface quality, of Ti-6Al-4V aerospace parts manufactured by hot SPIF. For this, they
corrected the punch toolpath using an intelligent process model and applied a solution to
minimise the effect of the punch action on the sheet deflection around the perimeter of
the part. For toolpath correction, the authors used an algorithm which, on the basis of the
respective initial geometry of the initial toolpath, predicts the springback, applies it to the
geometry, and then corrects the toolpath so that the error due to the springback is as small
as possible. To minimise the sheet deflection, the authors estimate the sheet deflection
based on the thickness reduction, it being known that there is a close connection between
the two, and they introduce an addendum in the geometry of the part. Due to excessive
oxidation, a decontamination of the part surface is required on a thickness between 6
and 14 µm following the SPIF process. The use of the intelligent process model led to an
increase in part accuracy of 49%.

8. Friction and Lubrication in SPIF
8.1. Friction Conditions

The friction phenomenon between the workpiece and tool plays a significant role
in material deformation and the surface finish of the final components. Incorrectly se-
lected frictional conditions and forming parameters may lead to an excessive increase in
temperature in the contact areas, thus reducing the effectiveness of the lubricant. Poor
friction conditions can be the source of scratches causing damage to the surface of the
components. This phenomenon is especially important when SPIF is carried out on alu-
minium and titanium and their alloys. These materials are prone to adhesive wear and
galling. Currently, assurance of the correct friction conditions is mainly done through novel
lubrication, the optimisation of the forming strategy, and modification of the tool surface
(Table 2) [146–151].
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Table 2. Methods for optimising surface quality.

Method Observation Reference

Novel lubrication with oil and
graphite

Simple setup and low cost
Improvement of step-down traces [208]

Novel forming tool with backing
plate

Improvement the contact conditions
Reduction in lead time [150]

Laser surface texturing of the
forming tool

Increased material formability
Friction reduction at the tool–workpiece interface

Reduction in heat generation
[209]

Optimisation of forming strategy Improvement of surface finish
Improvement of dimensional accuracy of component [210]

Tool path optimisation Limitation of sheet thinning
Improvement of surface quality [211]

Usage of dummy plate

The wear of surface is avoided
Dummy plate decreases the sheet formability
Lubrication between sheets does not have any

influence

[212]

The determinant of the frictional resistance is the coefficient of friction (COF). The
COF is a measure of the amount of friction existing between two surfaces. The lower the
value of COF, the lower the force required for sliding. One of the basic methods of reducing
frictional drag in SPIF variants using a rotational pin is appropriate lubrication. In the
conventional SPIF forming process, a rigid rotatable tool, typically made of high-speed
steel or cemented carbide, is widely used to deform the sheet to the desired shape. This
kind of tool leaves grooves on the sheet surface, especially during the forming of pure
titanium, even under solid lubricant conditions. To minimise the frictional resistance and
improve the surface roughness of a component surface, vertical roller-ball (VRB) and ORB
tools [57] (Figure 20) were developed. The advantages of the ORB tool include better
surface finish, higher formability, and lower forming load. It is possible to significantly
reduce the frictional resistance using the ORB tool, which led to a reduced forming load,
better surface quality, higher formability, and smaller through-the-thickness-shear [57].
When used in SPIF, the increases of friction using the ORB tool would potentially enhance
the forming stability and suppress necking. The contrary effect is that the increase of
friction would also decrease the formability and increase the stress triaxiality.
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The friction mechanism operating in SPIF has not been fully revealed in the litera-
ture [57]. High pressure may result in larger frictional resistance and deteriorate the surface
finish of SPIFed components. Lu et al. [57] have suggested that friction is a major factor
in contributing to the through-the-thickness-shear in the SPIF process. The feed rate and
rotational speed of the tool affect both the sliding friction and the frictional heating at
the contact of the tool with the workpiece. The amount of heat produced by friction is
directly proportional to the relative velocity between the tool and the deformable sheet. It
is indisputable that the formability of the material increases with increasing temperature.
However, high temperature may reduce the effectiveness of the reduction of the frictional
resistance by the lubricant and increase the galling effect, especially in the case of titanium
and its alloy. Lubricants heated to their boiling point begin to decompose, which increases
the area of metallic contact and drastically increases the friction. The value of the COF
depends to a different extent on the feed rate, rotational speed of the tool, and step size.
Step size specifies the size of the material that is ploughing on the leading edge of the tool.
The sliding friction component is largely dependent on this mechanism [213].

8.2. Lubricants

The use of lubricants at the interface between two or more elements is essential in any
forming process, ensuring longer tool life by reducing friction and wear and improving
heat distribution. Lubricants differ in many physical properties, such as viscosity and
density. It is obvious that the use of lubricants is necessary to increase tool life and
reduce frictional wear of the surfaces [57]. Although most lubricants are petroleum-based,
biodegradable vegetable oils are playing an increasing role in SPIF. The fluid dynamics and
rheology of bio-edible lubricants plays an important role in improving heat distribution
and removing synthetic lubricants [22,214]. Petroleum-based lubricants cause allergies
and irritation due to the presence of microbial toxins [215]. Many studies have been
devoted to improving the properties of vegetable oils by modification of these oils by
nanoparticles [22,216–218]. Interaction forces, i.e., Derjaguin–Landau–Verwey–Overbeck
(DLVO) and Brownian (Figure 21), between the nanoparticles and the molecules of the oil
change its viscosity and are a medium that separates metallic surfaces in contact.
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Vegetable lubricants are characterised by several properties that are similar to petroleum-
based oils such as low volatility, high lubricity, high viscosity index, and high biodegrad-
ability [219]. The tribological performance of environmentally friendly biodegradable
lubricants for sheet metal forming has been analysed by Trzepieciński [219]. It was found
that the addition of boric acid to vegetable oils leads to an increase in the lubrication
efficiency by up to 15% compared to pure oils. Murshed et al. [218] found that the extreme
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pressure capability on nanoparticle-modified lubricants could be two times higher than
that of pure oil. Recently, significant focus has shifted towards vegetable oils, such as
coconut oil, canola oil, jojoba oil, sunflower oil, rapeseed oil, and soybean oil, among oth-
ers [16]. Comparisons of the main properties of the vegetable and mineral oils are shown in
Table 3. Table 4 shows the basic physicochemical properties of vegetable oils. Different
metallic oxides such as Al2O3 [220], CuO [221], ZnO [221,222], ZrO2 [223], SiO2 [224,225],
and TiO2 [224,226] are used as additives in lubricants.

Table 3. Comparative analysis of the properties of vegetable and mineral oils (reproduced with
permission from Reference [227]; copyright © 2014 Elsevier).

Property Vegetable Oil Mineral Oil

Density at 20 ◦C (kg/m3) 940 880
Viscosity index 100 . . . 200 100
Shear stability good Good
Pour point, ◦C −20 to +10 −15

Cloud flow behaviour poor good
Miscibility with mineral oils good -

Solubility in water not miscible not miscible
Oxidation stability moderate good
Hydrolytic stability poor good

Sludge forming tendency poor good
Seal swelling tendency slight slight

Table 4. The basic physicochemical properties of vegetable oils (reproduced with permission from
Reference [227]; copyright © 2014 Elsevier).

Oil Type Density, kg/m3 Kinematic Viscosity
at 40 ◦C, mm2/s Cloud Point, ◦C Flash Point, ◦C

palm 875 5.72 13.0 165
sunflower 878 4.45 3.42 185
coconut 805 2.75 0 112
soybean 885 4.05 1.0 176
linseed 890 3.74 −3.8 178
olive 892 4.52 - 179

peanut 882 4.92 5.0 177
rape seed 880 4.45 −3.3 62
rice bran 886 4.95 0.3 -

In addition to lowering the COF, the necessity of lubrication is related to the temper-
ature generated at the tool/sheet interface and surface roughness. Azevedo et al. [148],
using a tool with passive rotation, tested several types of petroleum and mineral oils used
for forming aluminium sheets. The results showed different roughness profiles for each
combination of lubricant/material, indicating that the greater the difficulty in forming the
material, the lower the viscosity necessary. Hussain et al. [38] found that the lubricant
directly affected the product surface quality, although the application of lubricant may not
be environmentally friendly and cost-effective.

Zhang et al. [228] investigated a suitable lubricant and suitable lubricating methods
for warm SPIF of AZ31 sheet. K2Ti4O9 whisker and solid graphite or MoS2 powder-coated
porous ceramic coating (Figure 22) was used as lubrication. They concluded that the
lubrication coating used gave a good lubrication performance.
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De Castro Maciel et al. [162] used boron nitride for incremental stamping of AZ31-B
magnesium. In order to reduce the contact friction between the surface of the forming tool
and the metal sheet, Sy and Nam [229] studied different types of lubricants (MLS2 lithium,
MoS2, solid graphite powder) when forming AZ31 magnesium alloy sheets at elevated
temperatures. It was found that MoS2 gives better surface quality, while solid graphite
powder is harmful to health and the environment.

In the case of aluminium alloys, mineral oils are sufficient to produce elements with
a satisfactory surface quality [148]. On the other hand, solid lubricants are very effective
over a wide temperature range, from room temperature to about 400 ◦C. However, they are
generally coated on the workpiece with a binder by conventional spraying, which adversely
affects their properties and service life. Loganathan et al. [230] used gray relational analysis
to study the effect of SPIF process parameters on the formability of 6061 aluminium alloy
sheets lubricated using SAE20W-40 oil. In a paper by Trzepieciński et al. [231], rib-stiffened
2024-T3 and 7075-T6 Alclad aluminium alloy panels were fabricated using SPIF with
SAE75W-85 gear oil. This oil provided adequate friction reduction of Alclad sheets, so the
clad layer was not interrupted.

A phenomenon limiting the formation of titanium alloy sheets using SPIF methods is
the adhesion of the processed material particles to the tool surface, which intensifies the
deterioration of the surface quality of the drawpieces. Forming of the titanium and titanium
alloy sheets requires the use of a lubricant in the form of MoS2 paste and petroleum jelly in
the proportion 4:1 and a high-speed steel pin with a hardness of 62–65 HRC [38]. Grade
2 titanium sheet revealed a better formability with MoS2 lubricant, which produced a
separation of the specimen asperities and the tool surface [232]. The micro-arc oxidation
process has shown promise in developing a porous lubricant coating for incremental
forming of pure titanium sheets [233].

Table 5 shows the typical lubricants used for SPIF of aluminium, titanium, and magne-
sium alloys. Patel et al. [234] provided evidence that the use of lubricants is indispensable
in reducing the effects of wear and surface roughness of the material and increasing tool life.
Poor lubrication in a SPIF process can generate excessive friction between the tool and the
metal sheet, thus deteriorating the surface finish and deformability of the workpiece [162].
Many incremental sheet-forming studies only refer to the use of lubricant in research, never
describing its specific type or effect on the results obtained. Clearly, in many cases, there is
a lack of information about the role that the lubricant plays in the moulding process.
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Table 5. Typical lubricants used in SPIF of selected materials.

Lubricant Material Shape of Drawpiece Reference

nano-K2Ti4O9 whisker and
organic binder AZ31 truncated pyramid [228]

solid graphite powder, MoS2
grease, MLS2 Lithium grease AZ31 truncated cone [229]

oil coolant and grease Al1100 truncated cone [235]
75W-140 gear oil,
used cooking oil Al-3003O hat-shaped component [236]

Mineral oil AA5754 truncated cone
truncated pyramid [237]

SAE 20w-40 AA6061 truncated cone [230]
cutting oil AA2024 complex part [238]
mineral oil AA2024-T4 truncated cone [239]

SAE 75W-85 gear oil AA2024-T3 rib-stiffened panel [231]

mineral oil AA2219-O
AA2219-T6 frustum pyramid [240]

engine oil (grade not provided)
PTFE based grease AA 5052 truncated pyramid

70◦ cone and funnel
[181,241]

[242]
solid graphite powder, MoS2
grease, MLS2 lithium grease AA5055 truncated cone [229]

Alpha SP 68, Alpha SP 150,
Alpha SP 320 AA6063-O truncated cone [66]

SAE 75W-85 gear oil 7075-T6 rib-stiffened panel [231]
solid graphite powder,

boron nitride spray
ROCOL RTD liquid

vegetable oils

Ti-6Al-4V
truncated cone
cranial implant
truncated cone

[40]
[150]
[243]

mixture of MoS2 powder
grease pure titanium truncated cone [244]

chlorine-containing
forming oils titanium grade 1 denture plate [193]

Nuto 46 hydraulic oil
ceramic grease WEICON ASW

040P
MoS2

titanium grade 2
clavicle

facial implant
dome-like shape

[152]
[245]
[246]

8.3. Determination of COF

The methods of determination of COF in SPIF are generally based on the values of the
components of the forming force. The methods are very limited, because there is a problem
of separating the frictional resistance from the resistance associated with overcoming the
frictional resistance. Saidi et al. [247] proposed an approach for estimating the COF in
SPIF on the basis of the values of the components of the forming forces Fx, Fy, and Fz
(Figure 23) during the forming of truncated cones with a wall angle α. It was assumed
that COF is estimated on the basis of a uniform displacement of the tool on the sheet
surface. The second assumption was that the values of the friction coefficient vary along
the drawpieces formed. The COF was calculated by the following relation [247]:

µ =

√
F2

x + F2
y

Fz
. (1)

The increase of the friction coefficient determined on the basis of Equation (1) would
enhance the SPIF, the forming stability, and the formability [248,249].

Lu et al. [57] defined the friction indicator µ* according to the approach of Xu
et al. [209]. In a similar manner to the concept of Saidi et al. [247], indicator µ* is de-
fined as the ratio between the in-plane fZ and vertical fH force components at the mid
position of the U-shaped groove in each pass, according to Equation (2) [57]:

µ∗ =
fH

| fZ|
=

f riction + f orming load
| fZ|

. (2)
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The value of indicator µ* is related to friction conditions and other effects such as
the strain geometry of the desired component and the work-hardening phenomenon. Lu
et al. [57] tested the friction conditions of AA2024, AA5052, and AA6111 aluminium alloy
sheets using a rigid tool and a roller-type tool. The results revealed that lower friction can
be obtained using roller-type tools.

Durante et al. [18] determined the value of COF by means of sliding tests on specimens
20 mm in width (Figure 24) that were fixed at the ends by a blocking system. The formula
for determination of the COF value is [18]:

µ =

∣∣∣∣ Fh
Fv

∣∣∣∣ (3)

where Fv and Fh are vertical and in-plane components of the forming force, respectively.
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Figure 24. A strip specimen used for the determination of COF (reproduced with permission from
Reference [18]; copyright © 2019 Elsevier).

COF has been determined during four passes of the tool on the sheet surface according
to Figure 25, once the force has achieved a steady state. Sakhtemanian et al. [250] used the
method proposed by Durante et al. [18] to determine and set the COF in the numerical
model of ultrasonic-assisted SPIF. Under the influence of ultrasonic vibration and due to
the creation of surface effects, the COF between the workpiece and tool surface increased
from 24 to 37% depending on the process conditions.
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Contrary to the COF determined by Durante et al. [18], Wei et al. [251] used Equa-
tion (3) to determine the friction indicator based on the force components registered when
forming pyramidal frusta. It was found that the value of the friction indicator increases as
the thickness of the sheet increases. Moreover, the value of the friction indicator steadily
increases with an increase in step size. However, the importance of increasing step size
decreases as the SPIF is carried out with a tool with a diameter greater than 7 mm. Wei
et al. [251] also observed that material type is the major factor influencing the friction
condition. The influence of feed rate and tool rotational speed on friction conditions and
friction may also depend on the material type [252,253]. Recently, many studies [9,18]
revealed the friction indicator as the function of tool rotation. According to these studies
and the work of Durante et al. [58], it can be concluded that the friction indicator has a
significant effect on surface roughness.

Conventional tribotests typically destined to study the wear behaviour of materials
are also used to assess friction in SPIF. The pin-on-disc tribometer is used by Minutolo
et al. [254] to determine the COF value for numerical modelling of the forming of frustums
of cones and of pyramids made of 7075-T0 aluminium alloy sheet. The sliding speed in
the pin-on-disc apparatus was set equal to the tool feed rate in the motion of achievement
of the groove. Comparison of numerical results with experimental results showed that
the pin-on-disc-tribometer is useful in friction analysis in SPIF processes. Hussain and Al-
Ghamdi [255] investigated the different lubrication strategies during SPIF of pure titanium
sheets using the pin-on-disc tribometer. The friction coefficient of the coating decreased
from 0.5 to 0.2 as the proportional quantity of MoS2 powder in the grease was increased.
Excessively large quantities of the powder (greater that 80%) resulted in increased friction.

9. Robotisation in ISF

The first research related to SPIF was performed on three-axis CNC milling machines
due to their high rigidity, the possibility of easily generating the toolpath using CAM
software, as well as the possibility of applying a spindle speed to the punch. Starting from
these CNC milling machines, dedicated SPIF machines were built, which had superior
forces. However, a number of studies have been conducted recently concerning the use
of industrial robots in part manufacture using SPIF. Even though industrial robots have
a lower rigidity compared to dedicated machines or CNC milling machines, they offer
the SPIF greater flexibility due to the higher number of degrees of freedom. Furthermore,
in recent research, they were also used for the online measurement of strains or of the
accuracy of parts obtained by SPIF as a result of the possibility of vertically positioning the
workpiece robots.

Among the first studies related to the use of robots in ISF was one concerning off-line
compensation of toolpath deviation [256]. The authors of the study linked the geometric
errors of the parts produced by SPIF to the position error of the tool center, an error
which, in turn, is caused by the elastic deformations to which the robot is subjected
during manufacturing. The robot used was a Fanuc 420iF robot, and the research was a
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combination of finite element analysis (FEA) and experimental research. The position error
of the tool centre was initially determined using multi-body system modelling, the robot
being fully described as an elastic 3D system with joints and links for both the open-loop
and closed-loop variants. Having described the general model, the stiffness parameters
were calculated for the robot used in the study. For a frustum-of-a-cone shaped part
and using finite element analysis, they determined the variations of the forces during the
SPIF process. These forces were used as input data for the 3D elastic model of the robot,
resulting in the position error of the tool centre. Knowing this error allowed compensation
to be introduced into the toolpath, and the comparison of the results for a frustum-of-as-
cone shape and a frustum-of-a-pyramid shape showed that the geometrical accuracy is
significantly improved in the case of the compensated toolpath when compared to the
uncompensated toolpath.

Another paper related to an energetic analysis of ISF for cases using industrial robots,
CNC milling machines, or dedicated ISF machines, was published by Ingarao et al. [237].
For the study, the same parts were obtained on a CNC MAHO MH 600C milling machine,
on a Kuka KR210 robot, and on a dedicated AMINO machine using the same 10 mm
diameter punch and measuring the forces, as well as the energy consumed, in the process.
Compared to the milling machine, the robot consumed 83% less energy, which was also
due to the fact that not all CNC machine units are required for ISF (e.g., the hydraulic unit).
Compared to the dedicated machine, even if the average energy consumption is better
than that of the robot, the latter is the optimal solution when it comes to the total energy
consumption, since it has the lowest value. In this paper, the authors also developed a
parametric model capable of predicting the total electricity consumption depending on the
process parameters (material characteristics, thickness, wall angle, and base dimension of
the frustum of a cone).

A study on robot-assisted incremental forming under different forming conditions
was developed by Mohanty et al. [89]. The main improvement brought to the conventional
SPIF process was that of increasing the number of degrees of freedom by 2, offering
the possibility of tilting the punch and thus improving the formability of the material.
The research in the paper presented a numerical–experimental comparison for an Al1100
aluminium sheet of 1.2 mm thickness. The influence of the tilting angle on the formability
and forming forces during the robot-assisted incremental forming was studied in this
paper. The tilting angle leads to increased formability, with delayed occurrence of fractures,
but it also leads to a slight increase of the peak force in SPIF. Another paper, by the same
authors [200], investigated the influence of the tilting angle and rotation velocity on the
surface quality in robot-assisted incremental forming. The conclusions reached by the
authors were that a decrease in roughness is observed with increasing tilting angle, as
well as an increase in roughness with increasing rotation velocity. The lowest effect on the
surface quality of the parts was that of the vertical step.

Ismail et al. [201] used the Taguchi method and ANOVA analysis to identify the
most significant parameters affecting the surface roughness of parts made of 0.5 mm thick
AA3003 aluminium alloy manufactured by robot-based SPIF. The parameters considered
were the wall angle, robot speed, and vertical step, each being designed to have three
levels. The results of the analysis led to the conclusion that the robot-assisted processing
did not cause excessive damage to the surface quality compared to the use of conventional
machines, and it was estimated that in order to obtain the best possible quality of processed
surface, the optimal parameters are a 0.3 mm vertical step and a 150 mm/s robot speed for
a part with a 45◦ wall angle.

For parts with a small wall angle, the springback is greater due to insufficient strength,
and implicitly, the geometric errors are also higher [257,258]. In order to remove this
drawback, Mohammadi et al. [259] use an industrial robot to assist the SPIF process with
a laser beam that heats the work area and improves the forming condition. In this paper,
different laser spot positioning strategies are considered for the processing of AA5182-O
aluminium alloy parts, which is a material with low formability at room temperature.



Metals 2021, 11, 1188 35 of 55

The study contains a section dedicated to numerical simulation, which is necessary to
determine the forces in the forming process, with two analyses being run, one cold and
one hot, simulating the effect of the laser (Figure 26). Subsequently, using the same data
as in the case of the numerical simulations, a programme of experimental research was
conducted measuring the geometric errors for parts with a 20◦ wall angle. In the case
of laser-assisted SPIF, the errors are much smaller than is the case with cold forming. To
validate these results, the same strategy was applied in the case of AA2024 aluminium
alloy of 0.5 mm thickness, also obtaining better results in the case of the laser-assisted
SPIF process.
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Zwierzycki et al. [260] proposed a study to reduce the springback errors in the SPIF
process based on the localised method and the learning method. The localised method,
which takes place during the SPIF process, involves the existence of a laser mounted on the
robotic arm needed to measure the deviation of the processed part from the ideal shape
of the part, and the dependence relation between the ideal shape and the one obtained is
modelled by means of a regression relation. Following the forming process, the toolpath
is corrected so that the parts that will later be deformed will be produced with minimal
deviations. The second method is based on machine learning and involves collecting data
before the SPIF processing, as early as the design phase, by generating a database that
helps find an optimal toolpath so that the geometrical accuracy obtained in the parts that
are manufactured is the best possible. One disadvantage of the second method is that very
many samples (approximately 10,000) are required to guarantee proper part accuracy.

10. Emerging Incremental Forming Methods

One of the latest techniques to form a sheet is ISF, in which the patent of die-less
incremental sheet forming goes as far back as Leszak [6] in 1967; nevertheless, the invention
of Berghahn [261] has greater similarity to current conventional incremental sheet forming.
Emeens et al. [262] have claimed that the previously mentioned patents could not represent
the start of current developments in ISF. He asserted that the work done by Mason [263]
can be regarded as the origin of ISF.

In recent years, incremental sheet-forming processes have been developed using a
different assistant to optimise and improve the technique. Many researchers have utilised
a nozzle instead of a rigid tool to pressurise water in the ISF process, namely incremental
sheet forming using a water jet (WJ-ISF). The first use of WJ-ISF was by Iseki [264]; WJ-ISF
has many advantages, such as producing less friction force, better surface roughness, and no
tool–sheet contact, which obviates the need for a lubricant. The first ISF forming using laser-
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assisted techniques was undertaken by Duflou et al. [37], with ultrasonic-assisted [72,97],
electromagnetic-assisted [265], and electric heating [266] methods also being developed,
as shown in Figure 27. To overcome the issue of the spark phenomenon in EADSIF,
Valoppi et al. [88] proposed electrically-assisted mixed double-sided incremental forming
(E-MDSIF) and electrically-assisted accumulative double-sided incremental forming (E-
ADSIF). These processes improved the geometrical accuracy and formability of Ti6Al4V
sheets. Saidi et al. [267] have formed Ti-6Al-4V sheets incrementally with a heat-assisted
method using cartridge heaters. High-speed and high-pressure micro waterjet incremental
sheet forming can be carried out with full or partial supporting dies (Figure 28). Such a
configuration is designed to form metal foils.
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More studies and investigations have been published to better understand the above-
mentioned methods for carrying out ISF using a water jet [269–273] and water jet incremen-
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tal micro-forming with supporting dies [267]. Water jet incremental forming technology
has also been used for the metal bellows forming process [274]. ISF has been studied by
many researchers using laser [275,276], ultrasonic [98,277–279], electromagnetic [280,281],
and electrical heating [175,282,283], and in addition, a novel design using integral electric
heating instead of local heating for incremental forming was proposed by Li et al. [169].
Furthermore, electrically-assisted double-sided incremental forming was investigated by
Xu [47]. Other heating techniques have been investigated using a halogen lamp in [178,284],
induction heating [285–288], heating generated by friction [80,289–291], and blowing hot
air for the purpose of heating [179,180,292,293].

Friction stir-assisted incremental forming (Figure 29) can effectively improve sheet
formability. However, high-speed friction between the tool and the deforming sheet metal
may cause bad surface quality, and process parameters have contradictory effects on
formability and surface quality. However, high temperature in the contact zone leads to
the formation of surface defects: cuttings and fish scale. These contradictory effects have
been overcome by Wang et al. [294], who found that a reasonable combination of rotating
speed and step depth can avoid cutting defects. The optimum temperatures for forming
AA2024-T3 and AA5052-H32 were found to be 170–200 ◦C and 135–150 ◦C, respectively.
The most favourable warm forming temperature for AZ31 magnesium alloy sheet is about
250 ◦C [295].
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Electropulsing-assisted SPIF (EPSPIF) (Figure 30) could enhance the formability of
hard-to-deform materials, such as α-β Ti-6Al-4V titanium alloy. Ao et al. [282] found that
the formability of this alloy was increased by 417.9% compared to conventional ambient
SPIF. The main advantage of electropulsing was decreasing the strong texture strength,
which delayed crack occurrence.
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Zhang et al. [82,296] proposed the global heating approach during warm SPIF (WSPIF)
assisted with oil bath heating (Figure 31). The results conducted according to the Box–
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Bhenken design indicated the proposed approach was capable of forming AZ31B mag-
nesium alloy sheets. Temperature is the most influential factor during warm forming
of AZ31B alloy. Less important parameters affecting formability are sheet thickness and
step depth.
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In 2020, Chang and Chen [297] proposed the novel three-sheet incremental forming
(TSIF). Put simply, the procedure of TSIF is to add a target sheet with lower formability
between the lower auxiliary sheet and the upper auxiliary sheet (Figure 32). The three
sheets are formed to the desired shape in a similar manner to conventional SPIF. Due to
the extra compressive stress of the target sheet on the upper auxiliary sheet, the through-
thickness and meridional stresses in the contact region are much larger than those in
conventional SPIF (Figure 33). This results in the inhibition of crack growth and increasing
material formability. Comparison of the fracture strains between TSIF and conventional
SPIF are shown in Figure 34.
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Recently, the micro ISF (µISF) method for producing microstructures has been de-
veloped by Saotome and Okamoto [298]. They developed a method for observing the
forming process using the scanning electron microscope. In the years that followed, many
studies were carried out to optimise the processing parameters for various kinds of sheet
materials. Song et al. [299] applied an experimental and numerical approach to the study of
deformation mechanisms in micro-incremental sheet forming of truncated pyramids made
of 1145 aluminium foil. Muthusamy et al. [300] found that the step size and spindle speed
had the greatest influence on the deformability of the material. Hydrodynamic lubrication
was achieved at high rotational speeds of the tool. The µISF process, due to the impact of
the scale effect on the deformation mechanisms of the material, differs significantly from
classical SPIF methods [300,301]. The scale effect can be considered in terms of friction
and material formability. According to the theory of open and closed oil pockets, friction
increases as component size decreases [302]. On a micro scale, material deformation mech-
anisms and fracture modes are significantly different from those in macro scale [303,304].
The influence of crystal structure and grain size on material behavior during progressive
micro-scaled deformation of metallic materials was investigated by Tang et al. [305]. It
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was found that rollover and burr in microparts made of hexagonal close-packed (HCP)
titanium are less severe than in those made of face-centred cubic (FCC) copper. In the
manufactured microcomponents made of pure titanium with coarse grains, twinning acted
as a main deformation mechanism. The dependence between the length of the deformed
grains and the initial grain size was not noticeable.

Based on the µISF technique, the micro–macro hybrid ISF technique was proposed,
mainly for the processing of titanium biomedical implants. The component is first produced
by a macro-forming method. Then, the final shape is formed on a micro scale. Such a
method makes it possible to reduce costs and increase efficiency [19]. Research directions
related to the µISF are shown in Figure 35. In order to ensure the geometrical accuracy of
the micro-parts, it is necessary to develop models of material deformation at various scales
and use intelligent algorithms to optimise the process parameters [19,306]. In the mISF
process, it is possible to ensure the possibility of active control of the machining marks
formed in the first stage of macro ISF [307]. The surface quality of the product is crucial in
ensuring surface biocompatibility. The development of appropriate processing conditions
is possible on the basis of theoretical and experimental investigations [19].
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11. Conclusions and Future Directions

This article provides an overview of aspects of current research on SPIF of lightweight
materials technology. Research directions and challenges of incremental forming methods
are presented on the basis of relevant studies in the literature. It should be noted that
in recent years, new niche variants of SPIF have become popular, which still require
further development and research, including those carried out in industrial conditions.
The following conclusions and future directions can be drawn:

• Due to its high formability, aluminium is the dominant material under investigation
in SPIF. Aluminium alloys, especially 2000- and 7000-series, can be distinguished in
second place. Among the sheet materials mentioned in the mainstream, the least
investigated metals are titanium and its alloys and magnesium alloys. Improvement
in the formability of these materials was achieved by using methods carried out at
elevated temperatures.

• Due to the interactions between process parameters and their different influence when
forming different materials, there are many contradictions in the influence of process
parameters on the formability of sheets. Moreover, only two basic shapes of test
objects are used: truncated cones and truncated pyramids. Different shapes of final
component and the many types of lubricants used make it difficult to compare data
for different materials.

• Lubricants that have been developed for conventional deep drawing methods are
commonly used in SPIF. Gear oil and mineral oil are the main lubricants used in
the forming of aluminium alloy sheets. In the case of titanium and its alloys, the
most important is MoS2 and slid graphite powder. Although most lubricants are
petroleum-based, biodegradable vegetable oils are playing an increasing role in SPIF.
Further research is required to evaluate the performance of a specific lubricant with
respect to processing temperature and a specific material in the SPIF process.

• In the SPIF process, hemispherical tools are used in most cases. However, inves-
tigations on using flat tools, which reduce the pillowing effect, are welcome. The
interaction between tool and workpiece materials has not been sufficiently explored.
At the same time, it was found that the predominant wear of the tool is adhesive
wear, but there is insufficient research on the effect of the rotational speed of the tool
and the direction of rotation on quantitative wear of the tool and the flattening of the
sheet material.

• Most of the research work is devoted to SPIF, which does not require special equipment
and tools. In addition to conventional CNC machine tools, there is a growing interest
in the use of industrial robots characterised by greater flexibility in the processing
of large 3D parts. Very little work has been done on the development of the TPIF
variant, which provides a higher formability limit than SPIF. The popularisation of
the robotisation of this process is believed to open a new window in research. So far,
only a single manufacturer (AMINO) has developed a machine for SPIF. Compared
to conventional CNC machine tools, it is a more energy-consuming machine. While
conventional CNC machines work well under cold-forming conditions, there are no
commercially available and adequately equipped machines ensuring processing at
elevated temperature.

• In general, the mechanics of SPIF is a complex combination of three different mech-
anisms, i.e., stretching, bending, and shear. Most of the research is limited to the
analysis of the forming of components with simple geometry with various dimen-
sions. This makes it difficult to generalise conclusions on other processing parameters,
sheet materials with various thicknesses, and drawpieces differing in the angle of
the walls. The role of individual deformation mechanisms under various operating
conditions requires further research on common materials, process parameters, and
shapes. Material springback is practically ignored in research or is a secondary topic.

• The directions of reduction of the forming forces are related not only to ensuring the
appropriate quality of the surface finish but also to reducing the energy consumption
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of the process. So far, the influence of process parameters on the components of
the forming force has been very well investigated experimentally. The numerical
finite element-based simulations used to predict forming forces are computationally
demanding and often have to be verified experimentally. The development of effec-
tive analytical methods for predicting the forming force is awaited by the industrial
designers of SPIF.

• In recent years, variants of the SPIF method have been dynamically developing,
extending the scope of application of this method to hard-to-deform materials. De-
velopmental, so far not sufficiently tested, forming techniques include laser-assisted
ISF, which considerably reduces the forming force and water jet-assisted ISF, which
completely eliminates metallic contact between the tool and the sheet. The ultrasonic-
assisted ISF method was developed a few years ago, and this, although requiring
a long forming time, is promising in improving the surface finish. The industrial
application of these methods requires an increase in scientific research.

• It is suggested that future research should be focused on optimising process param-
eters for the use of SPIF methods to form various lightweight alloys used in the
aerospace industry, in which products are manufactured in relatively small series.
SPIF is generally suitable for increasing the formability of materials.

The SPIF technique has been developed over many years with many interests and
advanced improvement; this technique’s industrial adoption/interest is relatively slow
compared to additive manufacturing techniques (single-point incremental welding). De-
spite the numerous advantages of SPIF, such as improved formability, surface quality
improvement, and removal of the requirement of expensive dies, it also has fundamental
limitations in many industries. Geometric accuracy attributed to springback effects and
residual stresses is one of the dominant limits for the further development and commer-
cialisation of the SPIF [21]. The elastic springback effect may play an important role when
forming stainless steel sheet metal, especially if the gap between the tool and the support
has been left large or forming without support is performed. Thus, thermal treatment for
residual stress removal may be required before cut-out operations [308].

Due to the localised deformation feature, ISF methods are cost-effective in small
batch production or prototyping due to the long forming times compared to conventional
stamping or other competitive processes such as deep drawing [309]. Moreover, SPIF
is ideally suited for a small batch of sheet metal parts because of the absence of a die.
Medicinal applications such as manufacturing a metal denture base (framework) using
SPIF [310] and the production of a cranial plate used in reconstructive skull surgery
typically fit within this category. Many implants that are manufactured using hydroforming
could also be manufactured using ISF [311]. Conventional large-lot forming processes
require long die-preparation times, with specific dies for each part, particularly when the
parts have complex shapes or are only needed in small series (unique vehicles) [1]. In order
to decrease the production time of new components, the prototypes can be produced rapidly.
Changes can be made to the product design very quickly and easily, with minimal cost.

Surface finish represented by the large-scale waviness created by the tool path is
considered a weak point for ISF. The problem of poor surface quality of the SPIFed parts
due to large scale waviness created by the tool path can be overcome in single point
incremental forming using a dummy sheet [212]. A steel dummy would separate the
forming tool and the titanium plate and solve the surface problems when forming denture
plates [312]. Implants can be acquired through conventional SMF processes, but limitations
such as long fabrication period, high cost, and poor customisation severely influence
their wide application in the medical field [19]. The SPIF has potential in manufacturing
medicinal parts in several aspects, including the manufacturing cost, reduction of material
waste, forming quality, and good adaptation for different kinds of materials and types
of implants [19,21,49]. Considering the application environment of medicinal implants,
biological surface modification was introduced in the novel conception of macro–micro
hybrid ISF [19].
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Another disadvantage of ISF is the reduced geometric accuracy of the products, espe-
cially in places with small rounding radii, and the occurrence of significant springback of
the material, which can be minimised using appropriate algorithms correcting the toolpath.

The industrial application of ISF is still limited by the poor formability of “difficult to
form” materials such as titanium alloys. One approach to overcome the stated constraint is
to use the advantages of metal forming at elevated temperatures or pre-heating the sheet
metal. For the temperature input into the workpiece, there are different approaches such
as heating with warm fluids, a laser beam, or using direct resistance heating [313]. The
use of modern variants of SPIF (i.e., laser-assisted ISF, ultrasonic-assisted ISF) permits
significant reduction of manufacturing costs when forming “difficult-to-form” materials.
Robotic ISF is more flexible than the CNC machine method, more cost-effective for large
parts, and easy to achieve when the right tools are used. Since a robot’s workspace is much
larger than that of a CNC machine, it is possible to create large parts with this method. In
addition, some papers have stated that in ISF, it is still too hard to form parts with right
angles [312] or it cannot be achieved with one step [309]. Parts with a 90◦ wall angle (right
angle) can be obtained by adopting non-linear strain paths by multi-stages, but to this end,
the initial thickness of the sheet must be increased. Accordingly, increasing the thickness
has a restriction, such as the limitation of maximum machine load due to the increase of
the forming force [314].
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Symbol Definition
AC Alternative Current
ADSIF Accumulative Double-Side Incremental Forming
AISF Asymmetric Incremental Sheet Forming
ANFIS Adaptive Neuro-Fuzzy Inference System
ANN Artificial Neural Networks
ANOVA Analysis of Variance
CAD/CAM Computer-Aided Design/Computer Aided Manufacturing
CNC Computer Numerical Control
COF Coefficient of Friction
CP-Ti Commercially Pure Titanium
DC Direct Current
DLVO Derjaguin–Landau–Verwey–Overbeck
DoE Design of Experiment
DSIF Double-Sided Incremental Sheet Forming
E-ADSIF Electrically-Assisted Accumulative Double-Sided Incremental Forming
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E-MDSIF Electrically-Assisted Mixed Double-Sided Incremental Forming
EADSIF Electrically-Assisted Double-Sided Incremental Forming
EDS Energy-Dispersive X-Ray Spectroscopy
EHISF Electric Hot Incremental Sheet Forming
EPSPIF Electropulsing-Assisted Single Point Incremental Forming
FCC Face-Centred Cubic
FEA Finite Element Analysis
FEM Finite Element Method
FLC Forming Limit Curve
FLD Forming Limit Diagram
GA Genetic Algorithm
HCP Hexagonal Close-Packed
ISF Incremental Sheet Forming
MARS Multivariate Adaptive Regression Splines
MPC Model Predictive Control
NC Numerical Control
ORB Oblique Roller Ball
RP Rapid Prototyping
RSM Response Surface Method
RVE Representative Volume Element
SMF Sheet Metal Forming
SPIF Single Point Incremental Forming
STL Stereolitography
TPIF Two-Point Incremental Forming
TTS Through Thickness Shear
TSIF Three-Sheet Incremental Forming
UV Ultrasonic Vibration
VRB Vertical Roller-Ball
WISF Warm Single-Point Incremental Forming
WJ-ISF Water Jet Incremental Sheet Forming
µISF Micro Incremental Sheet Forming
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219. Trzepieciński, T. Tribological Performance of Environmentally Friendly Bio-Degradable Lubricants Based on a Combination of
Boric Acid and Bio-Based Oils. Materials 2020, 13, 3892. [CrossRef]

220. Zareh-Desari, B.; Abaszadeh-Yakhforvazani, M.; Khalilpourazary, S. The effect of nanoparticle additives on lubrication perfor-
mance in deep drawing process: Evaluation of forming load, friction coefficient and surface quality. Int. J. Precis. Eng. Manuf.
2015, 16, 929–936. [CrossRef]

221. Shah, A.B.; Kothari, K.; Anil, P.M. A Comparative Study on the Tribological Performance of Lubricating Oils with ZrO2, CuO and
ZnO Nanoparticles as Additives. Int. J. Appl. Eng. Res. 2015, 10, 1–4.

222. Moghadam, T.F.; Azizian, S.; Wettig, S. Synergistic behaviour of ZnO nanoparticles and gemini surfactants on the dynamic and
equilibrium oil/water interfacial tension. Phys. Chem. Chem. Phys. 2015, 17, 7122–7129. [CrossRef] [PubMed]

223. Rylski, A.; Siczek, K. The Effect of Addition of Nanoparticles, Especially ZrO2-Based, on Tribological Behavior of Lubricants.
Lubricants 2020, 8, 23. [CrossRef]

224. Cortes, V.; Sanchez, K.; Gonzales, R.; Alcoutlabi, M.; Ortega, J.A. The Performance of SiO2 and TiO2 Nanoparticles as Lubricant
Additives in Sunflower Oil. Lubricants 2020, 8, 10. [CrossRef]

225. Peng, D.X.; Chen, C.H. Size effects of SiO2 nanoparticles a soil additives on tribology oflubricant. Ind. Lubr. Tribol. 2010, 62,
111–120. [CrossRef]

226. Xu, Z.Y.; Xu, Y.; Hu, K.H.; Xu, Y.F.; Hu, X.G. Formation and tribological properties of hollow sphere-like nano-MoS2 precipitated
in TiO2 particles. Tribol. Int. 2015, 81, 139–148. [CrossRef]

227. Mobarak, H.M.; Niza Mohamad, E.; Masjuki, H.H.; Kalam, M.A.; Al Mahmud, K.A.H.; Habibullah, M.; Ashraful, A.M. The
prospects of biolubricants as alternatives in automotive applications. Renew. Sustain. Energy Rev. 2014, 33, 34–43. [CrossRef]

228. Zhang, Q.; Xiao, F.; Guo, H.; Li, C.; Gao, L.; Guo, X.; Han, W.; Bondarev, A.B. Warm Negative Incremental Forming of Magnesium
Alloy AZ31 Sheet: New Lubricating Method. J. Mater. Process. Technol. 2010, 210, 323–329. [CrossRef]

229. Sy, L.V.; Nam, N.T. Hot incremental forming of magnesium and aluminum alloy sheets by using direct heating system. Proc. Inst.
Mech. Eng. Part B J. Eng. Manuf. 2013, 227, 1099–1110.

230. Loganathan, D.; Kumar, S.S.; Ramadoss, R. Grey Relational Analysis-Based Optimisation of Input Parameters of Incremental
Forming Process Applied to the AA6061 Alloy. Trans. Famena 2020, 44, 93–104. [CrossRef]
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