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Abstract. Incremental forming is one of the most well-known forming processes for complex and asymmetric
parts. This method uses a CNC machine, simple forming tool, and a die. This study focused on effects of some
parameters such as the material, feed rate, pitch, rotational speed and movement strategy of tool on the
dimensional precision, forming force, thickness distribution and fracture in the welding area. The results showed
that single point incremental forming (SPIF) led to a better thickness distribution with lower tool force, whereas
two-point incremental forming led to better dimensional accuracy. Rotational speed does not have any
significant impact on the forming process while decreasing the feed rate partially reduced the forming force.
According to the results, although dimensional precision in double point incremental forming is better than
SPIF, when it comes to the thickness distribution, forming force, and economic issues, SPIF is in favor. The
results also showed that by connecting two materials, different parameters for the two materials could be
investigated simultaneously in one simulation process.

Keywords: Incremental forming / single point incremental forming / double point incremental forming / finite
element method / simulation of a two-material-sheet
1 Introduction

In this fast-paced world, it is reasonable for the industry to
seek fast, economical, and high quality approaches for
forming parts. In modern approaches, not only have needs
for different shapes been increased, but also the cost of
manufacturing has decreased significantly. Additionally,
conventional methods are in a great need for dies.

Incremental forming is one of the most practical rapid
prototyping methods. This process is carried out using a
CNC machine and a tool with a spherical head to make
local plastic forming on the sheet. There are two contacts in
this method, namely the single point and double point
contact.

Jeswiet [1] described important parameters in incremen-
tal forming and also developed a new strategy for the
movement of the tool. Kopac and Kampus [2] introduced
and compared two strategies of inner and outermovement of
the tool. They reported that the inner movement of the tool
makes a more precise (lower surface brittleness) forming.
Duflou et al. [3] used amulti-step toolpath strategy for single
point incremental forming (SPIF). Attanasio et al. [4] could
improve dimensional precision and surface quality and
decreased the sheet thinning phenomenon by optimizing the
asood_ghassabi@mecheng.iust.ac.ir
tool path in the double point incremental forming (DPIF)
with a spiral movement strategy. Araghi et al. [5] developed
a new hybrid process, a combination of asymmetric
incremental sheet forming and stretch forming. Using this
process, the thickness distribution of the sheet was
improved. Moreover, the time required for forming was
cut down. Yonjuan Wang et al. [6] showed that in DPIF,
formed plate thickness follows the Cosine law, and the initial
thickness influences the angle of the cone. Malhotra et al. [7]
used a second tool as a supporting tool in DPIF, because the
more the pressure on the sheet is, the better thickness
distribution will be achieved. In DPIF and hybrid forming
which are vastly used these days, more complicated parts
can be fabricated if a die is used as well. They indicated that
DPIF leads to a higher dimensional precision than SPIF, due
to the larger contact between the sheet and the tool.
Malhotra et al. [8] suggested a novel accumulative double
sided incremental forming (ADSIF) which implements a
new tool movement strategy. Rui Xu et al. [9] observed that
a part formed by ADSIF showed better fatigue performance
than a virgin material. Sedighi et al. [10] presented an
analytical method based on both upper bound and slip lines
approaches to predict the incremental punching process.
Asgari et al. [11] evaluated the effects of hammering
frequency and tool radius on the mechanical properties of
aluminum sheets in incremental sheet metal hammering
process. Asgari et al. [12] designed and developed an
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Table 1. Simulation parameters.

Parameter Amount

Dimensions of the sheet 110mm� 110mm
Dimensions of the cross section 80mm� 80mm
Thickness of the sheet 1.2mm
Height 5mm
Friction coefficient 0.1
Materials Al-1200, steel-304
Wall angle 45°
Feed rate 1000mm/min
Rotational speed 0 rpm
Pitch 0.5mm
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incremental forming process using hammering and mass
damper, which led to better surface quality. They also took
the geometry, thickness, surface quality and spring-back
under investigation. They reported that the surface
roughness and spring-back decreased by increasing the
punch diameter [13]. Asghari et al. [14] examined the effects
of parameters of DPIF, such as tool nose diameter, wall
angle, rotational speed and deep step, on the minimum
thickness, surface quality, and spring-back. Zhang et al. [15]
introduced a hybrid multi-point incremental forming
process which resulted in improving the properties of the
final part. Davarpanah et al. [16] studied the results of
forming a plate made of PVC using DPIF and SPIF. They
came to conclusion, by studying the forming force and
structure of the formed polymer void, which the DPIF
method leads to more accurate results. Tandon and Sharma
[17] overcome the limits on the forming depth and the wall
angle, to a reasonable extent, by combining incremental
forming and tension. Ben Said et al. [18] optimized four
movement strategies of the tool for favorable thickness and
forming force by considering the elastic-plastic model and
subroutine coding to form a square geometry. Boudhaouia
et al. [19] examined the required forming force and final part
quality of a plate formed with spiral movement strategy of
the tool through experimental and numerical work. Bansal
et al. [20] knowing the importance of the geometrical
accuracy, plate thickness, plate-tool relations and forming
force, introduced an analytical model which was able to
predict the plate thickness and forming force through DPIF
and SPIF. Otsu et al. [21] formed cones with different wall
angles out of a plate made of an aluminum alloy through
SPIF and DPIF. They observed that DPIF can make better
shapes, in particular in terms of the cross-section shape.
Suresh et al. [22] have overcome the disadvantages of SPIF
in forming some certain angles by introducing a number
multi-stage incremental forming methods. As a result, they
could form cylindrical, spherical and square shapes with
critical angles. McAnulty et al. [23] consulted 35 scientific
papers to provide a comprehensive review study of the
effects of parameters such as material thickness, tool
diameter, type and shape of the tool, rotational speed and
direction, feed rate and pitch on the results of SPIF.
Memicoglu et al. [24] introduced a few models for simulation
of incremental forming which gave rise to a 24-fold and 8%
decrease in the processing time and errors. Lu et al. [25]
regarding the relative low accuracy of SPIF, utilized amodel
predictive control approach and DPIF with partial die and
improved the forming accuracy and plate thickness. Min
et al. [26] performed DPIF to form a plate made of metallic
foam and enhanced the forming accuracy, regarding the
natural characteristics of the material. Shamsari et al. [27]
carried out a two-step incremental forming approach to
make a conical frustum. First, a part of the forming was
performed through fluid pressure and then the rest of the
forming was carried out accurately using the suitable
forming tool. They improved the forming depth and plate
thinning coefficient through the combined approach. Mirnia
et al. [28] studied the ductile damage behavior of cones made
ofAl alloys formed using three two-step incremental forming
approaches. They investigated the parameters which
affected the failure analysis. Barnwal et al. [29] conducted
a microstructural study of Al-6061, with high strength/
weight ratio, which is widely used in automobile and
aerospace industry. They examined different strains made
during SPIF.

This paper presents the effects of being two-material-
rectangular (pyramidal) ring on the dimensional precision,
thickness distribution, forming force, and fracture in the
welding regions and the sheet by changing parameters,
which has not been completely evaluated in the previous
researches. Parameters which affect the four mentioned
properties are: movement strategy of the tool, whether to use
SPIF or DPIF approach, rotational speed, feed rate, pitch
size and sheet material. Using a sheet which each half of it is
made of a different type of material, it is possible to examine
the quality of forming two materials simultaneously by
conducting one experiment. Also geometry of a pyramidal
ring, with an inner and outer wall, will lead to a better study.

2 Materials and methods

In this research, Abaqus software was used for simulation.
The sheet is made of two different materials of aluminum
1200 (high-ductile) and steel 304 (low-ductile). It was
assumed that the two halves of the sheet are connected to
each other by a weld joint and have made a uniform sheet.
The geometry used in this work was a pyramidal ring, and
the simulation parameters are presented in Table 1. Since
the geometry was modeled as a shell and an explicit finite
element approach is utilized, S4R elements (four-node shell
element) with 1mm size was used [30]. All the edges were
fixed, and the diameter of the tool was 5mm. A schematic
of SPIF and DPIF is shown in Figure 1a and b.

In previous works, either a supporting tool or an upside-
down die has been used for DPIF, as shown in Figure 1c. In
case of using a die, the outer surface of the sheet is fixed only
horizontally. However, in this work, as shown in Figure 1b,
both the outer and inner areas were fixed in all directions to
have an innovative DPIF (see Fig. 1b).

Since there is a clear need for mass scaling, due to the
long time of the simulation of incremental forming, a mass
scaling factor of 1000 was chosen, by using the trial and
error method. According to the amounts of ratios of
internal energy to kinetic one and internal energy to total
one, static modeling of the simulation process was



Fig. 1. Schematic incremental forming: (a) single point incre-
mental forming (SPIF), (b) double point incremental forming
(DPIF), (c) DPIF with an upside-down die.
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confirmed. It is worthwhile to mention that for a part of
simulations, due to the high number of contacts between
surfaces, the mass scaling factor was chosen 10 000.
Correlation of the tool force for the modeling with two
mass scaling factors of 1000 and 10 000 shows that there is
no problem with using different mass scaling factors (see
Fig. 2). It should be noted that the noise in reporting the
tool force is inevitable in explicit finite element approach.

3 Results and discussion

3.1 Effective parameters on dimensional precision
3.1.1 Movement strategy

Four tool movement strategies were investigated, in this
work. The tool path was spiral for all movement strategies,
as it leads to better results in quality [30]. In the first
movement strategy, first, the outer wall and then the inner
wall is formed (see Fig. 3a). While in the second movement
strategy (see Fig. 3b), the tool also passes the pyramidal
ring bottom after forming the inner wall. In the third
strategy, first the inner wall and the outer wall is formed
(see Fig. 3c). Whereas, in the fourth strategy, the tool also
passes the pyramidal ring bottom after forming the outer
wall (see Fig. 3d). It can be seen from Figure 4a, which
shows SPIF results, that the second and fourth strategies,
especially the second, led to better results, due to the longer
tool path. However, owing to the importance of time for
simulation, the first strategy was selected as the basis for
simulation out of the first and the third strategies.

It can be seen fromFigure 4b, which shows DPIF results,
that the aforementioned facts about SPIF with different
movement strategies are also true about DPIF with the
same movement strategies. As predictable, DPIF products
were of better quality especially on the top edges, because of
the supportive die under the sheet. Due to the high cost of
producing dies, SPIF still is favored over DPIF. After all,
DPIF with the second movement strategy can be named as
the best approach, in terms of dimensional precision.

It should be noted that in forming the inner wall, the
tool was closer to the edge of the sheet compared to forming
the outer wall; this is why forming the inner wall was more
favorable, the fracture is more likely around the edge
nonetheless. Therefore, the best distance to the edge should
be attained.

There is a bumpwith the height of less than 5mm in the
central part of the ring due to spring back behavior of the
sheet. While the there is no bump around the edge of the
sheet, thanks to the stronger plastic behavior there.

Figure 5 shows the final state of the basic simulation.
The weld line and the direction perpendicular to it can be
seen in Figure 5. According to Figure 5 and the starting and
ending point of the path, since the tool path was spiral, the
final shape was close to the favorable shape. As a result,
better quality in diagrams in the direction of the weld line
for the second hole is explainable.

3.1.2 Rotational speed

The effect of the rotational speed can be seen in Figure 6a by
comparing the results at 0, 50, 100, and 400 rpm counter-
clockwise. As seen in Figure 6a, the rotational speed does not
influence the dimensional precision. Therefore, in order to
save energy, no rotation was used in the simulation process.

3.1.3 Feed rate

The dimensional precision with different feed rates of 500,
800, and 1000mm/min can be seen in Figure 6b since the
feed rate as no effect on the dimensional precision, it was
chosen 1000 in order to have a faster simulation.

3.1.4 Pitch

Figure 6c shows the dimensional precision with respect to
the pitch size. The pitch size was chosen 0.5, 0.7, and 1mm.
Since there is a direct relationship between the pitch and
the spring back, the dimensional precision was decreased



Fig. 2. Tool force using two different mass scaling factor of 1000 and 10 000.
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by increasing the pitch. As a result, the pitch was chosen
0.5mm in the simulation process.

It must be mentioned that all the diagrams were
achieved in the weld line direction, as this research focuses
on the presence of the weld and its effect on DPIF and
SPIF. Indeed, the holistic concept of the mentioned facts
are true in the direction perpendicular to the weld line. As
seen in Figure 6d, although the dimensional precision was
better for the left hole, it is just because in this direction,
the forming started on the half made of steel, and continued
on the half made of aluminum, which led to less forming in
the half made of aluminum, consequently.

3.1.5 Material

In order to study the effect of the material on the
dimensional accuracy, three different sheets made of
aluminum, steel, and aluminum–steel were simulated (see
Fig. 6e). For the aluminum sheet, due to its lower strength,
better dimensional precision was achieved as a result,
although it was hampered in the corners of the hole, due to
the high plastic behavior of the aluminum sheet there.

The reasonable correlation between the left holes of the
steel and aluminum–steel sheet, and the right holes of the
aluminum and aluminum–steel sheet confirms that
simulation of a single sheet made of two materials can
be used instead of simulation of two sheets made of two
materials to lower the simulation time (see Fig. 6f).

The spring-back of steel sheets at the end of the forming
process is more than aluminum spring-back, owing to the
high plastic behavior of the aluminum there. In all of the
diagrams, the spring-back at the corner of the inner wall is
more than the outer wall of the ring. The reason underlying
this phenomenon is that in the selected tool path, when the
tool passes the inner wall, the outer wall is brought down a
little, simultaneously with forming the inner wall. Thus,
the maximum depth in the corner of the outer wall
exceeded the ideal depth.

3.2 Effective parameters on the thickness distribution
3.2.1 Movement strategy

As seen in Figure 7a which symmetry is clear in it, for the
forming process with the third and fourth movement
strategies, the second peak in thickness is larger, because
the forming process started from the central region of the
sheet. However, there is a contrary behavior for the forming
process with the first and second movement strategies. In
conclusion, the thickness distribution was more favorable
using the first and second movement strategies since the
longer path at the beginning of the forming process led to
higher formability and in turn the better thickness
uniformity.

Since Abaqus determines the thickness of the sheet
based on elements and the weld line consists of a set of
nodes, the software measures the thickness of the adjacent
elements. Due to the fact that the material of the sheet is
different on two sides of the weld line, the thickness in
direction of the weld line reported by the software looks like
a zigzag path (see Fig. 7b). As studying the thickness of the
welding material is not one of the objectives of this work,
the thickness distributions were reported in the direction
perpendicular to the weld line.

In DPIF, the thickness of the sheet must be expected to
be lower, since the sheet is under compression on two sides
(see Fig. 7c).

3.2.2 Rotational speed

Rotational speed is not effective when it comes to the
thickness distribution, just like the dimensional precision.

3.2.3 Feed rate

Feed rate has no effect on the thickness distribution, just
like the dimensional precision.

3.2.4 Material

It can be seen from Figure 7d that the thickness of the outer
wall is higher than the thickness of the inner wall of the
ring. Also, the thickness distribution of the half made of
steel is more uniform, thanks to its higher strength.

3.3 Effective parameters on the forming tool force
3.3.1 Movement strategy

Since the sheet is made of twomaterials, the tool force must
show a sinusoidal behavior along the tool path, which the



Fig. 3. Movement strategy: (a) first strategy, (b) second
strategy, (c) third strategy, (d) fourth strategy.

Fig. 4. Dimensional precision for the two forming methods and
different strategies: (a) dimensional precision achieved by SPIF,
(b) dimensional precision achieved by DPIF.

Fig. 5. The final state of the simulation, the weld line and the
direction perpendicular to it.
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maximum amount must be for the half made of steel,
thanks to its higher strength. Moreover, due to the
increasing resistance of the sheet to forming by going
deeper, the tool force must also be increasing (see Fig. 8a).
It should be noted that the tool path is the same in a part of
the diagram for the first and second movement strategy,
and there must be a complete correlation between the tool
force curves in those parts for the third and fourth
movement strategies.

As can be seen in Figure 8a, the tool is in no contact
with the sheet at some moments for positioning to
continue the forming process, and the tool force is zero at
those moments. It can also be extracted from Figure 8a
that the required force is higher in a smaller period of time



Fig. 6. Dimensional precision: (a) dimensional precision at different rotational speeds, (b) dimensional precision with different feed
rates, (c) dimensional precision with different pitch sizes, (d) dimensional precision in the direction perpendicular to the weld line with
different pitch sizes, (e) dimensional precision for different materials, (f) dimensional precision for different materials in the direction
perpendicular to the weld line.
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for the forming process with the third and fourth
movement strategies because the tool path starts from
the inner borders, and this makes the sheet to show higher
resistance when it comes to forming. Therefore, it can be
confirmed again that the first and second strategies are
better choices.

Since the force-time diagrams show many ups and
downs, which is an inseparable part of explicit finite
elementmethod, the average force-time curves were used in
this work in order to have high-quality curves. The last part
of the tool path with the second and fourth strategies for
forming of the ring bottom which requires a low amount of
force makes the average force of the forming process
with these strategies lower than the first and third ones
(see Fig. 8b). Whereas, as mentioned before and shown in
Figure 8a, the required average force with the first and
second strategies are lower. Furthermore, some of the
previous papers [31] used force-depth curves to study the
forming force. Likewise, they were reported in this work
and can be seen in Figure 8c.

The horizontal force applied to the tool, which is driven

from Fh ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F2

x þ F2
y

q
, were also studied and reported in

Figure 8d. Although the horizontal force with the first and
second strategies are higher than that with the third and
fourth strategies, the first and second ones are still better
options due to following reasons: (1) the difference between
the horizontal forces are much lower than that between
vertical forces, (2) the vertical point is usually the only
important component of force in metal forming.



Fig. 7. Thickness distribute: (a) thickness distribute on of SPIF
with different movement strategies in the direction perpendicular
to the weld line, (b) thickness distribution in weld line direction
by SPIF with different movement strategies, (c) thickness
distribution by DPIF for different movement strategies, (d)
thickness distribution for different materials.
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As seen in Figure 8e, DPIF required higher force due to
the interaction between the tool and the die, especially in
the course of forming the pyramidal ring bottom.
Another point which can be seen in all force-time curves
is the same time of forming with the first and third, and
with the second and fourth strategies, because of the same
distance passes during forming. As seen in Figure 8e and f,
the average vertical and horizontal DPIF force with
different strategies are in the same order, in contrast to
vertical and horizontal SPIF force (see Fig. 8c and d).

3.3.2 Rotational speed

As can be seen in Figure 8g, the rotational speed does not
affect the vertical forming force.

3.3.3 Feed rate

As can be seen in Figure 8h and i, the feed rate does not have
a considerable effect on the vertical or horizontal forming
force; the differences were so small. After all, because the
speed of the forming process is important, choosing a feed
rate of 1000mm/min can be confirmed again.

3.3.4 Pitch

It is clear from Figure 8j and k that there is a direct
relationship between the pitch and the vertical force.

3.3.5 Material

Asmentioned before and can be seen in Figure 8l andm, the
force diagrams show sinusoidal behavior, due to the fact
that the sheet is made of two different materials.
Additionally, the force diagrams for the parts of the sheets
that are made of the same material matched completely
(e.g. the half made of aluminum and the sheet fully made of
aluminum).
3.4 Effective parameters on fracture

According to the properties of welding two different
materials, which usually friction-permeation is used, the
weld strength is lower than the adherents [32]. Von Mises
stress criterion is a way to investigate fracture in
experimental works. In this work, the von Mises stress
diagram was used in order to study fracture in weld line
direction. Regarding the mentioned discussion, there are
two amounts of stress at each point. Hence, the average of
them was used to inspect the effects of different parameters
on fracture (see Fig. 9a). As can be seen in Figure 9a and b,
the hole present in the sheet led to a non-frequent part in
the middle of the stress diagram, which after averaging the
amounts of stress, the diagram went far away from reality.
As a result, that part of the diagram was not considered in
the analysis.

3.4.1 Movement strategies

As seen in Figure 10a, due to the longer tool path of forming
with the second and fourth movement strategies, the
average stress and its entire amount are lower with these
movement strategies than with the first and third
movement strategies, respectively. Also, the forming



Fig. 8. The forming force: (a) the vertical force for the forming process with different movement strategies, (b) average vertical SPIF
force with differentmovement strategies, (c) average vertical SPIF force with differentmovement strategies with respect to the forming
depth, (d) average horizontal SPIF force with different movement strategies, (e) average vertical DPIF force with different movement
strategies, (f) average horizontal DPIF force with different movement strategies, (g) vertical forming force with different rotational
speeds, (h) average vertical forming force with different feed rates, (i) average horizontal forming force with different feed rates,
(j) average vertical forming force with different sizes of the pitch, (k) average horizontal forming force with different sizes of the pitch,
(l) vertical forming force for different materials, (m) horizontal forming force for different materials.
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Fig. 8. continued.

Fig. 9. Stress: (a) von Mises stress, (b) stress distribution.
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process with the first and second strategies are more
critical, and the third and fourth ones are in priority in
fracture analysis. Although subtle, the discussion is also
true for DPIF (see Fig. 10b).
3.4.2 Rotational speed

As seen in Figure 10c, rotational speed is not effective on
the stress.
3.4.3 Feed rate

As seen in Figure 10d, it can be mentioned that with
increasing the feed rate, the part is farther from fracture, its
effect is little nonetheless.
3.4.4 Pitch

As seen in Figure 10e, although the pitch has not a
noticeable effect, there is a direct relationship between the
pitch size and the stress.
3.4.5 Material

As can be seen in Figure 10f, thanks to the higher strength
of steel, the steel sheet is under a higher average stress than
the aluminum–steel sheet and aluminum sheet.
3.5 Validation of the simulation

The experimental results presented in the literature [31],
which has the closest geometry (see Fig. 11a and b) to the
computer model in this work, was used in order to validate
the simulations. The experiment was conducted on a sheet
of aluminum-1200, and a ring with a 70mm� 70mm
crosshead and 10mm depth was fabricated out of it. The
other parameters are the same as the simulation model in
this work.

As seen in Figure 12a and b, the good correlation
between vertical forming forces with a feed rate of 500mm/
min with respect to depth is evident, especially in the
beginning of the forming process. As the beginning of



Fig. 10. Average stress: (a) average SPIF stress with different strategies, (b) average DPIF stress with different strategies, (c) average
stress at different rotational speeds, (d) average stress with different feed rates, (e) average stress with different sizes of the pitch, (f)
average stress of sheets made of different materials.
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the forming force diagram, versus depth, achieved by the
numerical modeling and the experiment matched well, the
small difference between the diagrams can be attributed to
the use of lubricant in the experimental work. Since the tool
has been heated after the beginning of the forming process,
the presence of the lubricant, which was not considered in
computational modeling, has made the difference between
the diagrams.
4 Conclusion
–
 DPIF with the first and second movement strategies
showed the best dimensional precision, especially the
second one when the simulation time is not important.
However, due to the weakness of DPIF in thickness
distribution, higher required forming force and economic
issues, SPIF is in favor;
–
 since the distance to the edge of the sheet is longer at the
beginning of the forming process with the first and second
movement strategies, the sheet resistance to forming is
lower which led to better thickness distribution;
–
 although SPIF with the third and fourth movement
strategies performed better when it comes to fracture,
SPIF with the first or second movement strategies is
recommended;
–
 rotational speed showed no effect on any of the
parameters, so no rotational speed was used for energy
saving;
–
 by increasing the feed rate, vertical and horizontal
forming forces grewmerely a small amount. Owing to the
fact other parameters were not affected by fluctuating
the feed rate, and because the speed of simulation is in
priority, the feed rate was chosen 1000mm/min;
–
 the required forming force and von Mises stress rose by
increasing the pitch size, due to the increase in stiffness
produced by the applied strain. Also, a direct relationship



Fig. 11. Validation: (a) the specimen used in reference [31], (b) final geometry of the simulation with the parameters of reference [31].

Fig. 12. Vertical forming force (validation): (a) vertical forming
force versus depth achieved by numerical work, (b) vertical
forming force versus depth reported by reference [31].
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between the vertical pitch size and the spring back was
observed, which is not favorable for achieving the ideal
geometry;
–
 studying the effects of different parameters in this work
showed that it is possible to analyze two sheets of
different materials by only simulating one sheet made of
two materials. A more favorable final geometry was
achieved for the aluminum half, thanks to the dominat-
ing effect of plastic behavior over spring back of the
aluminum sheet. Whereas, the steel half, owing to its
high strength, showed better performance in thickness
distribution. Last but not least, the aluminum sheet was
quite safer when it comes to fracture, because it required
less forming force as result of more ductility.

In this article, the ability to design properly based on
industrial needs, such as production cost, time, accura-
cy, and quality is provided by a full parametric study on
the incremental forming method. In other words, a
designer could select the best production parameters
regarding the industrial limitations and desired final
part quality.
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