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Abstract Single Point Incremental Forming (SPIF) is a die-
less forming process that can be economically used for low
volume production of sheet metal components. One of the
limitations of SPIF is the maximum wall angle that can be
formed in a single stage. To overcome this limitation, Multi-
stage Single Point Incremental Forming (MSPIF) is used to
form components with large wall angles. When the tool is
moved from out-to-in during any stage, material present ahead
of it (towards the centre of the component) moves down rig-
idly. If this rigid body displacement is not considered during
tool path generation for MSPIF, it leads to stepped/unwanted
features. Predicting the component geometry after each stage
helps in monitoring the shape being developed and in turn is
useful in designing intermediate stages to form required final
geometry with desired accuracy. In the present work, a simple
methodology is proposed to predict rigid body displacement
based on tool path and process parameters (tool diameter,
incremental depth, sheet thickness) used. Tool and sheet de-
flections due to forming force are also considered to predict
final geometry of the component. Proposed methodology is
validated by comparing predicted profiles with experimentally
measured profiles of high wall angle axisymmetric compo-
nents formed using different materials and sheet thicknesses.
Predicted profiles are in good agreement with experimental
results.

Keywords Incremental sheet metal forming . Rigid body
displacement . Multi-stage forming

Introduction

Single Point Incremental Forming (SPIF) is a die-less forming
process that uses a hemispherical or spherical ended moving
tool to deform the sheet metal in a series of small deforma-
tions. High forming limits, low forming force and forming
without component specific tooling make SPIF a competitive
alternative to economically produce sheet metal components
in low volume. There is a limitation on maximum angle that
can be formed using single stage SPIF, hence multiple stages
are preferred to form components with large wall angles [1].
More recently, Cao et al. [2] and Reddy et al. [3] presented a
comprehensive review of the latest literature on incremental
forming including Multi-stage Single Point Incremental
Forming (MSPIF). They also presented a tool path generation
methodology based on the geometry and surface finish re-
quirements in incremental forming and finally demonstrated
a new double-side incremental forming process to form parts
with double curvatures on both sides of the initial plane of the
sheet.

Generally formability in SPIF is represented by the maxi-
mumwall angle that can be formed without failure [1]. Single-
stage SPIF can successfully formwall angles up to 60~70° for
various aluminium as well as steel sheets of 1 mm initial
thickness using suitable process parameters [1]. However,
forming wall angles close to 90° using SPIF is difficult. There
are few attempts to form high wall angle components using
MSPIF [4–9]. Hirt et al. [4] proposed a multi-stage strategy to
form asymmetric geometries using the Two Point Incremental
Forming (TPIF). In this strategy the sheet is pre-formed to a
shallow wall angle using downward motion of the tool which
is followed by number of stages of alternating upward and
downward tool motion as shown in Fig. 1. They have success-
fully formed truncated pyramids with wall angles up to 80°.
Here note that the material from outside the component open-
ing is shifted to the component wall region. Duflou et al. [5]
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formed conical components having large wall angle using five
stages as shown in Fig. 2a. They formed the horizontal region
of work-piece at the centre of component that does not get
deformed during single stage forming of high wall angle com-
ponent. Here the tool is always moved from the outer periph-
ery towards the centre of the sheet. Note that there is no sup-
port at the centre of the component as in [4].

Skjoedt et al. [6] proposed a five stage tool path (Fig. 2b) to
form a cylindrical cup with 90° wall angle and height to di-
ameter ratio as unity. They used two strategies, namely,
Down-Down-Down-Up (DDDU) and Down-Up-Down-
Down (DUDD) in which the tool moved to the desired final
component depth in all stages. In DUDD strategy component
failed during 4th stage, whereas in DDDU strategy, it success-
fully formed up to 4th stage. Note that the formed component
had an unwanted cone at the centre of component which can
be attributed to the rigid body displacement during Down (D)
passes. In addition, they demonstrated that the thickness var-
iation is not only dependent on the tool path used, but also on
its direction (downwards or upwards) in each stage. Skjoedt
et al. [7] modified their tool path of [6] and used DDDU
strategy to successfully form a cylindrical cup with 90° wall
angle. In the first stage they formed the component to a depth
less than the required one and gradually increased the wall
angle and depth in subsequent stages. They reported high
thickness strains in the transition zone from vertical wall to
horizontal base, where bi-axial stretching takes place.
Abhishek [8] and Malhotra et al. [9] proposed the use of both
in-to-out and out-to-in tool paths within a stage (Fig. 2c) to

shift the material from both wall and base regions to corner of
cylindrical component and have successfully formed a 90°
wall angle cylindrical component with near flat base.

Kim and Yang [10] compared two strategies with double
passes to form high wall angle components using SPIF. In the
first strategy intermediate geometry is obtained by linearly
blending initial and final geometry of the sheet. In the second
strategy intermediate geometry is calculated such that the re-
gions requiring severe deformation in final shape are subject-
ed to less deformation in intermediate shape. They concluded
that the second strategy resulted in higher formability, better
thickness distribution and higher mechanical strength of the
formed component. Young and Jeswiet [11] experimentally
studied the effect of single-pass and double-pass forming strat-
egies on the thickness distribution while forming a cone with
70° wall angle. They concluded that double-pass strategy re-
sulted in uniform thinning. In addition, they concluded that
the sine law over predicts the thicknesses beyond wall angles
of 40°.

Tool movement from out-to-in as shown in Fig. 3 causes
rigid body displacement of the material present ahead of it
(towards the centre of the component). This aspect was not
considered in the earlier attempts [5–7] while deciding the
intermediate profiles in MSPIF. Hence, the depths as well as
the geometry of formed components differed from the desired
ones. It is very important to predict the geometry of compo-
nent after each stage to design the subsequent stages. Malhotra
et al. [9] have developed a model to predict the rigid body
displacement based on the theory of large elastic deflection of
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beams [12]. Their model requires calibration of three con-
stants (γ, a, b) using FEA simulations for each material and
thickness of sheet used during forming. To reduce the number
of finite element simulations needed in their methodology, Xu
et al. [13] assumed that the three constants (γ, a, b) vary
linearly with yield strength (σy) of the material and initial
sheet thickness (t0). They related the constants (γ, a, b) to yield
strength and sheet thickness using three coefficients (λ, ρ, χ)
which are obtained by carrying out six FEA simulations. They
used SS304, Ti6Al4V of different thicknesses to carry out
FEA simulations during calibration.

In the present work a simple methodology is proposed to
predict the formed geometry after each stage in MSPIF.
Rigid body displacement at any instant of forming is depen-
dent only on the tool path used without considering elastic
recovery that takes place during incremental sheet metal
forming. The final geometry after each stage is also affected
by the elastic deflections of tool and sheet which get recov-
ered. In the proposed methodology, both these aspects are
considered to predict the component geometry after each
stage. Tool and sheet deflections are calculated using thick-
ness distribution and force prediction methodologies pub-
lished earlier [14, 15].

Methodology

In multi-stage forming, the final geometry is formed in several
stages and an intermediate geometry is formed after each

stage. Tool can be moved either out-to-in or in-to-out in each
stage. In out-to-in tool path (here after called BOI tool path^),
tool starts close to the clamped boundary (radius R) andmoves
towards centre while moving down in z direction (Fig. 3a).
Fig. 3a shows that the tool started deforming the sheet from
radius R and moved up to radius rOI during n+1th stage. It can
also be clearly noticed from Fig. 3a that the thickness in the
region deformed during n+1th stage is less than the thickness
after nth stage. Material present ahead of the tool (from rOI to
centre) rigidly moves down as shown in Fig. 3a. It can be
realized that rigid body displacement without considering
elastic deflections of forming tool and sheet due to forming

nth stage  

n+1th stage  

rOI

Contact point in 

n+1th stage 

(a) 

ZRBD 

r 

z 

R

Normal to nth

stage 

ZRBD 

Rigidly displaced 

Fr

Ftg

Fz

Forces on tool 

Segment of spiral 

O
O

A 

B

C

C' 

B' 

(b) 

O 

O' 

rt 

r < rt

∆z 
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forces can be easily predicted using down word movement of
tool from starting location to current location. It is also clearly
known from literature [1, 3, 14] that tool and sheet get elasti-
cally deflected and the same has to be considered for accurate
prediction of rigid body displacement and formed geometry
after each stage.

Schematic representation of material movement along
the cross sectional profile of a component during tool
movement along a segment of spiral path is shown in
Fig. 3b. During this movement the tool moved down by
Δz from O to O'. The material present in region AB
(Fig. 3b) during nth stage is deformed to AB' in n+1th
stage. Material present in region BC (r < rt) in nth stage
rigidly moved to B'C' maintaining tangency with tool at
B' (Fig. 3b). Note that the rigid body displacement
throughout BC is equal (i.e., BB'=CC'). Rigid body dis-
placement gets accumulated throughout OI tool path. Let
this accumulated rigid body displacement be ZRBD after
completion of OI path in a given stage (i.e., when the tool
reaches to rOI (Fig. 3a)). Assuming that the material
which comes in contact with tool at any instant moves
normal to nth stage during n+1th stage, ZRBD can be es-
timated as the z-distance between the contact point at rOI
and its normal projection on to nth stage (Fig. 3a). If ZOI

n is
the z location of a point on the component after nth stage
and ZOI

n + 1 is the z location o that point on the formed

component after OI tool path of n+1th stage, then ZOI
n + 1

can be expressed as:

Znþ1
OI ¼ Zn

OI þ ZRBD 0≤r < rOI undeformed regionð Þ
Zn
OI þ f Δzð Þ rOI ≤r≤R deformed regionð Þ

�

ð1Þ

where, ZOI
n +f(Δz) is the Z location of contact point during OI

tool path in n+1th stage.
Elastic deflections of sheet and tool which gets recovered

can be estimated accurately by predicting forming force at any
instant. To predict forming force with good accuracy, thick-
ness distribution of formed component is obtained by assum-
ing plane-strain deformation and volume constancy. Then the
stress components are obtained assuming plane strain defor-
mation and yielding according to von-Mises yield criterion.
Note that thickness, meridional and circumference directions
are assumed to be the principal stress directions. Force com-
ponents along thickness (t), meridional (ϕ) and tangential (θ)
direction are then obtained by assuming that the stress com-
ponents are uniformly distributed throughout contact zone
[14, 16].

To calculate the thickness, first initial sheet configuration is
divided into several small elements of equal length. Thickness
of each element after first stage is calculated considering over-
lap in deformation zone [15]. From second stage onwards, it is

(a) 

Tangent

t

tial contact 

α

tf

(

Fz

l
(b) 

Fr

z

t0-tf
to

Appro

conta

l

(c) 

oximated 

act strip 

w

Area from 

indentation 

Fig. 5 Contact area and forming force prediction

Fr

LtA

(b)

a

b 

r

(c)

Fz

(a)

Fϕ

FtFθ

Forces in t, ϕ, θ
Co-ordinates 

Fr

Ft
Fz

Forces in z, r, tg 
Co-ordinates 

Fig. 6 Tool and sheet deflection due to forming force

398 Int J Mater Form (2016) 9:395–404



assumed that the material moves normal to nth stage profile
during n+1th stage as shown in Fig. 4 and the thickness is
calculated by applying volume constancy element by element
[8]. Equivalent strain (εeq) is estimated considering the defor-
mation to be plane strain satisfying von-Mises yield criterion.
Equivalent stress (σeq) is estimated using the stress–strain re-
lation of the sheet material being deformed. Stress compo-
nents in thickness (σt), meridional (σϕ) and circumferential
(σθ) directions are calculated using the following expressions
[15, 16]:

σt ¼ −
2σeqffiffiffi

3
p t

Rt þ t

� �
σ∅ ¼ 2σeqffiffiffi

3
p Rt

Rt þ t

� �
σθ

¼ σeqffiffiffi
3

p Rt−t
Rt þ t

� �
ð2Þ

where Rt is the radius of tool and t is the instantaneous thick-
ness of the sheet.

To calculate the contact area, tool motion is approximated
as indentation followed by sliding [14, 17]. Tool is assumed to
leave contact with the sheet tangentially along the

circumferential direction as shown in Fig. 5a. Hence the area
of contact in incremental forming is estimated as half the area
of indentation of a spherical ball in to a flat base with an
inclined wall (inclination equal to wall angle) during the first
stage. Area of contact is approximated as a rectangle (Fig. 5c)
based on the contact pressure observed during FEA [14, 18].
Length of rectangle (l) is taken as the contact length along
meridional direction (l = Rt (α + β), where α is the wall angle
and β is the groove angle as shown in Fig. 5b). Contact area
for second to final stages is estimated considering the tool
contact condition shown in Fig. 3b. The width of rectangle
(w) is calculated by equating the area of rectangle to the esti-
mated contact area. Force components (Ft, F∅, Fθ) are calcu-
lated by assuming that the stress components (σt, σ∅, σθ) are
uniformly distributed over the deformation zone. Force com-
ponents (Ft, F∅, Fθ) are then resolved to find the components
along axial (Fz), radial (Fr) and tangential (Ftg) directions
(Fig. 6a).

Radial force (Fr) causes the forming tool to deflect towards
the centre of component and force along the axis of tool (Fz)
causes the sheet to deflect in z direction which gets regained.
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Table 1 Comparison of axial
force (FZ) predictions with
Aerens et al. [18] for cone with
50° formed using Al 8011 and Al
5052

Material Thickness (mm) Axial force (N) present methodology Axial force (N)
Aerens et al. [18]

% deviation

8011 1.5 925 884 4.6

8011 1.0 430 468 −8.1
5052 1.0 750 798 −6
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Assuming the tool as cantilever beam of length Lt with force
(Fr) acting at its free end (Fig. 6b), the deflection of tool (δtool)
at the contact point is estimated as:

δtool ¼ FrLt3

3EI
ð3Þ

where E is the Young’s modulus of tool material, I is the
moment of inertia. Although the tool geometry deviates from
cylindrical geometry near the tool tip, it is assumed as a reg-
ular cylinder to calculate moment of inertia (I=πds

4/64) where
ds is the diameter of the tool shank.

The sheet deflection is schematically shown in Fig. 6c and
can be estimated using the expression developed by Timo-
shenko [19]:

δsheet ¼ Fz

8πD
− r2 þ b2
� �

ln
a

b

� 	
þ r2−b2
� �þ 1

2
1þ b2

a2

� �
a2−r2
� �
 �

ð4aÞ

D ¼ Est
3=12 1−ν2

� � ð4bÞ

where Fz is the axial force, a is half of the opening length of
fixture, b is the distance of applied force from the centre of
sheet, r is the distance of the point at which deflection is
calculated from the centre of the sheet, Es is Young’s modulus
of sheet material, t is sheet thickness and ν is Poisson’s ratio.

The procedure followed to predict the component geome-
try after each stage using proposed methodology is presented
as a flow chart in Fig. 7.

Results and discussion

Methodology presented in section 2 is implemented for axi-
symmetric components. Force predictions of implemented
methodology is validated with the experimental values report-
ed by Aerens et al. [18] as the accuracy of force prediction is
important to estimate elastic deflections of tool as well as sheet
during incremental forming. They [18] have carried out para-
metric study of forces measured by forming cones of various
angles (α) using different materials, sheet thicknesses (t), tool
diameters (D) and incremental depths (Δz) and obtained a
generalized regression equation for force along the axis of tool
(Fz) as:

Fz ¼ 0:0716Rmt
1:57D0:41Δh0:09αcosα ð5Þ

where Rm is the tensile strength and Δh is the scallop height
given by Δh ¼ Δz2

4 sinαð Þ
2D. Note that the above expression is

used to validate predictions of force equilibrium method pre-
sented in section 2, using the parameters within the range of
values used to obtain the same. In addition, comparison of
axial force predictions (FZ) for first stage is appropriate, as

Top tool

Bottom tool

Fig. 9 Custom built Double Sided Incremental forming machine

Table 2 Axial forces predicted using present methodology

Al 8011, 1.5 mm Al 8011, 1.0 mm Al 5052, 1.0 mm

Fz (N) Fr (N) Fz (N) Fr (N) Fz (N) Fr (N)

Stage 1 855 311 418 127 690 232

Stage 2 403 172 167 69 292 126

Stage 3 380 165 141 65 251 120

Stage 4 340 139 135 54 234 99

50º 

10º 

10º 10º 

29.8
27.3
25.8

23.8

Fig. 8 Four stage tool path to form 80° wall angle component
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the above expression is developed for single stage. Two ma-
terials used in the present study are Al 8011 (Tensile strength
119 MPa, flow curve σ=117ε0.032) and Al 5052 (Tensile
strength 203 MPa, flow curve σ=332ε0.12) and the same are

used for the validation of force predictions. Other process
parameters used for the results presented in Table 1 are incre-
mental depth (Δz) of 0.5 mm, tool diameter (D) of 10 mm (not
same as that used to form components), wall angle (α) of 50°.

(a)

(c) S

Stage 1 

Stage 3 (d) Stage 4

(b) Stage 

4

2 

Fig. 10 Comparison of measured
and predicted profiles after each
stage of component formed using
Al 8011, 1.5 mm thick sheet

(b) Al 50522, 1 mm thickkness (a) Al 8011, 1 mm thicknesss

Fig. 11 Comparison of predicted
and measured profiles after 4th
stage of the components formed
using Al 8011, 1 mm thickness
and Al 5052, 1 mm thickness
sheets
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Table 1 shows the comparison between the force prediction
using present methodology and the predictions of expression
developed by Aerens et al. [18]. Results presented in Table 1
show that the predictions of present methodology are in good
agreement with that of predicted using the expression devel-
oped by Aerens et al. [18]. Note that the predictions of force
equilibriummethod are for assumed principal stress directions
whereas those of Aerens et al. [18] are based on experiments.

Experiments as well as predictions are carried out using
two materials (Al 8011 and Al 5052) and two thicknesses of
one of those materials (Al 8011–1.5 mm thickness, Al 8011–
1 mm thickness) to demonstrate the predictive capabilities of

present methodology. Component geometry used during the
present work is similar to that of used by Duflou et al. [5].
Predictions as well as experiments are carried out to form an
80° wall angle component (Fig. 8) in four stages starting with
50° wall angle in the first stage and an increase of 10° wall
angle in subsequent three stages. Experiments are carried out
on a custom built double sided incremental forming machine
using only top tool (Fig. 9). A fixture with 100×100 mmwork
area is used to mount the sheet on the machine. Incremental
depth (Δz) of 0.5 mm and tool diameter (D) of 8 mm are used
during all stages. Length of forming tool (Lt) used is 65 mm
and its shank diameter (ds) is 13mm. Spiral tool path is used to
form the components. Forming forces predicted by force equi-
librium methodology which is used in present work during
each stage are presented in Table 2.

Figure 10 shows the comparison of predicted profiles in four
stages with and without considering elastic deflections of tool
and sheet with that of measured geometry after unclamping the
component from fixture. Material used for predictions is Al
8011 with 1.5 mm thickness. Predicted profiles after each stage
without considering deflections are obtained by shifting down
the material ahead of the tool towards centre of sheet by a
distance equal to rigid body displacement predicted for that
stage (3.85, 2.62 and 1.44 mm for 2nd, 3rd and 4th stages
respectively). It can be seen from Fig. 10 that profiles predicted
without considering sheet and tool deflections lie outside the
measured profile in all stages. Elastic deflections of tool and
sheet at any instant during deformation are estimated using
Eqs. (3) and (4a). It can be clearly seen from the above figure
that the predicted profiles are in good agreement with that of
measured profiles after considering the recovery of elastic de-
flections of sheet and tool ((sheet - 0.58 mm, tool - 0.09 mm),
(sheet - 0.45 mm, tool - 0.05 mm), (sheet - 0.22 mm, tool -
0.05 mm) and (sheet - 0.15 mm, tool - 0.04 mm) during 1st,
2nd, 3rd and 4th stages respectively). The deviation of

(a) Stage 1,, stage 2 (b) Stagge 3, stage 4 

Fig. 12 Comparison of profiles
predicted by present methodology
with that of Malhotra et al. [9]
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Fig. 13 Prediction of rigid body displacement by Malhotra et al. [9]
methodology for complete OI tool paths
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predicted depth with that of measured at centre of component
without and with considering elastic recovery are (0.61,
0.06 mm), (1.4, 0.1 mm), (1.9, 0.38 mm) and (2.3, 0.2 mm)
after 1st, 2nd, 3rd and 4th stages respectively.

Predicted profiles of present work without considering elas-
tic deflections of sheet and tool remains same as they are only
dependent on the downward movement of the tool from
starting location to the current location as discussed earlier.
Elastic deflections of sheet and tool are dependent on material
properties as well as process conditions. Experiments as well as
predictions are carried out by changing sheet thickness
(Al8081, 1mm) andmaterial (Al5052, 1 mm) with andwithout
considering elastic deflections of sheet and forming tool and
their comparison after 4th stage is presented in Fig. 11. Note
that the predicted profile (Fig. 11) without considering elastic
recovery of sheet and tool is same as that shown in Fig. 10. It
can be seen from Fig. 11 that the predicted profiles after con-
sidering elastic deflections of tool and sheet are in good agree-
ment with the measured profiles (error in depth is 0.9 mm for
Al 8011 and 0.6mm for Al 5052). From the results presented in
this section, one can conclude that the deviation of formed

profile for different materials and process parameters is due to
tool and sheet deflection caused by forming forces.

Comparison of profiles predicted using present methodology
with that of FEA based calibration methodology (explained in
appendix A) [9, 13] for component formed using Al 5052 with
1 mm thick sheet is shown in Fig. 12.While implementing their
methodology [9, 13], it is realized that the elliptic integrals
given by Xu et al. [13] are not in correct order. However, it is
rectified by taking correct sequence formYu and Zhang [12] for
generating the results for comparison. Malhotra et al. [9] used
implicit FEA analysis with shell elements to obtain the con-
stants (γ=5.0, a=1.0, b=4.0) for Al 5052 sheet with 1 mm
thickness. Xu et al. [13] used SS304 and Ti6Al4V for calibra-
tion hence their results are not compared during present work. It
can be seen from Fig. 12 that their methodology [9] over pre-
dicts rigid body displacement after each stage. The reason for
over prediction is explained with the help of Fig. 13. The rigid
body displacement in OI tool path using FEA based methodol-
ogy [9] can be rewritten as (details are given in appendix A):

ZRBD−OI ¼ Δy−L* f θ1; θ2; Sð Þ ð6Þ

n+1th stage

r

(a)

Tool

nth stage

rtool

z

Projected point on 
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Contact point 
on n+1th stage

S

∆x

(b)

Projected point on 
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Tool

Contact point on 
n+1th stage

∆y
θ1

θ2

Fig. 14 Prediction of rigid body
displacement by Malhotra et al.
[9]
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where θ1, θ2 are wall angles as shown in Fig. 14b and S is the
distance from component opening to the contact point along
n+1th profile (Fig. 14b). Both θ1, θ2 are constant along the
profile for constant wall angle geometries like the ones used in
present work. The value of Δy increases and L decreases pro-
portionately with z-motion of tool. Further the value of
f(θ1,θ2,S) estimated for each stage is below 0.01. Hence, the
effect of L*f in equation 6 is negligible. Finally ZRBD-OI is
approximately represented by Δywhich is the normal distance
between contact point in n+1th stage and its projection on nth

stage profile (Figs. 13 and 14b). This shows that their meth-
odology depends on both sheet material and component ge-
ometry. In addition, it is realized that the prediction of rigid
body displacement using the methodology developed by
Malhotra et al. [9] is in opposite direction than correct direc-
tion up to certain depth from the initial plane of the sheet.

Conclusions

Multi-stage incremental forming can be used to form compo-
nents with wall angles beyond single stage formability limit.
However, the rigid body displacement in each stage results in
deviation of the formed component from the desired geome-
try. A simple methodology is presented in this work to predict
the geometry of formed components using OI tool path and
incremental forming process parameters. Results presented
indicate that the rigid body displacement is dependent on the
tool path used and the variation in profiles of components
formed using different materials and sheet thicknesses is due
to the tool and sheet deflections caused by forces acting on
them. Further work is in progress to predict profiles of free
form components as well as designing intermediate stages to
form desired geometries with required thickness distribution.

Appendix A. Rigid body displacement prediction
proposed by Malhotra et al. [9] and Xu et al. [13]

In this model the rigid body displacement for OI pass is given
by:

ZRBD−OI ¼ Δy−
L

γ

� �
1−

2 E Rð Þ−E φ0;Rð Þ½ �
K Rð Þ−F φ0;Rð Þ

� �
ð7Þ

where Δy is the distance between contact point in n+1th stage
and its projection on to the profile after nth stage (Fig. 14b), L
is the length of profile in nth stage from the projected point to
the base (Fig. 14a), γ is a constant calibrated using FEA, K
(R), E (R) are the complete elliptic integrals of first and second
kind respectively and F (φ0, R), E (φ0, R) are the incomplete
elliptic integrals of first and second kind respectively,φ0, R are

the functions of θ1, θ2, S where θ2 is the wall angle at the
contact point in n+1th stage, θ1 is the wall angle at the pro-
jection of contact pint on to the nth stage profile (Fig. 14b) and
S is the distance from component opening to the contact point
along n+1th profile (Fig. 14b).
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