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Abstract Incremental Sheet Forming (ISF) technique is an emerging process for
die less forming. It has wide applications in many industries e.g., automobile and
medical bone transplants. In ISF, forming of the sheet is done using Numerical
Control (NC) single point forming tool, which incrementally deforms the sheet by
highly localized plastic deformation. It gives better formability when compared
with traditional forming processes, like deep drawing and spinning. ISF has few
limitations out of which sheet thinning is one of the most critical limitations. In ISF,
formability is generally measured by the limit of maximum formable wall angle and
maximum permissible sheet thinning. Formability of the sheet during ISF or tra-
ditional forming processes can be presented by a Forming Limit Curve (FLC). The
sheet thinning in ISF can be predicted through sine law. By assuming plastic
incompressibility, sheet thinning can also be predicted by considering volume
constancy concept. In this study, forming limit has been predicted for two wall
profiles, viz., circular and elliptical wall. Further, a methodology has been presented
as a way to predict and calculate sheet thinning during ISF. The developed
methodology has been validated through numerical simulations followed by
experimental investigations. An in-house Computer-Aided Manufacturing
(CAM) module for incremental toolpath is developed for both simulations and
experiments. The results are in correlation with considerable accuracy.
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Nomenclature

/, ø Wall angle
x, y, and z Coordinates
tf Final thickness
to Initial thickness
ft Forming limit
v Poisson’s ratio

1 Introduction

Single Point Incremental Sheet Forming (SPISF) is a widely known alternative to
traditional forming techniques. The sheet metal could be formed into desired
symmetrical or asymmetrical shape without using any die. In this process, the sheet
is clamped from its periphery on a suitable fixture mounted on a CNC machine and
a hemispherical end shape forming tool is clamped to the machine spindle. The
movement of forming tool over the sheet is controlled by the toolpath given as
numerical code to the machine controller. The tool induces localized plastic
deformation in the sheet (Young and Jeswiet 2004). These localized deformations
are responsible for the forming of required geometry with higher formability as
compared to conventional forming techniques. SPISF has drawn attention of
manufacturing arena because it is very suitable and effective for small batches in
production system (Jeswiet et al. 2005; Jackson and Allwood 2009). In 1967, a
patent filed by Leszak initiated research in ISF (Leszak 1967). In 1978, work done
by Mason at university of Nottingham gave a new direction to forming by ISF
(Mason 1978). In 2001, Matsubara developed a double point ISF technique to
improve its dimensional accuracy (Matsubara 2001). A comprehensive review of
ISF is very effectively given by Jeswiet et al. (2005). Schematic representation of
SPISF process is shown in Fig. 1.

Figure 1, briefly shows a SPISF process, a truncated cone geometry with a wall
angle ‘a’ is being formed by an incremental spiral toolpath. The area of sheet metal
which is in contact with the tool undergoes localized plastic deformation and results
in sheet thinning. An intermediate geometry is also shown in the figure to give an
idea of the deformation direction. A backing plate has been used in order to avoid
undesired bending near the periphery of the geometry. Rotation of the tool is given
in a clockwise direction with an angular velocity ‘x’.

This process has drawn the attention of many manufacturing research commu-
nities all around the world since last two decades. The reasons are greater process
flexibility, improved formability and reduced forming forces when compared with
conventional forming processes like deep-drawing, stretch forming and spinning.
Ford Motor Company has recently released Ford Free Form Fabrication
Technology (FFFFT) that uses Two-Point ISF (TPISF) for rapid prototyping of
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automobile parts.1 When in SPISF any full or partial die is used then the process is
termed as Two-Point Incremental Sheet Forming (TPISF). In SPISF there is only
one contact point between the sheet and the tool while in TPISF there are two
contact points. In TPISF, first contact point is in between forming tool and the inner
surface of geometry and other contact point is between outer surface of geometry
and die used during forming. ISF has potential application in the medical bone
prosthesis. Bone implants with some cavity can be formed by using ISF process.
Literature (Lu et al. 2015) shows its application in cranioplasty (Bagudanch et al.
2015), knee arthroplasty (Bhoyar and Borade 2015; Eksteen 2013; Eksteen and Van
der Merwe 2012), denture plate (Milutinovića et al. 2014), maxillofacial implant
(Araújo et al. 2013), heel bone replacement (Ambrogio et al. 2005) and many more.
These implants need a customized fabrication, which can be possible through a
flexible process like ISF. Figure 2, shows some application of ISF in different
manufacturing sectors. The deformation mechanism of ISF includes, biaxial
stretching at the start point, at the corners and at each increment in the negative
z direction. The deformation, when the tool travels horizontally or spirally along the
formed profile, is plain-strain stretching and shearing (Jackson and Allwood 2009).
The deformation mechanism in ISF also includes pure bending of the sheet while
forming (Jackson and Allwood 2009). Further, the deformation mechanism in
conventional drawing process is purely biaxial, due to which the stress triaxial
condition necessary for fracture is achieved far earlier in conventional forming than
in incremental forming. Process parameters like feed rate, spindle speed, tool
diameter, incremental depth, forming angle, sheet thickness and toolpath will have a

Fig. 1 Schematic representation of SPISF process

1http://corporate.ford.com/news-center/press-releases-detail/pr-ford-develops-advanced-
technology-38244, 10 August, 2014, 8:30 pm IST.
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significant effect on the formability achieved (Kim and Park 2002; Gatea et al.
2016). In SPISF, formability of the sheet is generally presented by a Forming Limit
Diagram (FLD). FLCs are generally plotted in a principal space of major and minor
strain ðe1; e2Þ. In Fig. 3, formability comparison between deep drawing and
incremental sheet forming is presented (Silva et al. 2008a). Figure 3, clearly shows
that ISF gives better formability than traditional forming techniques in a principal
strain space (Silva et al. 2008b). There are few limitations of this process also like
geometrical inaccuracy, sheet thinning, undesired bending and spring back. Out of
these limitations, sheet thinning is the most critical limitation. Hence, it becomes
very necessary to study sheet tinning in ISF. From literature, it has been found that
sine law can be used to predict the sheet thickness variation along the formed profile
(Duflou et al. 2008). The sine law can be utilized to predict the final part thickness
Tfinal from the unprocessed sheet thickness TInitial and the part wall angle a (Duflou
et al. 2008). From Eq. (1), one can conclude that, as the wall angle (a) of the
formed profile increases, the final profile thickness Tfinal decreases.

Tfinal ¼ TInitial sinð90�� /Þ ð1Þ

According to sine law, it is not possible to form vertical wall ða ¼ 90�Þ, as it
gives final sheet thickness as zero. However, researchers have successfully formed
vertical walls using multistage ISF. When the sheet is being deformed strain
hardening effect appears which reduces the deformation capability of the sheet.
There will be more strain hardening, when deformation imposed on the sheet is
large as in single-stage SPISF process. When few intermediate stages are intro-
duced then the strain hardening effect will reduce and formability will improve

Fig. 2 Some applications of ISF Bagudanch et al. (2015), Ambrogio et al. (2005)
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because the overall deformation will now be distributed among these intermediate
stages (Nirala et al. 2017). Young and Jesweit (2004), investigated a double pass
SPISF process. In double pass SPISF process, a preform geometry is formed before
forming the final desired geometry. The formability of geometry formed by using
double pass ISF process was higher than the single pass ISF process. The final
thickness in double pass ISF can be given by:

Tf ¼ Tp
sinð/Þ
sinð/Þ ð2Þ

In Eq. (2), TP is the thickness of preform obtained from sine law, ø is the wall
angle of preform geometry, / is the wall angle of final geometry, and Tf is the
thickness of final geometry. Liu et al. (2013, 2014), developed some strategies for
multistage ISF and conducted plane strain deformation analysis to analyze the strain
distribution in these strategies. Filice (2006), developed some analytical relations to
predict sheet thickness by the concept of volume constancy. Step features observed
while forming with multistage SPISF strategy (Liu et al. 2014; Xu et al. 2012).
Bambach (2010), given a more generalized sine law, which considers the evolution
of surface from the sheet blank (Bambach 2010). Mirnia et al. (2014) have done
modeling of SPISF using sequential limit analysis to predict the sheet thickness

ISF

Deep Drawing

Fig. 3 Forming limit diagram for conventional forming and ISF (Silva et al. 2008a)
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(Mirnia et al. 2014). Cao et al. (2015) have developed an efficient method to predict
sheet thickness in multistage incremental sheet forming. Lu et al. (2015) reinves-
tigate the deformation mechanism in ISF by the concept of stress triaxiality.
Ambrogio et al. (2017) proposed a robust meta-modeling technique for the crucial
problem of localized thinning. Skjodt et al. (2010), studied the formability of 1 mm
AA1050-O sheets, their study includes evaluation of strain paths and fracture
strains in single and multistage SPISF process. Silva et al. (2011), revisited the
failure mechanism in ISF, they considered the influence of process parameters like
tool diameter on fracture initiation and propagation. Silva et al. (2011), very
effectively presented the state of stress and strain in plane strain and biaxial strain
conditions, also the influence of tool diameter on localized deformation is pre-
sented. The strain evolution is then verified for truncated cone and truncated
pyramid by experiments and shown using Forming Limit Curves (FLC’s). Over the
time, several techniques have been developed to improve the formability of ISF
process like, laser assisted ISF (Jeswiet et al. 2005) and electrically assisted ISF
(Nguyen-Tran et al. 2015). There are many online thickness measurement tech-
niques available in the literature, like thickness measurement by using Digital
Image Correlation (DIC) (Hild and Roux 2006; Chu et al. 1985), Dejardin et al.
(2010), emphasized that for the industrialization and optimization of ISF, online
monitoring of sheet thinning is very necessary. Paniti and Paroczi (2011), devel-
oped a noncontact type thickness measurement device based on Hall-effect. The
methodology developed by these researchers is effective, but some are complex and
time taking, when it comes to implementation. The present methodology can pre-
dict and calculate sheet thickness of formed profile in an effective, simpler and easy
manner.

This research work presents a methodology to predict and calculate sheet thin-
ning in single-stage ISF process. The sheet is assumed to be isotropic and
incompressible, the deformation is only considered as plane strain, and the effect of
process parameters like feed, tool diameter, etc., is neglected. To predict the sheet
thinning in single stage ISF, a further improvement in the model proposed by
Hussain and Gao (2007) is proposed for better flexibility and implementation.
These analytical models are discussed in detail in further sections of this study.
Anon-contact-based technique is presented to calculate sheet thinning in single
stage ISF. This technique uses the strain distribution data after experiments and fits
that data into a theoretical relation (Sect. 3). The effectiveness of the abovemen-
tioned models is then verified through simulations followed by real experiments.

2 Thickness Prediction

In this section, analytical model to predict sheet thinning along forming depth in
ISF is discussed. In this model, the effect of elastic behavior of the sheet is
neglected and the sheet is considered as isotropic. The deformation is considered as
plane strain deformation. The thickness prediction results are then compared with
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experimental and FEA results, in results and discussion section, which describes the
effectiveness of the proposed model. Circular and elliptical wall profiles are formed
using ISF. In circular wall profile, wall angle varies from 30° to 75° and for
elliptical wall profile, wall angle varies from 20° to 85°. For simplicity, the elastic
behavior of the sheet is neglected, even it effects the sheet when unclamped from
the fixture. The overspinning of the sheet during forming is neglected, overspinning
refers to sheet thinning by compressive stresses applied by the forming tool. The
material behavior and friction between the sheet and tool are neglected. On the
whole, the problem is plane strain type. There are certain limitations of the model
proposed by Hussain and Gao (2007), it specifically calculates the thinning limit of
the formed geometry. It requires coordinate data points of the toolpath at every
incremental depth, hence, use of commercial CAM software is not advisable to
implement the concept. The quality of the formed part is very much dependent on
the toolpath strategy. At present, many existing CAM (Computer Aided
Manufacturing) software packages can be used to generate the toolpath for SPISF
process like CATIA, Siemens NX 8.0 and Delcam PowerMILL 10. To overcome
the abovementioned limitations an in-house CAM module is developed which is
capable of giving constant z toolpaths for any axisymmetric component. The CAM
module is subdivided into two sections. The first program calculates the wall angle
at every increment for a generalized equation driven curve by calculating the slope
at every incremental depth (Eq. 7). The second program, generates a 3D incre-
mental toolpath, for any choice of incremental depth, for the required geometry. In
order to calculate the wall angle of any profile, one needs to know the equation of
that curve first. Most of the equation driven curves like parabola, hyperbola, and
spline have their predefined equations. For free-form curves (asymmetric), rational
Bezier curves can be used for describing the 2D cross-section of the profiles to be
formed by ISF. A rational Bezier curve of nth degree can be defined as (Cao et al.
2015; Piegl and Tiller 1997):

cðuÞ ¼
Pn

i¼0 Bi;nðuÞxiPiPn
i¼0 Bi;nðuÞxi

0� u� 1 ð3Þ

where, Pi ¼ ðxi; yi; ziÞ are the control points, and xi is the scalar for each point. In
Eq. (3), the basis function Bi;nðuÞ is the Bernstein polynomial with nth degree.
However, in this research work, curvilinear geometric profiles with predefined
equations (circular and elliptical) for their curves have been used. A pseudo code
for incremental toolpath generation for any profile in MATLAB® is given in the
Appendix. Also, procedure to conduct numerical simulations and experiments from
this CAM module is shown in Fig. 4.

In Fig. 5, a circular generatrix profile is shown, A and C are the extreme ends of
the profile, while B is the point where crack has been occurred, h is the forming
depth of the profile. Thickness (tf) and amount of thinning (ft) at failure point ‘B’ are
given by following equations:
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Fig. 4 Flowchart for toolpath generation, simulations and experiments
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tf ¼ t0
R

y2 � h� hdf gð Þ ð4Þ

ft ¼ 100 1� 1
R

y2 � h� hdf gð Þ
� �

ð5Þ

where, tf is the final thickness, t0 is the initial thickness and ft is the amount of
thinning. One can predict the thickness for overall profile, based on the modifica-
tions (Eqs. 6 and 7) in conjunction with abovementioned equations (Eqs. 4 and 5).
Based on the below modifications (Eqs. 6 and 7) in conjunction with abovemen-
tioned equations. Equations (6) and (7), give a modified version to the sine law,
which is capable of predicting sheet thickness of asymmetric curvilinear wall
profiles.

fy2 � h� hdf gg
R

¼ sinð90� /Þ ð6Þ

where,

/¼ tan�1 ðdy=dzÞ
ðdz=dxÞ ð7Þ

The major benefits of this model over other models are as follows:

• It is capable of predicting thickness of any geometric profile.
• It is basically an improved version of sine law for curvilinear profiles.
• It is capable of predicting thickness at any forming depth.
• Continuous thickness prediction throughout the profile.
• Predict thickness even when there is variation in step depth of incremental

toolpath.

Fig. 5 Illustration of a generatrix with MATLAB toolpath
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3 Thickness Calculation

The most common and effective methods of measuring strain or plastic deformation
are grid marking, extensometers, strain gauges and ultrasound thickness measure-
ments. Grid deformation analysis is a most common and easy method of measuring
the deformation of a formed sheet (Kim and Lee 1996). Grid marking consists of
marking square or circular grid pattern over the sheet metal blank (Diameter of
circle ranges between 1 and 8 mm, which depends on the size of the component)
(Hariharan and Balaji 2009).2 The incremental sheet forming process usually
considered as plane strain deformation process because the thickness of the sheet is
generally very less as compared to other dimensions of the sheet. Due to the plane
strain nature of deformation, surface strains measurement becomes very important.
Forming limit diagram can also be plotted using the calculated surface strains. In
this study, a simplified technique (Eqs. 8–11) is presented to measure thinning of
the sheet by using strains in meridional direction ðe11Þ, circumferential direction
ðe22Þ and through thickness direction ðe33Þ. In Eq. (8), E is the modulus of elasticity
and v is the Poisson’s ratio. In Eq. (11), t0 is the initial sheet thickness and tf is the
final sheet thickness. This method of thickness prediction is basically employed by
ABAQUS,3 it computes the lateral and longitudinal strain for every shell element
undergoing plane strain deformation. In this study, the present method has been
used in conjunction with the strain distribution data collected from the grid
deformation analysis.

Ev
ð1� 2vÞð1þ vÞ e11 þ

Ev
ð1� 2vÞð1þ vÞ e22 þ

Ev
ð1� 2vÞð1þ vÞ e33 ¼ 0 ð8Þ

e33 ¼ � v
1� v

� �
e11 þ e22ð Þ ð9Þ

ln
tf
t0
¼ e33 ð10Þ

tf ¼ t0e
e33 ð11Þ

The final sheet thickness (tf) of curvilinear profiles, calculated from the calcu-
lation model is then compared with FEA and experimental results. A comparison of
the effectiveness of this method is discussed further in this study.

2http://lectroetch.com/product-category/grid-marking-equipment/, 31st July, 2017, 1:45 am. IST.
3ABAQUS/Explicit Theory Manual Version 6.3, vol. 1–2, 2002.
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4 Finite Element Analysis

Finite Element Analysis (FEA) is a tool to approximately predict the results of a
process. The accuracy of results in ABAQUS depends on the quality of technical
data available as an input to the FEA model. Few parameters like E, v material
density, strain hardening exponent, friction coefficient and the material constant
need to be accurately known for any sheet metal forming simulation. Meshing
effects the accuracy of results and computational time. Generally, adaptive meshing
is preferred to optimize computational time with the accuracy of results. A 3D
elastic-plastic FEM (Finite Element Model) for ISF is established in ABAQUS
software suite. An isotropic sheet blank with ‘S4R’ shell elements is considered for
this study. The forming tool is considered as a rigid body. The elastic and plastic
properties of the sheet blank (Aluminium 6106-T6) are considered during simu-
lations. The thicknesses of the sheet and tool diameter are taken as 1 and 8 mm
respectively for the simulations and experiments. The interaction between the sheet
and forming tool is implemented by a pure master-slave contact algorithm.
Additionally, the coefficient of friction between blank and the tool is taken as 0.1 by
using Coulomb’s law of friction (Li et al. 2012). The forming tool moves in a 3D
path according to the boundary conditions assigned to it in x, y, and z coordinates.
The time series generation for the amplitude of these boundary conditions is based
on Eqs. (12) and (13); where x, y, and z are the coordinates of the toolpath are
extracted from MATLAB (Nirala et al. 2015).

Time step ðtÞ ¼ DðStep distanceÞ
Velocity of tool ðvÞ ð12Þ

Step distance ðDÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx2 � x1Þ2 þðy2 � y1Þ2 þðz2 � z1Þ2

q
ð13Þ

The time step and step distance used during simulations are derived from
Eqs. (12) and (13). An array of time steps and x, y, z coordinates are established
while assigning boundary condition to the forming tool. As a result, the toolpath in
the real process is same as that in simulations. The velocity of forming tool in
simulations is generally taken more than the real process but below a critical value
in order to reduce computational time in simulations (Hirt et al. 2005; Hadoush and
Van den Boogaard 2008). A simple setup for carrying out simulations is shown in
Fig. 6. The toolpath designed in MATLAB and FEA results of thickness distri-
bution for circular and elliptical wall profiles are shown in Fig. 7. In Fig. 7, the
output variable (sheet thickness) values for shell elements are averaged within 75%
in correlation with each other (nodal averaging scheme in Abaqus).

The circular and elliptical wall profiles are simulated up to a designed forming
depth of 30 mm. From the results of the simulations, it is quite clear that the
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deformation in SPISF is plane deformation i.e., stretching in the radial direction and
compressing in the normal direction. The results of the simulations are well in
accordance with the previous studies (Nirala et al. 2015; Han and Mo 2008). In
previous studies, the authors have conducted similar simulations and found similar
decreasing trends of sheet thickness along forming depth. In all three cases, the
minimum thickness is observed near the base of the formed profile. From the
stress-strain relationship, it can be concluded and also observed in simulations that
over the formed profiles, where the strain is higher, stress will also be reported as

Fig. 6 Numerical simulation setup for ISF

Fig. 7 FEA results of shell thickness for a circular wall, b elliptical wall profiles
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higher (Fig. 7). Hence, in simulated profiles, maximum stress will be observed in
the region of maximum thinning (Fig. 7). The advantage of using numerical
analysis is to predict the sheet thinning (Nirala et al. 2017) in ISF before doing real
experiments. Fine meshing in simulations gives accurate results (percentage error
<5%) but fine meshing takes very long computational time. It takes few days or
even weeks to do the analysis of a geometry when very fine meshing is used (shell
element size <0.2 mm, for considered geometries).

5 Experimental Exploration

One cannot solely depend on simulation results because every solver of a numerical
analysis software gives different results for the same problem. This is primarily due
to the various assumptions considered while designing a numerical analysis
setup. Hence, the results from the simulations need to be verified by the experi-
ments for confirmation. The x, y and z coordinate extracted from the toolpath
program can be utilized to make an NC part program for a 3 axis vertical milling
machine (here, BFW, Model: VF 30 CNC VS). A fixture to conduct the experi-
ments is designed and fabricated as shown in Fig. 8. A backing plate is generally
used to avoid undesired bending near the periphery of the geometry (Duflou et al.
2008). For each of the experiments, a tungsten carbide made hemispherical end
shape forming tool with 8 mm diameter is chosen. The sheet blanks used in the
present study are 1-mm-thick aluminum sheets (70 � 70, Al 6101-T6). Al 6101-T6
is a commonly used alloy in aerospace, aviation, and marine industry. The
mechanical properties of Al 6101-T6 are shown in Table 1. Feed of 500 mm/min is
provided to the tool which is rotating at 500 RPM.

The sheet metal blanks of aluminum alloy are prepared by trimming operation
and then clamped over the fabricated fixture. Serigraphy method is used to print the

Fig. 8 Fixture for ISF. a Experimental setup and b CAD model
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grid pattern over the sheet. This method is one of the easiest and cost-effective
methods of grid marking (Hariharan and Balaji 2009). This is done in order to
measure the surface strains after deformation. The profiles are chosen so that crack
can be observed, which the most critical limitation of this process. Multiple
experiments were carried out for the different range of profiles, so that the crack
initiation could be observed at shallow forming depth. Formed components, circular
and elliptical wall profiles, by SPISF are shown in Fig. 9. To obtain the thickness
profiles, the formed geometries are mounted from the fixture and their cut sections
are prepared by using Electrical Discharge Machining (EDM). The thickness pro-
files are prepared by measuring the sheet thickness of formed geometries along
forming depth using a micrometer with least count ±1 µm.

6 Results and Discussion

In this section, results of thickness and strain distribution with forming depth are
presented and discussed. Also, a comparison based study of the formed components
(circular and elliptical wall profiles) is presented using Fracture Forming Limit

Table 1 Mechanical
properties of Aluminium
6101-T6

Properties Magnitude

Density 2.7 g/cc

Melting point 600 °C

Poisson’s ratio 0.33

Tensile strength 97 MPa

Modulus of elasticity 70 GPa

Yield strength 76 GPa

Fig. 9 Formed profiles. a Circular wall and b elliptical wall
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(FFL) diagram. From Figs. 10 and 11, it can be observed that the thickness of wall
reduces with forming depth. The main reasons for thickness reduction are
stretching, shearing and squeezing of the sheet in meridional, circumferential and
through-thickness directions respectively (Jackson and Allwood 2009). It has been
observed during experiments that the thickness near the base is slightly more than
the region where the crack has occurred. The possible reason for this can be the
accumulation of stretched material near the tool contact point. FEA and prediction
model do not consider this factor which results in higher average percentage errors.

Fig. 10 Thickness distribution comparison for circular wall profile (Nirala and Agrawal 2016)

Fig. 11 Thickness distribution comparison for elliptical wall profile (Nirala and Agrawal 2016)
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However, up to crack region, the values of percentage error remain below 10%.
From Fig. 10, circular wall profile, the average percentage errors of FEA, prediction
model and calculation model from experimental data are 11, 12, and 5% respec-
tively. From Fig. 11, elliptical wall profile, the average percentage errors of FEA,
Prediction model and calculation model on comparison with experimental data are
15, 29, and 10% respectively.

It took nearly 48 h to complete one FEA simulation of the single stage ISF. One
can clearly see (Figs. 10 and 11) that the prediction model can be used over FEA to
predict the approximate thickness distribution up to crack initiation. Calculation
model can be used over experimental method to calculate thickness distribution. On
comparing Figs. 10 and 11, it can be seen that the maximum forming depth
achieved before crack initiation for the circular and elliptical wall is 25 and 22 mm
respectively. Repeatability tests were also conducted to come to any conclusion.
Hence, it can be concluded from the available results that, the prediction and
calculation models fit better for the curvilinear profiles, where the wall angle
variation from top to bottom of the wall is less (circular wall profile). For curvi-
linear profiles, with the high variation of wall angle from top to bottom of the wall
(elliptical profile), the proposed models show high variance from actual experi-
mental results.

Figure 12, shows the Fracture Forming Limit (FFL) diagram containing the
Forming Limit Curve (FLC). The FLC is plotted from the data available in the

Fig. 12 FFL comparison for circular wall and elliptical wall (Nirala and Agrawal 2016)

406 H. K. Nirala and A. Agrawal



literature, which was collected by conducting a combination of simple tensile test
and Dome test (Silva et al. 2011). The reason of showing FLC in this study is to
highlight the higher formability in ISF. Sheet cracked in the case of circular and
elliptical wall profiles, whereas conical geometry successfully formed without any
fracture. The points where the crack is observed are shown above the FFL line. In
this study, analytical model available in the literature (Duflou et al. 2008; Hussain
and Gao 2007), for thickness prediction is modified. Also, the thickness calculation
model available in the literature (Filice 2006) is further derived and implemented
using grid deformation analysis. However, the developed methodology by which
this study has been conducted has not been found in the available literature.

7 Summary

In this work, a methodology is presented to predict and calculate the sheet thickness
for the components fabricated by ISF process. The prediction model is developed to
predict the sheet thickness before real experiments, while calculation model is
developed to calculate the sheet thickness after real experiments.

• Thickness prediction model can predict sheet thickness under acceptable limits
(approximate average % error—15%) up to crack initiation depth.

• Thickness calculation model can calculate the thickness within acceptable limits
up to full forming depth.

• For a curvilinear profile, when the range of angle between two extreme ends is
less and not very steep then the analytical models give better results. The range
of angle between two extreme ends of the circular profile is less than the
elliptical profile. Hence, results in the circular profile are better than the elliptical
profile.

• The results from analytical models and calculation models are in good agree-
ment with FEA and experimental results.

• For future study, material modeling using advanced material models like GTN,
to predict damage initiation and propagation in single stage can be implemented
in conjunction with developed prediction and calculation models.
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Appendix

Pseudo Code

clc; clear all; clear;

Decide a constant value of stretching / Scallop Height; %For variable increment in negative z direction

Create empty arrays for x, y and z values;

Create an array for calculating wall angle at every increment; 

Define initial constant step depth; 

Define major base radius=r;

Program of wall angle (theta) calculation                        % Based on equation 7

Forming Depth = 0; 

While (angle >initial wall angle && angle<final wall angle) 

 Call program of wall angle calculation; 

           Generation of profile contour with forming depth 

 Forming depth = Forming depth + step depth; 

 If (depth>required depth) 

Break;

End

End
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