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Simulation and Experimental Observations 
of Effect of Different Contact Interfaces on the 

Incremental Sheet Forming Process

YANLE LI, ZHAOBING LIU, W.J.T. (BILL) DANIEL, AND P.A. MEEHAN

School of Mechanical & Mining Engineering, The University of Queensland, St Lucia, Brisbane, Australia

Incremental sheet forming (ISF) is a promising forming process perfectly suitable for manufacturing customized products with large plastic 
deformation by using a simple moving tool. Up to now, however, the effects of contact conditions at the sheet interface are not well understood. The 
aim of this work is to study the effect of tool type and size on the formability and surface integrity during the forming process. Experimental tests 
were carried out on aluminum sheets of 7075-O to create a straight groove with four different tools (φ 30, φ 25.4, φ 20 and φ 10 mm). One tool tip 
was fitted with a roller ball (φ 25.4 mm) while the other three were sliding tips. The contact force, friction and failure depth were evaluated. A finite 
element (FE) model of the process was set up in an explicit code LS-DYNA and the strain behavior and thickness distribution with different tools 
were evaluated and compared with the experimental results. This study provides important insights into the relatively high formability observed in 
the ISF process. Microscopic observations of the surface topography revealed that a rolling tool tip produced better surface integrity as compared 
with a sliding tool tip, wherein, distinct scratch patterns in the tool traverse direction were evident.

Keywords Deformation; Forces; Forming; Strain; Stresses.

INTRODUCTION

Incre  mental sheet forming (ISF) is a promising manufac-
turing process in which flat   metal sheets are gradually formed 
into 3D shapes using a generic tool stylus only. By using this 
process, useable parts can be formed directly from computer-
aided design (CAD) data with a minimum of specialized 
tooling; therefore, it has economic benefits for rapid proto-
typing production and for small quantity applications [1–3].

Over recent years, different kinds of studies have been 
conducted [2, 4–9] with emphasis on understanding, assess-
ing and improving the formability in this forming process. 
Among them, straight groove tests have been performed by 
Kim and Park [10] and suggested as an appropriate method 
to evaluate the effects of process parameters on the form-
ability for aluminum sheet. In this forming test, two charac-
teristics of deformation can be achieved [10]. One is the 
deformation condition. Biaxial stretching deformation takes 
place at the starting and ending points of the straight line 
when the tool moves horizontally. As the forming depth 
increases, the deformation turns more into biaxial stretch-
ing. On the contrary, plane-strain stretching deformation 
occurs between the starting and ending points. Another 
important characteristic of ISF is the higher formability 

achieved compared with other conventional sheet forming 
processes. As for deformation mechanics of ISF, stretching 
rather than vertical shearing appears to be the dominant 
mode of deformation in ISF according to recent published 
work by Silva [11] and Allwood [12]. Failure mechanics in 
ISF [13] were revisited recently and a much deeper insight 
on the influence of tool radius led to the proposal of a new 
understanding and assessing on formability limits and for-
mation process of fracture. Minutolo [14], working on force 
analysis in the groove test, found that using a tool with a 
bigger diameter and higher drawing depth, higher forming 
forces and a different typolog  y of failure can be observed. 
However, comparison between the results using ball (roll-
ing) and hemispherical (sliding) tools were not conducted in 
this article. Kim [10] concluded that the ball tool is more 
effective than the hemispherical head tool in terms of form-
ability by simply judging the value of (εmajor + εminor) [4] 
after deformation, without comparing the failure depth of 
two kinds of tools. Durante [15] and Hussain [16], working 
on the effect of tool/sheet contact conditions on the surface 
finish of the product, found that the lowest levels of surface 
roughness were obtained with sphere/sheet contact. Still, 
surface topography of the forming surface needs to be stud-
ied to deepen the knowledge in the effect of different contact 
conditions on this innovative sheet forming process.

In the present paper, the test to form a straight groove has 
been carried out and the effect of tool size, tool type and fric-
tion between tool and sheet was investigated. One of the few 
state-of-the-art ISF machines designed by Amino 
Corporation that allows mold based forming for a maximum 
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122 Y. LI ET AL

size 2100 mm × 1450 m  m × 550 mm with greater control and 
quality was used to conduct the forming process. In terms of 
the sliding conditions, three hemispherical head tools, 
30 mm, 20 mm and 10 mm in diameter, have been used. 
From these experimental tests, the influence of tool sizes on 
the surface topography and on the value of the failure can be 
analyzed and revealed. In addition, some failure cases dur-
ing the process are analyzed to provide experimental evi-
dence on fracture forming limits. A FE model has also been 
created and utilized to analyze the strain behavior for better 
understanding the deformation mechanics.

EXPERIMENTATION AND SIMULATION METHODS

Experiment Setup
The groove forming tests have been performed on a state-

of-the-art machine designed dedicated for the ISF process 
by Amino Corporation which can be numerical controlled 
by a controller provided by FANUC corporation. Fig. 1 
shows a photograph of an experimental test.

Two types of tools; a ball tool and hemispherical head tool 
as pictured in Fig. 2, have been used in the experiment to 
produce four different contact interfaces between tool and 
workpiece. Among them, a ball, with a diameter of 25.4 mm, 
attached to the end of the ball tool can rotate freely. For the 
hemispherical tool, the tip is tungsten carbide and the body 
is made of K110 steel which was hardened and tempered to 
HRC60. The material used in the present study was alumi-
num 7075-O sheet of 300 mm × 300 mm in size and 1.016 mm 
in thickness. Alloy 7075 was one of the most successful 
Al–Zn–Mg–Cu alloys with high strength and good stress-
corrosion cracking resistance and has been widely used for 
aerospace applications.

In the groove test, metal sheets were fixed along their 
edges in a special designed frame which mounted on the 
forming table of the machine; the tool moved back and forth 

along a 140 mm long straight path (shown in Fig. 2) with a 
gradual step down of 0.5 mm in vertical position until a 
crack was observed. For every test, a feed rate of 1000 mm/
min has been set out and a lubricant has been sprayed on the 
plate to reduce the friction coefficient between tool and 
sheet surfaces. More detailed configurations for the experi-
mental parameters can be found in Table 1.

Finite Element (FE) Model
By comparing different simulation package and perfor-

mance [17, 18], DYNA3D, a dynamic explicit FE code, is 
chosen to simulate the drawing process. It can accurately 
solve dynamic problems which have 3D elastic–plastic large 
deformation using explicit time integration. Due to the com-
plexity of the ISF simulation, mass scaling and increasing 
working speed was essential to reduce computing time with 
insignificant influence on the simulation results.

The general geometry of the sheet is square with dimen-
sion 300 mm × 300 mm and it is meshed into 1.5 mm × 1.5 mm 
elements which are shown in Fig. 3 (only half of the sheet is 
presented). To simulate the boundary conditions in the form-
ing process, nodes in all edges are constrained with both dis-
placement and rotation in all degrees of freedom. In the FE 
model, forming tools are considered as rigid bodies and their 
boundary conditions that should be followed during the pro-
cess are given by the path shown in Fig. 2. In the presented 
FE model, the sheet behavior is assumed to be isotropic and 
the plastic property is modeled by means of a power law 
expression. This expression considered the material harden-
ing with an exponential dependence on strain but neglected 
the effect of both temperature and strain rate to simplify the 
model. Material parameters were obtained from the work by 
M. Durante [19] which are shown in Table 2. From our 

TABLE 1.—Experimental parameters design for groove test.

P  art 
No.

Tool size 
(mm)

Sheet thickness 
(mm)

Groove length 
(mm)

Speed 
(mm/min)

1 30 1.016 140 1000
2 20 1.016 140 1000
3 10 1.016 140 1000
4 25.4(ball) 1.016 140 1000FIGURE 1.—Incremental sheet forming on Amino machine.

FIGURE 2.—Four different tools and tool path that were utilized in the 
experiments.
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EFFECT OF CONTACT INTERFACES ON INCREMENTAL SHEET FORMING 123

experimental work, the friction at the contact surface 
between tool head and sheet has been assessed and analyzed 
with a value of 0.18. This value has been used in this FE 
model (see Fig. 4).

EXPERIMENTATION AND SIMULATION RESULTS

Force Measurement
To better understand the contact mechanics and predict 

the occurrence of failure, the forces between tool and work-
piece have been measured continuously over time during the 
process. There are several ways to capture the forming force, 
such as the cantilever sensor designed by Jeswiet [20] and 
force dynamometer used by Duflou [21]. In the present 
work, three full Wheatstone bridges have been designed and 
mounted on the 30 mm hemispherical tool. Each bridge is 
configured by four strain gauges and designed to measure 
one of the three orthogonal forces: two bending directions, 
and one axial direction. Before taking any measurement, the 
strain gauges were calibrated twice in all three directions by 
applying a known force to get an accurate result. The cali-
brated system shows a rather linear relation between strain 
and output voltage.

The forces measured with this system shown in Fig. 4 are 
for a 1.016 mm thick 7075-O aluminum sheet. In this test, a 
groove was formed until it was 25 mm deep when fracture of 
the aluminum sheet occurred. It can be seen that both verti-
cal and horizontal components experience a sharper increase 
at the end of each travel and the maximum forces encoun-
tered are around Fv = 2700 N in the vertical direction and 
Fh = 1800 N in the horizontal direction. These sharper 
increases are likely due to three main reasons; the increase 
of the contact area at the end of the groove, the dynamic 

impact of the side wall and also the large acceleration of the 
forming tool caused by the sudden change of moving direc-
tion. For the steps (vertical depth from 15 mm to 25 mm 
where failure occurs) which were presented in Fig. 4, only a 
slight increase from 800 N to 1000 N for the vertical and 
from 150 N to 200 N for the horizontal component can be 
found for the nearly steady trend recorded in the middle of 
each travel. Evaluation of friction coefficients is conducted 
by calculating the absolute value of the ratios between hori-
zontal and vertical components in the central area of the 
specimens, which has been widely used by Durante [19] and 
Hamilton [22]. According to Fig. 4, th  e absolute value of the 
ratios shows a slightly growing tendency in the middle area 
of the groove caused by the continual increase of the groove 
depth which requires more forces to stretch the sheet during 
each travel. An average value of 0.18 has been calculated as 
the average friction coefficient.

Failure Depth
Hemispherical head tools of three sizes were used: 10, 20 

and 30 mm in diameter. We can obviously see from Fig. 5 
that the failure depth is higher with an increase in tool diam-
eter. More specifically, cracking occurs when the forming 
depth was 16, 21.5 and 25 mm for the tool diameters of 10, 
20 and 30 mm with rolling direction (RD), respectively. It is 
worth noting that all the cracks first occurred near the end of 
each travelling path: this is due to the fact that these are the 
regions where the highest amount of deformation, straining 
and thinning will take place. It appears that there are linear 
relations between these failure depths and tool diameters in 
the test coverage. It can be clearly concluded from the 

TABLE 2.—Mechanical properties for 7075-O aluminum sheet.

Parameters Value

  Sheet thickness (mm) 1.016
Young’s modulus (GPa) 75
Yield strength (MPa) 100
Ultimate tensile strength (MPa) 200
  Poisson’s ratio 0.33
Plastic property σ = 330ε0.19

FIGURE 3.—FE model of the ISF process in LS-DYNA. Re ference elements 1–4 
marked.

FIGURE 4.—Vertical and horizontal force with a tool of 30 mm in diameter and 
the absolute value of the ratios between two components.
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124 Y. LI ET AL

modeled and measured force results for the peak values may 
be due to two main aspects: (1) 7075-O aluminum alloy is 
strain-rate sensitive and in the case of strain-rate sensitive 
materials artificially increasing the working speed might 
adversely affect accuracy of predicted forming forces. In the 
current model, the forming speed is artificially increased by 
a time scaling factor of 16.8 to save computing time. (2) 
Model boundary conditions might not have corresponded to 
reality. S  pecifically, there may have been a small amount of 
sliding between metal sheets and the clamping frame that 
was not included in the model. It is also possible that 
dynamic impact of the side wall and acceleration of the 
forming tool have not been quite accurately modeled. These 
aspects should be further investigated for developing an 
accurate force prediction model. However, for the investiga-
tion of strain behavior and thickness distribution in this pro-
cess, the predicted forming forces during the groove forming 
process are acceptable as conservative measures.

The strain behavior of the sheet was predicted by 
LS-DYNA. The results of the strain distribution can provide 
useful information to understand the trend of deformation. 
To compare the state of the strain for the tool diameter of 30 
and 20 mm, the analysis were performed until the forming 
depth both reached 21 mm.

Figure 8 shows the major strain distribution in the middle 
of the groove along the longitude direction in which the 
value of the contacted surface and non-contacted are denoted 
by upper surface and lower surface, respectively. In this 

experimental results that the tool diameter should be chosen 
as large as possible to delay the fracture. These results are 
consistent with the technical literature [23] in that, with the 
decrease of the tool diameter, the plastic deformation area 
also descends but the strain level ascends. The higher level 
of stresses can explain the early failure with the smaller 
sized tools.

In terms of the ball tool with a diameter of 25.4 mm, two 
tests have been performed with the forming direction paral-
lel to ball direction (RD) and transverse direction (TD). The 
failures of these grooves were recorded at 23 mm and 
23.5 mm when the tool was moving along TD and RD, 
respectively. This phenomenon indicates that a small amount 
of plane-anisotropy results in the small difference of form-
ability between two directions of the tool.

Figure 6 shows two different failure types at the end of the 
groove formed by 30 mm large ball tool (a) and hemispheri-
cal tool (b), respectively. By checking both macro (Fig. 6(a)) 
and micro (Fig. 6(c)) structure of the failure point, it is 
shown that plastic deformation develops by uniform thin-
ning until fracture and in-plane stretching is the principal 
mode of deformation in this process.

Contact Forces, Strain Behavior and Thickness Distribution 
in FE Model

To validate the proposed FE model, the simulated contact 
forces were plotted and compared with experimental data 
which is shown in Fig. 7. In the FE model, both the tool and 
the sheet are modeled with the same parameters as in the 
experimental test (e.g. sheet thickness is 1.016 mm, tool 
diameter is 30 mm and groove length is 140 mm).   From 
Fig. 7, the predicted forces both in vertical and horizontal 
components are in reasonable agreement with measured val-
ues, except that vertical forces are slightly overestimated 
and at the end points of the groove sharper force peaks were 
recorded in the experimental test. The deviation of the 

FIGURE 5.—Variations of failure depth of the groove test with tools different in 
diameter. (RD represents rolling direction and TD for transverse direction).

FIGURE 6.—Failure types of sheets formed with different tools. (a) Monodirectional; 
(b) bidirectional failure; (c) scanning electron micrograph of the onset of fracture 
and the cross section.
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EFFECT OF CONTACT INTERFACES ON INCREMENTAL SHEET FORMING 125

evolution history in the forming process as shown in Figs. 3, 
9 and 10. In the current coordinate system, the origin is 
defined at the center of the sheet and the tool is travelling 
along the X-axis from –70 mm to 70 mm while keeping Y as 
0. The X-coordinate values of the four selected elements 1, 
2, 3 and 4 are 0 mm, 35 mm, 64 mm and 70 mm, respectively 
(see Figs. 3 and 10). Figure 9 illustrates the strain evolution 
history of the four elements during the whole forming pro-
cess which uses a tool with a diameter of 30 mm. It can be 
clearly noticed that the strain values of the elements (1 and 2) 
in the middle of the groove keep the same level at each step 
and the lowest strain values always take place at the very end 
of the groove (element 4). However, by checking the strain 
values of each element, it was found that the maximum 
effective strain occurs before the corner of the groove (ele-
ment 3) with a distance of 6 mm. The FE modeling results 
can be confirmed by Fig. 6 which shows that the crack first 
occurs just prior to the end of the groove.

figure, the major strain is small in the middle and big at the 
end of the groove and the major strain on the lower surface 
is greater than that on the upper surface. It can also be 
noticed in Fig. 8 that the major strain with the 20 mm tool is 
greater than that with the tool diameter of 30 mm for both 
upper surface and lower surface. It   suggests that the level of 
strain decreases as the tool size increases. This could be 
explained physically by the increase in the contact area and 
deformation zone. Since the forming limit of the sheet is 
restricted by the value of strain, earlier occurrence of failure 
using a smaller tool can be predicted.

To further study the strain behavior and the evolution of 
the groove, four elements at the bottom of the groove at dif-
ferent places have been selected to compare the strain 

FIGURE 7.—Forces comparison between simulated and experimental results.

FIGURE 8.—Distributions of major strain predicted by LS-DYNA with different 
size tools at the depth of 21 mm.

FIGURE 9.—Effective plastic strain evolution of four elements in a groove form-
ing process with 30 mm tool.
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126 Y. LI ET AL

Based on the assumption that the metal sheet is incom-
pressible, the large deformation takes place by thinning the 
sheet. As a result, the thickness distribution is a critical fac-
tor to assess the formability and feasibility of a process. The 
thickness distribution with tools of 30 and 20 mm in diame-
ter are simulated by LS-DYNA and shown in Figure 10. It 
can be obviously seen that the thickness is greater in the 
middle and smaller at the ends of the path which can explain 
why the failure always occurs at the end of the groove. At 
the same forming depth, the thickness of the groove formed 
by the 20 mm tool is thinner than that formed by the 30 mm 
tool, which suggests that failure should occur earlier for the 
smaller tool. These predicted FE strain and thickness analy-
sis results are well corroborated by the experimental tests 
performed in the present work.

Surface Topography (SEM)
Figure 11 shows the aluminum sheet surface top  ography 

of the grooves produced by hemispherical (a) and ball tools 
(b) scanned by using JEOL6460 Scanning Electron 
Microscopy (SEM) with the supply power of 15 KV. The 
samples were cut into 2 cm squared for SEM observation 
and no other su  rface treatment was performed. Compared 
with sliding contact, the surface damage (striations) of the 
parts formed under rolling contact appears to be less. Fig. 11 
also indicates that many small pits appear on the surface of 
the aluminum sheet formed with both hemispherical and 
ball tool. This appears to be due to the coating exfoliating 
[24] on the sheet.

The border zone between the touched and non-touched area 
formed by the ball tool are also captured by SEM 
(Fig. 12). Interesting differences between these two areas can 
be seen that the surface formed by the ball tool appears 
smoother than the initial unformed surface. To some extent, it 
appears that the rolling contact condition can improve the sur-
face topography by flattening the rolling trace initially existing 
on the sheet surface. However, much more detailed examina-
tion should be taken to fully explain this phenomenon.

FIGURE 10.—Thickness distributions predicted by LS-DYNA with different size 
tools. Reference elements 1–4 marked.

FIGURE 12.—Border zone of the contacted and non-contacted area with ball 
tool.

FIGURE 11.—Surface topography examined by SEM for sheets formed with 
different tools along the directions indicated by arrows:  (a) hemispherical tool; 
(b) ball tool.
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2006.
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influence of tool-sheet contact conditions on an incremental 
forming process. Journal of Materials Engineering and 
Performance 2011, 20(6), 941–946.

16.  Hussain, G.,  et al. Guidelines for tool-size selection for single-
point incremental forming of an aerospace alloy. Materials and 
Manufacturing Processes 2012, 28(3), 324–329.

17.  Vafaeesefat, A . Finite element simulation for blank shape optimi-
zation in sheet metal forming. Materials and Manufacturing 
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18.  Cai, G.P.; Zhu,  N.Y.; Wen, N. Stress analysis of sheet metal vibra-
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tal forming process. Journal of Materials Processing Tech 2009, 
209(9), 4621–4626.
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21.  Duflou, J.R. Force  measurements for single point incremental 
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CONCLUSION

Forming forces have been measured by means of strain 
gauges and provide useful information to monitor and 
understand the forming process. Even though both vertical 
and horizontal forces present sharper increases at the end of 
each travel due to the increase of contact area and impact to 
the side wall, forces only show a slightly growing trend in 
the central area of the groove. This information proves that 
only localized deformation occurred in the process and thus 
it is possible to form large and complex shapes without 
higher forces required. By recording the forming depth 
using three different size tools, an obvious increasing trend 
in fracture depth was observed with the increase of tool 
diameter. Therefore, tool diameter should be selected as 
large as possible to improve formability with the constraints 
of geometrical complexity. Surface topography of parts 
formed by the hemispherical and ball tools has been scanned 
by SEM. The result shows that rolling contact condition 
causes much less local damage and scratching of the sur-
face. FE analysis is an efficient way to determine the influ-
ence of different tool sizes on the strain behavior and 
thickness distribution, providing how different parameters 
affect the forming process.

To further compare the effect of contact types, the same 
size of hemispherical tool (25.4 mm) is being manufactured 
and would be utilized in future research. Surface roughness 
is another important parameter to evaluate the output quality 
of the process and should also be measured in the future.
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