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1. Introduction

The skin part, as the main part of aerodynamic
configuration of the aircraft, is characterized by small
quantities, large varieties and large size. The skin parts are
mainly formed by stretch forming and stamping forming
[1-3]. Compared with the stamping forming, the stretch
forming boasts the advantages of simple die manufactur-
ing, small springback and high forming precision [4]. With
the rapid development of the aerospace industry, the pro-
file of skin parts is becoming increasingly complex, and
the requirement of forming precision is becoming higher
and higher [5-7]. What the traditional stretch forming
method uses is the integral clamp. In the process of stretch
forming, overall displacement of the clamp takes place.
When parts with large curvature or complex curvature are
being formed, it is difficult for the sheet metal to fit the die
completely, and even it is easy to crack. In addition, in
order to promote the sheet metal to fit the die better, a large
material transition zone is needed, which leads to low ma-
terial utilization. Therefore, a new stretch forming process
is needed to address the problems of die fitting difficulty
and low material utilization.

Discrete clamp stretch forming is a flexible
stretch forming process, whose design idea is to use multi-
ple discrete sub-clamps instead of rigid integral clamps (as
shown in Fig. 1), and realize flexible self-coordination of
multiple sub-clamps with the hydraulic drive technology
[8]. The stretch forming process of the discrete clamp is
shown in Fig. 2. During clamping, multiple clamps are
arranged in a straight line. During forming, multiple
clamps can automatically adjust the rotation angle and
stretching amount of the jaw according to the change of the
die profile, so that the arrangement of the sub-clamps can
be consistent with the curvature change of the die profile,
and the sheet metal can fit the die more easily [9-10],
which changes the overall motion mode of the traditional
clamp, reduces the tendency of cracking, downsizes the
material transition zone and improves the material utiliza-
tion rate [11]. Discrete clamp stretch forming is a complex
process, and it is necessary to predict, analyze and opti-
mize actual problems through finite element methods.
There are many numerical simulation methods for sheet
metal forming, among which the elastoplastic finite ele-
ment method is widely accepted. In the numerical simula-
tion research of stretch forming, many scholars at home
and abroad have mainly focused on simple three-

dimensional surfaces such as cylindrical parts and spheri-
cal parts, but there are few researches on complex curved
parts. In this paper, the trapezoidal profile part and the
double curved top part are taken as the research objects.
With the finite element numerical simulation method, the
process of stretch forming of complex curved surface parts
with the discrete clamp and the integral clamp is compared
and analyzed, and related experiments are carried out. The
research results expand the application scope of the dis-
crete clamp stretch forming, which provides certain refer-
ence for the stretch forming of other complex profile parts.
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Fig. 1 Clamp diagram: a) integral clamp; b) discrete clamp
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Fig. 2 Forming process: a) before forming; b) after forming

2. Finite element model

The finite element models of integral clamp
stretch forming and discrete clamp stretch forming are es-
tablished for trapezoidal profile parts and double curved
top parts respectively with the finite element analysis soft-
ware ABAQUS.

Depending on the target part the dimension of the
trapezoidal die was selected, Fig. 3 shows the trapezoidal
die. The long side of the die is 1600 mm long, the short
side is 1100 mm long and the width is 1400 mm. The sur-
face curvature of the long side and the short side is
R1=1700 mm and R,=900 mm respectively, and the surface



curvature in the width direction is R3=6000 mm.

Fig. 3 The trapezoidal die
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Fig. 4 Finite element model (1/2) of trapezoidal profile
parts: a) integral clamp; b) discrete clamp

Fig. 4, a shows the finite element model of the in-
tegral clamp stretch forming of trapezoidal profile parts,
the forming force is applied to the integral clamp. Fig. 4, b
shows the finite element model of the discrete clamp
stretch forming, the forming force of each sub-clamp is the
same, and sub-clamps are able to automatically move ac-
cording to the shape of the die. Due to the symmetry of the
model, the 1/2 finite element model is established in order
to save the calculation time. The sheet metal is made of
low carbon steel ST14 with size of 2300x1200%1.5 mm.
The density of ST14 is 7850 kg /m3, the elastic modulus is
207 GPa, the Poisson ratio is 0.28, and the yield stress is
176.3 MPa. The sheet metal is assumed to be isotropic and
obeys the Von Mises yield criterion. The quadrilateral shell
element S4R is used to divide the grid. The discrete clamp
consists of 10 sub-clamps on one side. The four-node 3D
rigid body element R3D4 is adopted for meshing of the
clamp and the die. The contact pairs between the sheet
metal and the die and the clamp are formed respectively,
and the general contact algorithm is adopted. The Coulomb
friction model is used for the contact between the sheet
metal and the die, and the friction coefficient is 0.15; the
friction between the sheet metal and the clamp is assumed
to be infinite, and the Rough model is adopted. The rele-
vant boundary conditions are set for parts. Symmetrical
boundary constraints are imposed on the symmetry axis of
the sheet metal, and all degrees of freedom for die are con-

strained. The loading of tensile force is realized by the
connecting unit in the software. In the figure, OA is the
direction of symmetry axis of the formed part, OB is the
direction of the long side of the die, and AC is the direction
of the short side.

Fig. 5, a shows the hyperbolic top die, where the
curvature radius of the small curved part is R1=390 mm,
the curvature radius of the large curved part is R,=560 mm,
the curvature radius of the transition is R1,=580 mm, other
dimensions are L1=350 mm, L,=960 mm, and L3=900 mm.
The die is symmetrical, and the 1/2 finite element model is
established, as shown in Fig. 5, b. The selected simulation
material is low carbon steel ST14 sheet metal with the size
of 2000x1200x1.5 mm, and other parameters are the same
as those of the trapezoidal profile part model.
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Fig. 5 The hyperbolic top die: a) schematic diagram of
hyperbolic top die; b) finite element model (1/2)

3. Numerical simulation analysis of the trapezoidal pro-
file part

3.1. Formability analysis

Numerical simulation of the integral clamp and
the discrete clamp stretch forming of the trapezoidal pro-
file part is carried out. The horizontal force and vertical
force of the integral clamp are 220 kN and 290 kN respec-
tively. The discrete clamp has 10 sub-clamps on one side,
so the horizontal force and vertical force of a single clamp
are 22 kN and 29 kN respectively. Fig. 6 shows the illumi-
nation pattern of the formed part. As shown in the figure,
the sheet metal does not fully fit the die when the integral
clamp is used, while it can fully fit the die when the dis-
crete clamp is used. The reason is that the initial fitting
position between the sheet metal and the die is on the long
side, and then the fitting area gradually transits to the short
side. Since the displacement at any part during the forming
process of the integral clamp is the same, the part of the
sheet metal which has been fitted will continue to be
stretched synchronously during the fitting process, which
increases the resistance of clamp movement, so it is not
easy for the sheet metal to fit the die. When the discrete
clamp is used, the movement of each sub-clamp is inde-



pendent, and corresponding displacement can be produced
with the change of the curvature of the die edge, which
avoids the synchronous stretching of all parts of the sheet
metal, reduces the resistance of clamp movement, so that
the sheet metal is more evenly stressed and it is easier for
the sheet metal to fit the die.
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Fig. 6 The illumination pattern of the formed part: a) inte-
gral clamp; b) discrete clamp

3.2. Strain analysis

When the horizontal force remains unchanged and
the vertical force increases to 310 kN, the sheet metal
formed by the integral clamp can fit the die completely.
Fig. 7 shows the strain distribution when the formed part
fits the die completely. As shown in Fig. 7, the maximum
strain of the formed part corresponding to the integral
clamp and the discrete clamp is 0.2753 and 0.1541 respec-
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Fig. 7 The strain distribution of formed parts: a) integral
clamp; b) discrete clamp

tively. and the maximum strain of the former is 44.03%
greater than that of the latter. The position where the max-
imum strain occurs is at the edge of the sheet metal
clamped by the clamp on the long side of the die. This is
because the sheet metal at this position first fits the die
during forming, and the material at this position is subject
to the maximum tensile force when the sheet metal fully
fits the die, so the strain is the largest. Under the clamping
of the integral clamp, all parts of the sheet metal are
stretched synchronously. However, use of the discrete
clamp avoids synchronous stretching of all parts of the
sheet metal. Therefore, the maximum strain of the discrete
clamp is much smaller than that of the integral clamp. In
addition, the maximum strain values in the effective form-
ing zone of the formed part corresponding to the integral
clamp and the discrete clamp are 0.0636 and 0.0608 re-
spectively, and the minimum values are 0.0122 and
0.0173, respectively. The strain distribution range of the
discrete clamp is smaller and the distribution is more uni-
form.

3.3. Thickness distribution

Fig. 8 shows the thickness distribution of the trap-
ezoidal profile part. As shown in the figure, the thickness
distribution trend of the formed part is roughly the same as
that of the strain distribution (Fig. 7), which is because the
greater the strain change, the greater the thickness change.
In the effective forming zone of the formed part, the max-
imum thickness corresponding to the integral clamp and
the discrete clamp are 1.491 mm and 1.487 mm respective-
ly, the minimum thickness is 1.442 mm and 1.454 mm
respectively, and the maximum thinning value of the for-
mer is 20.69% greater than that of the latter. Therefore,
compared with the integral clamp, the thickness distribu-
tion range corresponding to the discrete clamp is smaller,
and the thickness distribution is more uniform in the effec-
tive forming zone.
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Fig. 8 The thickness distribution of formed parts: a) inte-
gral clamp; b) discrete clamp



3.4. Forming test

In view of the existing test conditions, there is a
newly developed discrete clamp stretch forming device in
the laboratory (as shown in Fig. 9, a), the discrete clamp
stretching forming test is carried out for the trapezoidal
profile part to verify whether the forming effect is con-
sistent with the numerical simulation results.
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Fig. 9 The test device and forming part: a) The discrete
clamp stretch forming device; b) the trapezoidal
profile part (the discrete clamp)

The test material is ST14, and the dimensions of
sheet metal and the die are the same as those of numerical
simulation. After forming, the sheet metal and the die can
fit perfectly, and the forming effect is good. The test part is
shown in Fig. 9, b, and the surface of the effective forming
zone is smooth without wrinkling and cracking. The illu-
mination pattern of the test part is consistent with that of
the formed part during the numerical simulation (Fig. 6, b).

Thickness measurement is used to verify whether
the thickness distribution of test part conforms to the nu-
merical simulation results. Thickness of test part is meas-
ured with ultrasonic thickness gauge, the measurement
accuracy is 0.001mm, the accuracy is high. Along three
directions of OA, OB and AC, the measurement positions
of the thickness are consistent between the test part and the
numerical simulation part, as shown in Fig. 9, b, and the
distance between the measuring points is 100 mm. The
thickness values of the same positions on the numerical
simulation part are extracted and compared with the meas-
ured values. The comparison results are shown in Fig. 10.

As shown in Fig. 10, the measured thickness val-
ues along OA, OB and AC directions are slightly less than
the numerical simulation values, maximum thickness re-
duction decreases by 0.17%, 0.27% and 0.06% respective-
ly, but the change trend of the thickness of the test part is

consistent with that of the numerical simulation part, which
indicates the correctness of the numerical simulation. The
thickness deviation of test part and simulation formed part
may be caused by many factors, such as the difference of
lubrication conditions, the batch of the sheet metal and the
fluctuation of material properties. In engineering applica-
tions, the deviation is generally considered to be acceptable
within — 20%~+20%. To sum up, the thickness deviation is
very small and within the allowable range.
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Fig. 10 The thickness contrasting curves of experiment and
simulation parts: a) the thickness of OA direction;
b) the thickness of OB direction; c) the thickness
of AC direction

4. Numerical simulation analysis of the double curved
top part

4.1. Formability analysis

Numerical simulation of the integral clamp and
the discrete clamp stretch forming of the double curved top
part is carried out. First, the horizontal force is choosing
according to the tensile rate of the sheet metal, and then the
vertical force is obtained by trials. Finally, the horizontal
force and the vertical force of the integral clamp are
190 kN and 380 kN respectively. The discrete clamp has



10 sub-clamps on one side, and the horizontal force and the
vertical force of a single clamp is 19 kN and 38 kN respec-
tively. The formed part of numerical simulation is shown
in Fig. 11. As shown in the figure, a large area of sheet
metal does not fit the die for the formed part corresponding
to the integral clamp, and the unfitted position is in the
concave curvature area of the die. The sheet metal of the
formed part corresponding to the discrete clamp fits per-
fectly with the die, and there is no crack in the sheet metal
and no wrinkling in the forming area. In order to make the
sheet metal stretched by the integral clamp fit the die, the
forming force is increased until the material stretch limit,
and the sheet metal still cannot fit the die completely. The
above phenomenon is due to the change of convex and
concave profile curvature of the double curved top part.
The integral clamp is a rigid straight clamp, which has
poor adaptability to the change of die curvature. Due to the
existence of the double curved top, the sheet metal is diffi-
cult to fit the concave curvature part in the middle of the
die. However, the discrete clamp has high flexibility, and
each sub-clamp can be distributed with the change of die
profile, so it is easy to fit the die.

poor conformability

poor conformability

Fig. 11 The illumination pattern of the double curved top
part: a) integral clamp; b) discrete clamp

The forming effect of these two kinds of clamps
can be further compared by change of the vertical dis-
placement of the sheet metal. Fig. 12 shows the vertical
displacement distribution of the formed part. Fig. 12, a
shows the vertical displacement distribution of the sheet
metal when the forming force is close to the stretch limit of
the material, and the integral clamp is used. Fig. 12, b
shows the vertical displacement distribution of the sheet
metal when it just fits the die completely, and the discrete
clamp is used. As suggested by the comparison, in the con-
cave curvature part of the forming area, the vertical dis-
placement of the sheet metal corresponding to the discrete
clamp is larger, which indicates that the sheet metal corre-
sponding to the discrete clamp can fit the die well, while
the sheet metal corresponding to the integral clamp does
not fully fit the die. In the clamping area, the vertical dis-
placement of the sheet metal corresponding to the integral
clamp is large, which indicates that the sheet metal is much
stretched and is easy to crack.
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Fig. 12 The displacement distribution of formed parts/mm:
a) integral clamp; b) discrete clamp

4.2. Strain and thickness analysis

It is impossible to get a double curved top part
which is well formed with the integral clamp stretch form-
ing, so only the strain and thickness change of the formed
part corresponding to the discrete clamp is analyzed.

Fig. 13, a shows the strain distribution of the
formed part with the discrete clamp stretch forming. As
shown in the figure, the maximum strain in the effective
forming zone of the formed part is 0.0778, which is within
the allowable range of the material stretch. Fig. 13, b
shows the strain distribution curve of the double curved top
part along the y direction of the symmetry axis. The strain
value increases first, then decrease and then increases,
which is consistent with the change trend of the die curva-
ture.
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Fig. 13 The strain distribution of high flexible stretch
formed part: a) the strain distribution; b) the strain
distribution of y direction



Fig. 14 shows the thickness distribution of the
double curved top part. As shown in the figure, the maxi-
mum and the minimum thickness in the effective forming
zone of the formed part is 1.495 mm and 1.441 mm respec-
tively, and the maximum thinning rate is 3.93% within the
allowable range. As shown in Fig. 14, b, the thickness de-
creases first, then increase and then decreases along the y
direction, which is contrary to the trend of strain distribu-
tion.
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Fig. 14 The thickness distribution of high flexible stretch
formed parts: a) the thickness distribution; b) the
thickness distribution of y direction

4.3. Forming test

The forming test of the double curved top part is
carried out with the discrete clamp stretch forming device
in Fig. 9, a. The material and size of die and sheet metal
are the same as those of numerical simulation. The test part
is shown in Fig. 15. As shown in the figure, the forming
effect is good in the effective forming zone of the formed
part, and there is no wrinkling. The forming results are
consistent with the numerical simulation results.

Fig. 15 The double curved top part (discrete clamp)
5. Conclusions

1. The research results of the trapezoidal profile
part show that: the discrete clamp can be distributed with
the curvature change of the die edge, so that the integral
displacement of the traditional clamp is avoided, it is easier
for the sheet metal to fit the die, the strain and thickness of
the part are more uniform, and the forming effect is better.

2. The research results of the double curved top
part show that: during the forming process of the integral
clamp, synchronous displacement is produced in all parts,
and the curved part with convex and concave curvature
change cannot be formed, and the sheet metal is faced with
the risk of cracking. The discrete clamp can adapt to the
curvature change distribution of the die, so that the sheet
metal can fit the complex die profile. the strain and thick-
ness of the part are more uniform, and the forming quality
is high.

3. The discrete clamp stretch forming tests are
conducted for the trapezoidal profile part and the double
curved top part. The results show that the forming effect is
good and the forming trend is consistent with the numeri-
cal simulation results, which verifies the correctness of the
numerical simulation process.

4. The research results show that it is feasible to
form complex curved parts with the discrete clamp stretch
forming method, which expands the application scope of
the stretch forming device.
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RESEARCH ON STRETCH FORMING PROCESS OF
THE DISCRETE CLAMP FOR COMPLEX CURVED
PARTS

Summary

The discrete clamp is used to replace the integral
clamp in the traditional stretch forming process, and the
stretch forming process of complex curved parts is studied.
With the trapezoidal profile part and the double curved top
part as the research objects, numerical simulation of the
stretch forming process with the integral clamp and the
discrete clamp is carried out respectively. The numerical
simulation results show that: compared with the integral
clamp, it is easier for the trapezoidal profile part to fit the
die during stretch forming with the discrete clamp, and the
distribution of strain and thickness of the formed part is
more uniform; during forming of the double curved top
part, with the same forming force, the sheet metal cannot
fit the die completely with the integral clamp forming,
while it can completely fit the die during stretch forming
with the discrete clamp. When the forming force of the
integral clamp is increased, the sheet metal still cannot fit
the die completely, and the sheet metal is more likely to
crack. Stretch forming tests are conducted for the trapezoi-
dal profile part and the double curved top part with the
discrete clamp stretch forming device, and good forming
effect is realized, which is consistent with the numerical
simulation results.

Keywords: discrete clamp; stretch forming; numerical
simulation; complex curved parts.
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