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Abstract In the CNC incremental forming, the forming quality will be different with the
different extrusion direction. The effects of the different extrusion directions on the forming
quality in the CNC incremental forming with the multidirectional adjustment of sheet postures
were studied by using three extrusion directions: parallel to the Z-axis, perpendicular to sheet
surface and perpendicular to the surface to be formed. The algorithm for calculating the
inclination angle of the extrusion tool and determining the extrusion direction vector in the
multidirectional adjustment environment of sheet postures was presented. The feasibility of the
algorithm was verified by an application example. The equivalent plastic strains under the three
extrusion directions were analyzed through the numerical simulation. At the same time, the
contour accuracy, thickness reduction and thickness distribution were compared and analyzed
through the CNC incremental forming experiment with the multidirectional adjustment of sheet
postures under the three extrusion directions.

1. Introduction

As a new technology of dieless forming, the metal sheet CNC incremental forming can be
applied to the small batch production, and has been rapidly developed and widely used in re-
cent years [1-4]. However, for the sheet metal parts with the larger forming angles, the problem
of excessive thickness reduction or even sheet cracking will occur when the horizontal sheet
postures are used in the current CNC incremental forming [5, 6]. With the continuous develop-
ment of modern society, the demand for complex straight wall parts is increasing. The further
development of this technology will be seriously restricted if this problem cannot be solved [7, 8].

In response to the above mentioned problems, some scholars studied a method to solve the
problems of uneven thickness distribution and excessive thinning by changing the sheet pos-
ture, which achieved some effects. The sheet postures adjustment method is to adjust the hori-
zontal sheet postures to an inclined sheet postures at an angle, thereby reducing the angle
between the sheet postures surface and the surface to be formed, that is to reduce the forming
angles.

When the curvature of the surface to be formed is different, the horizontal sheet postures
needs to be adjusted to different postures to minimize the difference of the forming angles in
order to achieve uniform thickness of the formed parts, that is, the sheet postures are changed
in multiple directions. The adjustment of the sheet postures is achieved by the extrusion
movement of the extrusion tool. The direction and magnitude of the forming force applied to the
sheet are different with the different extrusion directions of the extrusion tool, which lead to a
big difference of the deformation form and forming effect of the sheet.

The existing CNC incremental forming mostly adopts 3-axis CNC forming method with the
extrusion direction parallel to the Z-axis direction. In this way, the influence of the extrusion tool
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on the forming force, sheet metal deformation behavior and
thickness variation was studied [9, 10]. With the increasing
demand of sheet metal parts with complex shape, the 5-axis
CNC incremental forming technology that can extrude the
sheet metal from all directions is gradually emerging [11].
Therefore, it is necessary to explore the influence of extrusion
direction on the forming quality.

Zhu and Li [12] studied the influence of the extrusion direc-
tion on sheet thickness, profile dimension accuracy and
equivalent strain based on the horizontal sheet metal posture
in the positive forming by taking 0°, 15°, 30° and 45° as the
extrusion direction angle through the numerical simulation
method. They found that the forming effect is better when the
extrusion direction is perpendicular to the surface to be formed.
Considering the extrusion tool as a deformable body, Zhu and
Han [13] studied the influence of the extrusion direction on the
thickness distribution and forming accuracy in negative forming
based on the horizontal sheet metal posture by taking 45°, 60°,
75° and 90° as the extrusion direction angle through the nu-
merical simulation and forming experiment. The results show
that when the extrusion direction is perpendicular to the surface
to be formed, the thickness distribution is more uniform and the
forming accuracy is higher. Although the above mentioned
scholars studied the influence of the different extrusion direc-
tions on forming quality, they had all studied the influence of
the different extrusion directions on the forming quality with the
horizontal sheet postures.

Zhu [14], Tanaka [15] and Vanhove [16] studied the method
for changing the sheet postures to a certain inclined direction in
the forming process so as to obtain the formed parts with more
uniform thickness distribution. Zhu and Li [17] divided the
formed part containing the straight-walls into the different fea-
tures, and then gave different sheet postures to the different
features to achieve the non-fracture forming of the parts with
large forming angle. Zhu and Wang [18] proposed a combina-
tion optimization method of multidirectional sheet postures for
forming thickness uniformity. Zhu and Liu [19] proposed a
method for the forming of straight-wall parts with complex cross
section, which multi-directionally change the sheet postures
into the inclined surface with small forming angle based on the
virtual auxiliary body, so that the straight-wall parts can be
successfully formed. Although the above mentioned scholars
had adopted the multidirectional sheet postures during the
forming process, however, the influence of the extrusion direc-
tion on the forming quality in the CNC incremental forming
based on the multi-directional sheet metal posture is not dis-
cussed.

In the CNC incremental forming of the multidirectional ad-
justment of sheet postures, there is a problem of the extrusion
direction selection for the extrusion tools. The direction and
magnitude of the forming force applied to the sheet are differ-
ent with the different extrusion directions of the extrusion tool,
also there is a big difference between the sheet postures trans-
formation effect, sheet deformation and forming effect.

Therefore, the three extrusion directions such as parallel to

Fig. 1. Extrusion direction: (a) parallel to the Z-axis direction; (b) perpen-
dicular to the sheet surface; (c) perpendicular to the surface to be formed.

the Z-axis, perpendicular to the sheet surface, and perpendicu-
lar to the surface to be formed were used to study the influence
of the different extrusion directions on the forming quality in the
CNC incremental forming with the multidirectional adjustment
of the sheet postures in the paper.

2. The different extrusion methods based
on the multidirectional sheet postures

The CNC incremental forming based on the multidirectional
adjustment of the sheet postures is that the sheet is tilted by
the squeezing movement of the extrusion tool during the CNC
incremental forming, so as to minimize the forming angle and
its difference, and to minimize the thickness reduction and
homogenize the thickness. The influence on the forming quality
was studied by using the extrusion direction parallel to the Z-
axis direction (Fig. 1(a)), the extrusion direction perpendicular
to the sheet surface (Fig. 1(b)), and the extrusion direction
perpendicular to the surface to be formed (Fig. 1(c)) in the
forming with the multidirectional adjustment of sheet postures.
And, the calculation method of the direction vector for each
extrusion direction was studied.

3. Determination of the posture of extru-
sion tool

3.1 Calculation of inclination angle of extru-
sion tool

Compared with the traditional 3-axis CNC machining method,
the 5-axis CNC machining method needs not only the spatial
coordinates (x, y, z) of the cutter location, but also need two
additional rotational freedom to control the extrusion tool pos-
tures. The absolute coordinate system of the workpiece is
translated to the cutter location point to generate the relative
coordinate system that takes the cutter location point as the
origin, as shown in Fig. 2.

Among them, v is the extrusion direction vector of the extru-
sion tool; v, v,, and v, are the components of the extrusion
direction vector in the X, Y, and Z directions, respectively. The
angle o is the angle between the projection of the extrusion
direction vector on the YOZ plane and the Z-axis (anteversion
angle); the angle /g is the angle between the extrusion direc-
tion vector and its projection on the YOZ plane (roll angle). The
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Fig. 2. Determination of the extrusion tool posture.

following formula can be known from the geometric relationship
shown in Fig. 2.

tanor =+
v7
: (1)

VX

tan f =
NA

3.2 Calculation of the extrusion direction vec-
torv

1) Vector v of extrusion direction parallel to the Z-axis direc-
tion. Since the unit normal vector of the Z-axis direction is (0, 0,
1), it is only necessary to assign (0, 0, 1) to the extrusion direc-
tion vector at all the cutter location points.

2) Vector v of extrusion direction perpendicular to the sheet
surface. The extrusion direction perpendicular to the sheet
metal surface is the normal vector direction of each sheet
metal surface. The sheet metal surfaces of all directions can be
obtained by constructing the radial lines and triangulating them
by using the algorithm of Li [8]. The so-called normal vector
direction of the sheet metal surface is the normal vector direc-
tion of the triangular surface where the cutter contact point of
the extrusion tool head is located. The normal vector
N(x,y,z) of a triangular patch can be obtained by using the
three vertices A(x,,»,.z,), B(x.».2), and C(x.,y..z.)

of the triangular patch by the following formula:

AB=(xb—xa,yb—ya,Zb—za) @)
AC=(xC—xa,yC—ya,zC—za) 3)
i j Kk
N=ABXAC=[x,-x, ¥,—-V, 2Z,—Z2|- (4)
X=X, Y.—y., Z.-2Z,

3) Vector v of extrusion direction perpendicular to the surface
to be formed. The normal vector of the inner surface of the
sheet metal part to be formed are taken as the vector v of the
extrusion direction.

z
Y X
Z
é‘) X
Easy-forming Difficult-forming

Surface to be surface surface

formed

Fig. 3. Verification model: (a) isometric side view; (b) cutaway view; (c)
sheet posture.

4. Case studies

The multidirectional adjustment system for sheet posture
based on the different extrusion methods was developed using
C ++, VC ++ and OpenGL on Windows 7, and the case studies
were given as follows by taking the sheet metal part model
shown in Fig. 3(a) as example.

Fig. 3(b) shows that the outer surface of the model is a diffi-
cult-forming surface with different curvatures. Since the top of
the model is easy to form, it is sufficient to directly adopt the
horizontal sheet postures during the forming process. When
the forming process is conducted to the difficult-forming surface
of the nested features inside the model, it is necessary to trans-
form the horizontal sheet postures at different heights to obtain
the inclined sheet postures in various orientations to ensure
that the forming angles were less than the forming limit angle
and the thickness of the formed part were uniform, as shown in
Fig. 3(c).

For the model, Figs. 4-6 show the direction vectors of the
three extrusion directions such as parallel to the Z-axis, per-
pendicular to the sheet surface and perpendicular to the sur-
face to be formed. Among them, the blue, black, and green
lines L1 represented the extrusion direction vector at the cutter
location points on the easy-forming surface; the red and yellow
lines L2 represented the extrusion direction vector at the cutter
location points on the difficult-forming surface; the green area
M represents the surface to be formed, and the purple area N
represents the sheet postures in the forming process. Fig. 4
shows the extrusion direction parallel to the Z-axis at the cutter
location points on a certain layer during the sheet postures
adjustment process.

Fig. 5(a) shows the extrusion direction perpendicular to the
sheet surface at the cutter location points on a certain layer
when the sheet metal is in the horizontal postures, and the
extrusion directions between the cutter locations points are
gently transited. Fig. 5(b) show the extrusion direction perpen-
dicular to the sheet surface at the cutter location points on the
different sheet postures surface of two layers during the sheet
postures adjustment process. It can be seen that when the
sheet postures change during the forming process, the extru-
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Table 1. Mechanical property parameters.

Density Elastic modulus . . Yield stress | Tangent modulus . .
Name kg m® /Gpa Poisson ratio Mpa /Gpa Hardening coefficient
Al1060 2700 55.94 0.324 153.6 29 0.19775
GCr15 8160 218 0.30 — — —
W6Mo5Cr4V2 7810 212 0.29 — — —
——Perpendicular to the 30 Equivalent

Fig. 4. The extrusion direction parallel to the Z-axis direction: (a) isometric
side view; (b) cutaway view.

Fig. 5. Extrusion direction perpendicular to the sheet surface: (a) isometric
side view; (b) cutaway view.

(@) (b)
Fig. 6. Extrusion direction perpendicular to the surface to be formed: (a)
isometric side view; (b) cutaway view.

sion direction at the cutter location points will also change, but
the extrusion directions are always perpendicular to the current
sheet surface.

The extrusion directions that are perpendicular to the surface
to be formed at the cutter location points on a certain layer in
the process of the sheet postures adjustment are shown in
Figs. 6(a) and (b) in which the extrusion directions are gently
changed at the cutter location points.

5. Finite element numerical simulation

The model shown in Fig. 3 was used as the research object
to perform numerical simulations with the extrusion directions
respectively parallel to the Z-axis, perpendicular to the sheet
surface and perpendicular to the surface to be formed by using
the ANSYS/LS-DYNA finite element analysis software, and the
analysis of the thickness distribution and equivalent strain of

sheet metal surface 5 plastic strain

«— Perpendicular to the
surface to be formed 2.0

——Parallel to the Z-axis
direction

-150.0 -1200 -90.0 -60.0 -30.0 0.0 30.0 600 90.0 120.0 150.0

Fig. 7. The equivalent plastic strain curves at Y = 0 section.

the sheet material obtained by the simulation were performed
by using the LS-Prepost software.

5.1 Parameter setting of the finite element
numerical simulation

The finite element numerical simulation model was mainly
composed of three parts: the support, sheet and extrusion tool,
the material of each part was GCr15, AI1060 and
W6Mo5Cr4V2, respectively. The main parameters of each part
were set as follows. In terms of the element type selection, the
“SOLID 164" 8-node hexahedral element was used for the
support; the “SHELL 163" thin shell element was used for the
sheet; the “SOLID 164" 8-node hexahedral element was used
for the extrusion tool. The “Belytschko-Wong” algorithm in the
“SHELL 163" thin shell unit was selected for operation in this
paper because the fast operation speed. The support was
divided into a tetrahedral free mesh with a size of 4 mm; the
sheet was divided into a quadrilateral mapped grid with a size
of 1.5 mm; the extrusion tool was divided into tetrahedral free
mesh with a size of 1.5 mm. The thickness of the sheet and the
radius of the extrusion tool were 0.88 mm and 5 mm, respec-
tively. The mechanical properties of each material are shown in
Table 1.

5.2 Analysis of the results of finite element
numerical simulation

In order to compare the effect of three extrusion directions on
the equivalent plastic strain, the equivalent plastic strain on
each element at section Y = 0 of the model was extracted by
using the finite element post-processing software LS-Prepost.
Fig. 7 shows the equivalent plastic strain curves.

Fig. 7 shows that the influence trends of three extrusion di-
rections on the equivalent plastic strain of the element on the
Y = 0 section are approximately the same, and the equivalent
plastic strain of the element on the easy-forming surface is

1674



Journal of Mechanical Science and Technology 35 (4) 2021

DOI 10.1007/s12206-021-0330-9

(@)

Fig. 8. Element selection: (a) the element on easy-forming surface; (b) the
element on difficult-forming surface.

Fig. 9. Equivalent plastic strain at X = 0 section: (a) easy-forming surface;
(b) difficult-forming surface.

smaller than that on the difficult-forming surface which indi-
cates that the degree of the thickness reduction on the easy-
forming surface is less than that on the difficult-forming surface.

In order to better compare the equivalent plastic strains of
the different extrusion directions, the element of the easy-
forming surface and the difficult-forming surface on the X = 0
section were selected respectively as shown in Fig. 8. The
element number and the equivalent plastic strain of each ele-
ment were taken as the abscissa and ordinate, respectively.

Fig. 9(a) shows that the equivalent plastic strain of the ele-
ments s24605-s24610 (the depth increases gradually) on the
easy forming surface increases with the Z coordinate decreas-
ing (that increases with the depth). When the extrusion direc-
tion is parallel to the Z-axis, the equivalent plastic strain of the
element is greater than that of other extrusion directions. The
equivalent plastic strain decreases with the Z coordinate de-
creasing (that decreases with the depth increasing) of the ele-
ments s24610-s24612 (the depth increases gradually). When
the extrusion direction is perpendicular to the sheet surface,
the equivalent plastic strain of the element is smaller than that -
under the other extrusion direction. The equivalent plastic
strains of each extrusion direction near the element S24610
(-80 mm<Y <-70 mm and 70 mm<Y <80 mmon the X =0
section) is the maximum which indicates that the largest de-
formation and the most serious thinning occurs in the area on
the easy-forming surface near this element. That is, the thick-
ness gradually decreases from left to right in the -100 mm
<Y <-80 mm sections of the easy-forming surface on the left
side, and the thickness gradually increases from left to right in
the -70 mm <Y <-65 mm sections (the thickness of the easy-
forming surface on the right side gradually decreases from left
to right in 65 mm <Y <70 mm section, and the thickness
gradually increases from left to right in 80 mm<Y <100 mm
section).

‘Thickness/
m

m
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8538001
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6973001 _
6190001
sa0se01 ||
“““““““
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0282001 :l
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Fig. 10. Cloud figure of thickness distribution by the extrusion direction: (a)
parallel to the Z-axis; (b) perpendicular to the sheet surface; (c) perpendicu-
lar to the surface to be formed.

It can be seen from Fig. 9(b) that the equivalent plastic strain
of the elements s24629-s24630 (the depth decreases gradu-
ally) on the difficult-forming surface increases with the Z coor-
dinate increasing (that increases with the depth decreasing).
When the extrusion direction is perpendicular to the sheet sur-
face, the equivalent plastic strain of the element is smaller than
that under other extrusion directions. The equivalent plastic
strain of the elements s24630-s24632 (the depth decreases
gradually) decreases with the coordinate increasing (that de-
creases with the depth increasing). When the extrusion direc-
tion is perpendicular to the sheet surface, the equivalent plastic
strain of the element is greater than that under other extrusion
directions. The equivalent plastic strains near the element
524630 (-52 mm <Y <-50 mm and 50 mm <Y <52 mm on the
X = 0 section) under different extrusion directions all are the
maximum, which indicates that the largest deformation and the
most serious thinning occurs in the area on the difficult-forming
surface near this element. That is, the thickness gradually de-
creases from left to right in the -53 mm <Y <-52 mm sections
of the difficult-forming surface on the left side, and the thick-
ness gradually increases from left to right in the -50 mm <Y <
-46 mm sections (the thickness of the difficult-forming surface
on the right side gradually decreases from left to right in 46 mm
<Y <50 mm section, and the thickness gradually increases
from left to right in 52 mm < ¥ <53 mm section).

Fig. 10 shows the cloud figure of the thickness distribution
obtained by the three extrusion directions. In the Fig. 10, the
thickness on the easy-forming surface and the difficult-forming
surface of the simulated parts obtained by the three extrusion
directions shows a trend of first decreasing and then increasing
from left to right, which is consistent with the equivalent plastic
strain curve. When the extrusion tool is parallel to the Z-axis,
perpendicular to the sheet surface, and perpendicular to the
surface to be formed, the minimum thickness of the formed
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Fig. 11. Forming process by the extrusion direction: (a) parallel to the Z-
axis; (b) perpendicular to the sheet surface; (c) perpendicular to the surface
to be formed.

part is 0.2278 mm, 0.2187 mm, and 0.2174 mm, respectively.
That is, the thickness reduction is relatively light when the ex-
trusion tool is parallel to the Z-axis.

6. Forming experiment

The three forming experiments were carried out by using the
extrusion tool parallel to the Z-axis, perpendicular to the sheet
surface and perpendicular to the surface to be formed and
taking the sheet metal part shown in Fig. 3 as the research
object. In the forming experiment, the 1060 aluminum sheet
with the thickness of 0.88 mm was selected as the sheet mate-
rial. The forming tool was a hemispherical tool head with a
diameter of 10 mm. The lubricant selected in the process was
ordinary engine oil. The spindle speed and the feed rate were
set to 400 r/min and 600 mm/min, respectively. Fig. 11 shows
the forming process of the CNC incremental forming under the
three different extrusion directions.

In order to compare the influence of different extrusion direc-
tions on the contour accuracy of the formed part, a three-
coordinate measuring instrument was used to measure the
profile on the X = 0 section of the formed part with 2 mm inter-
vals. Fig. 12 shows the profile curve. The normal deviation of
the X = 0 section profile between the formed part and the theo-
retical model was evaluated by using the Geomagic studio/
qualify software, as shown in Fig. 13.

From the profile curve and the profile deviation shown in
Figs. 12 and 13, it can be seen that when the extrusion direc-
tion was parallel to the Z-axis, the profile of each area of the
formed part were consistent with the theoretical profile. The
bottom of the difficult-forming surface had the largest positive
deviation with the value of 1.724 mm, the bottom of the easy-
forming surface had the largest negative deviation with the

Fig. 12. Profile curve of the X = 0 section.

Parallel to the Z-axis Per i to the Per i to the
direction sheet surface surface to be formed
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Fig. 13. Normal deviation of the profile.

value of 0.385 mm. When the extrusion direction was perpen-
dicular to the sheet surface, there was a bulging phenomenon
in the easy-forming surface area of the formed part and the top
of the nested feature. The easy-forming surface had the largest
positive deviation with the value of 3.492 mm, and the bottom
of the easy-forming surface had the largest negative deviation
with the value of 0.556 mm. When the extrusion direction was
perpendicular to the surface to be formed, there was a slight
bulging phenomenon in the top area of the nested feature of
the formed part. Among them, there was the largest positive
deviation on the difficult-forming surface with the value of 3.529
mm, and the bottom of the easy-forming surface had the larg-
est negative deviation with the value of 0.354 mm.

Synthesizing the profile curve and the normal deviation of the
profile, when the extrusion direction was parallel to the Z-axis,
the profile accuracy of the formed part was higher. The reason
for the difference in the profile accuracy of the formed parts
under the three extrusion directions was shown in Fig. 14.

In Fig. 14, F to F, represents the forces of the extrusion
tool that is applied to the sheet metal, and the remaining forces
are the component forces in the X and Z directions. From the
Fig. 14, when the extrusion direction are perpendicular to the
sheet metal, the sheet of the easy-forming surface on the left
side is stretched by F' and F, superimposed in the same
direction, so the bulging will appear on the easy-forming sur-
face (the same for the right side of the sheet). And the nested
features are squeezed by F, and F,, so the top of the nested
features will bulge.

When the extrusion direction is perpendicular to the surface
to be formed as shown in Fig. 14(b), the sheet of the easy-
forming surface on the left side is stretched by F, and F, in
the opposite direction which can be offset each other, so there
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Fig. 14. Sheet force diagram of the extrusion direction: (a) perpendicular to
the sheet surface; (b) perpendicular to the surface to be formed; (c) parallel
to the Z-axis.

is no obvious bulging phenomenon (the same for the right side
of the sheet); The nested feature is not only subjected to the
mutual squeezing action of F. and F., but also subjected to
the stretching action by F, and F in the opposite direction,
which can offset part of the force, so although the top of the
nested feature also appeared the bulging phenomenon under
this extrusion direction, but the degree was relatively small.

It can be seen from Fig. 14(c) that when the extrusion direc-
tion is parallel to the Z-axis, since the direction of the force
which the sheet received from the extrusion tool is the vertical
direction, the force has no component in the horizontal direc-
tion, so the sheet on the easy-forming surface would not be
stretched in the horizontal direction, and the top of the nested
feature would not be squeezed in the horizontal direction, so
there would be no bulging phenomenon, which made the con-
tour accuracy of the formed part under this direction higher.

In order to compare the influence of the different extrusion
directions on the thickness distribution of the formed pars, a
wire cutting machine was used to cut the formed part along the
X =0 section, and the thickness of the cut section was meas-
ured with the 2 mm intervals. The thickness distribution curve
of the formed parts obtained by the three extrusion directions is
shown in Fig. 15.

For the left forming area (-100 mm<Y <0 mm), the thick-
ness of the easy-forming surface area (-100 mm <Y <-65
mm) under the three extrusion directions decreases gradually
from left to right between -100 mm <Y <-80 mm, and in-
creases gradually from left to right between -70 mm <Y <
-65 mm. The thickness of the difficult-forming surface area
(-53 mm<Y <-46 mm) decreases gradually from left to right
between -53 mm <Y <-52 mm, and increases gradually from
left to right between -50 mm <Y <-46 mm. The thickness
change rule of the right forming area is the same as the left
forming area. This is consistent with the change trend of the
equivalent plastic strain curve.

For the left forming area, the thickness of the easy-forming
surface under the three extrusion directions all are the mini-
mum in the (-80 mm, -70 mm) range. Among them, when the
extrusion direction is respectively parallel to the Z-axis, per-
pendicular to the surface to be formed, and perpendicular to
the sheet surface, the minimum thickness of the easy-forming

£ Thickness/mm

—=—Parallel to the Z-axis direction

——Perpendicular to the sheet surface 02 r

——Perpendicular to the surface to be formed Y/mm

-100 -90 -80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80 90 100

Fig. 15. Curve of the thickness distribution.

Difficult-
forming
surface

7
easy-forming
surface

Fig. 16. The sheet posture change.

surface of the formed part under the three extrusion directions
is 0.63 mm, 0.6 mm and 0.45 mm, respectively. That is, when
the extrusion direction is perpendicular to the sheet surface,
the thickness reduction of the easy-forming surface is relatively
large. This is due to the bulging phenomenon of the sheet
metal existed in the easy-forming surface in this direction,
which cause the sheet metal to be deformed to a greater extent
and leads to a greater thickness reduction.

In addition, the thickness of the difficult-forming surface un-
der the three extrusion directions all are the minimum in the
(-52 mm, -50 mm) range. Among them, when the extrusion
direction is, respectively, parallel to the Z-axis, perpendicular to
the surface to be formed, and perpendicular to the sheet sur-
face, the minimum thickness of the difficult-forming surface of
the formed part under the three extrusion directions is
0.411 mm, 0.371 mm and 0.324 mm, respectively.

Comparing the minimum thickness of the easy-forming sur-
face and the difficult-forming surface under the same extrusion
direction, the thickness reduction degree of the easy-forming
surface is relatively smaller, and when the extrusion direction is
parallel to the Z-axis, the thickness reduction degree of the
forming area is smaller, that is, the forming quality of the
formed part under this direction is better.

This is because the sheet metal has a certain bulging phe-
nomenon in the extrusion direction perpendicular to the surface
to be formed and perpendicular to the sheet surface, which
leads to an increase of the forming angles in disguise. When
the extrusion direction is parallel to the Z-axis, the forming an-
gles will not be disturbed during the processing because there
is no bulging phenomenon, so the forming quality of the formed
part under this direction is better. The reason for the difference
in the thickness reduction of formed parts under the three ex-
trusion directions is shown in Fig. 16.

When the sheet metal does not bulge and matches the theo-
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retical profile during the forming process, the sheet posture
after extrusion by the extrusion tool is L,. When the sheet has
a bulging phenomenon, the sheet posture at the same position
is offset from the theoretical contour, and the posture of the
sheetis L,. Since the forming toolpath under the three extru-
sion directions are the same, only the extrusion directions are
different, so when the extrusion tool continues to squeeze, the
sheet under each extrusion direction will be squeezed to the
same position L, . At this time, the deformation distance Z,
experienced by the transition from L, to L, after the sheet is
stretched is shorter than the deformation distance Z, experi-
enced by the transition from L, to L,, that is, the degree of
deformation is smaller. When the extrusion tool continues to
squeeze the sheet to the next layer, the sheet will repeat the
deformation mentioned above. Therefore, the deformation
degree of the sheet posture with the bulging phenomenon is
greater during the forming process, so the thickness reduction
iS more serious.

7. Conclusion

In the CNC incremental forming with the multidirectional ad-
justment of the sheet postures, when the extrusion direction is
perpendicular to the sheet surface, there is a certain degree of
bulging phenomenon at the formed part, the contour accuracy
is relatively lowest and the thickness reduction degree is rela-
tively largest. When the extrusion direction is parallel to the Z-
axis, the formed part has no bulging phenomenon, the contour
accuracy is relatively highest, and the thickness reduction de-
gree is relatively smallest; when the extrusion direction is per-
pendicular to the surface to be formed, there is a slight bulging
phenomenon at the top of the nested feature of the formed part,
the contour accuracy and thickness reduction degree are be-
tween the other two extrusion directions. The influence under
the different extrusion directions on the forming quality in the
forming mode with the multidirectional adjustment of the sheet
posture was studied in this paper. It is necessary to continue to
study the influence under the different sheet postures on the
forming quality based on the same extrusion direction in the
future.
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Nomenclature

a, B : The rotation angles of the extrusion tool

v : The direction vector of the extrusion tool

Vy : The components of the extrusion direction vec-
tor in the X-axis directions

vy : The components of the extrusion direction vec-
tor in the Y-axis directions

vz : The components of the extrusion direction vec-

tor in the Z-axis directions

N : The normal vector of the triangular patch

F (i=12---,12) : The force of the extrusion tool on the sheet
metal

L, L, L, : The orientation of the sheet postures

zZ, Z : The deformation distance of the sheet metal on

the Z-axis direction
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