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Abstract Adjusting the part shape with complex flanges to
compensate springback deformation is key to forming shape
design formanufacturing rapidly and precisely. Classical forming
shape design by displacement adjustment (DA) method using
finite element (FE) simulation is usually time-consuming and
not accurate enough for complex surface part in industrial appli-
cation. In this paper, the forming shape is modeled by changing
the relations of geometric features of part model with the new
flange control surfaces directly. Control surface processing (CSP)
method is presented including control surface trimming, cross
section division, springback compensation, and extending to de-
sign forming shape model of doubly curved flange part with
joggles rapidly. The algorithms of cross section curves division
of control surfaces and subsequent subdivision of each curve
with circular arc and line segments are proposed. A case-based
reasoning (CBR) technique and gray relation analysis (GRA) are
used to support the intelligent springback prediction of each
bending segment of the cross section curve. The geometric data
of control surface is expressed in XML format to realize the
integration of the CAD-based tools of control surface division
and compensation with the Web-based springback prediction
system. The approach is demonstrated on an industrial aircraft
wing rib part. The forming shape model could be designed rap-
idly by comparison with DA method. The part shape deviations
of flange angle (−0.465° ~ 0.528°) and surface position
(−0.3 mm ~ 0.3 mm) were detected by comparing the desired
geometry with the actual digital formed part shape, and the

results indicate that the approach can achieve the industrial part
manufacturing rapidly and precisely.

Keywords Design for manufacturing . Control surface
processing . Geometric data integration . Forming shape
model . Intelligent springback prediction . Precise
manufacturing

1 Introduction

Sheet metal-forming processes are extensively used in aircraft
industry to produce skin and frame parts. Flanged part with
joggles is a major frame type of components in aerospace
product, and it is usually jointed with skin in the controlling
section of the product body to ensure the product external
shape and support aerodynamic load. The web is the main
body of the part, and it is flat for most products, the flange is
the bent region of the part on the outside of the web, and there
are usually flange holes, strengthening socket, strengthening
groove, and positioning holes on the web [11]. The flange
surface is complex because it is derived from the doubly-
curved external aerodynamic shape of the aircraft and the
parallel flanges which is connected by joggle to joinwith other
frame parts like a ladder. The part materials are usually alumi-
num alloys and are formed by rubber hydro-forming machine
and tool. Material springback is a phenomenon common to
any sheet metal-forming process that leads to the geomet-
ric inaccuracy of the resulting shape [12]. Nowadays, the
requirements of shape accuracy and manufacturing effi-
ciency are increasing gradually. The springback deforma-
tion after forming makes the tool surface different from
the part shape and should be compensated [7, 9, 31].

Many researchers are focused on compensating tool surface
to form the part rapidly and precisely. Nevertheless, to this kind
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of part, the initial tool surface refers to the product external
surface and is generally extended by taking die stability, rubber
protection, and tool intensity into consideration. Consequently,
the objective of springback compensation is to adjust the ge-
ometry of product surface to build a new forming shape so that
the product will achieve the desired shape after springback [16].
The principle of forming shape design is to measure the shape
deviation between the formed part and the desired shape, and
compensation would be made in the direction opposite to shape
deviation. The process is repeated until the forming shape de-
viation attains a specified tolerance [7, 9, 31].

The part with complex surface should be divided firstly
into simple 2D elements of mesh or cross section curve so
that the deformation can be parameterized and predicted ex-
actly to reconstruct the forming shape model. The efficiency
and accuracy of forming shape design depend on their repre-
sentation, prediction and compensation of springback errors,
the data integration of different computer-aided systems, and
subsequent three-dimensional (3D) modeling.

Simulation-based evaluation and verification of design so-
lutions reduce trial-and-error experiments in workshop,
shortens product development lead-time, and improves prod-
uct quality and productivity [6]. Finite element (FE) simula-
tion is widely used to predict springback errors, where flange
surface is divided into meshes. The errors are represented by
the linear displacement of each node from its initial position to
a new position after springback. Typical compensation meth-
od is displacement adjustment (DA) method [7]. For the each
cycle of compensation, the linear displacement adjustment of
each node could be performed by its desired position and
formed point after springback along the y-axis vector along
one point [7], straightforward vector connecting two points
[14], normal vector of the new point on the springback con-
tour curve [3], or the initial point on the desired contour curve
[30]. As the springback compensation for an industrial prod-
uct by DA methods using FEA can be very time-consuming
and cost-intensive, the demand for a compensating algorithm
is high [15]. It takes 3 cycles for the DA method to reach the
forming accuracy for a U cross section part [7]. The current
research results indicate that there are errors between the re-
sults of FE simulation and practical formation [15].
Compensation factor is used to adjust the theoretically com-
pensated geometry to decrease the number of cycles [16, 30].
For example, the improved sheet elements compensation
(SEC) method still needs three iterations for continuous dou-
bly curved bending shape less than 100 mm long [31]. As a
result, and despite significant research efforts to date, the ap-
plication of FE analysis to predict shape geometric deviations
caused by springback is still very limited [12]. To complex
surface with abrupt changes, the surface compensation pro-
cess is also challenging. The surface-controlled overbending
(SCO) method was presented to optimize the tool shape of a
deep drawing product by constructing a simplified reference

surface and compensated transformation surface [14]. How to
create control surface and avoid surface transforming to build
the forming shape rapidly should be further studied.

The part surface can be also divided into cross section
curves of the flange by normal plane of discrete points along
the flange boundary line. The springback can be represented
by angular displacement, and the arc radius and angle after
springback can be calculated rapidly by using an analytical
method, such as for the U-section part [10, 18] or arcs of an
arbitrary channel [2], or knowledge-based method, such as
neural network [9, 19], or three-dimensional scanning data
comparison method [28]. As some practical process condi-
tions cannot be taken into account, there are usually some
deviations between the predicted value and practical one by
analytical calculation [2]. In terms of empirical practices,
some guidelines and past experience utilization have been
proposed aiming to increase the geometric accuracy [12,
20]. Knowledge-based springback prediction method might
become more reliable to allow industrial application if there
is enough empiric knowledge. To meet the demands of rapid
responsibility and high flexibility, effective reuse of enterprise
knowledge is a key strategic component of product develop-
ment [22]. In some manufacturing activities, such as process
planning [26] and manufacturability analysis [4], knowledge
retrieval is performed based on similarity of product or pro-
cess. Case-based reasoning (CBR) is regarded as a potential
method, since it is similar to human being’s reasoning process
[21], and it is a chief reference tool in engineering design [8].
Designer can determine the parameter values of new product
through analogical reasoning on these similar retained cases
[5]. The case is represented as feature vector that includes
problem features and corresponding solution. A good
assessing similarity between cases is a key success of CBR
[25]. Multiple similarity measure metrics have been used such
as ratio function, Euclidian distance function, Manhattan dis-
tance function, and so on [21]. The one which shows the
similarity directly can be selected to assess the similarity of
current part and retained cases [8, 27]. For example, correla-
tive value in gray relation analysis (GRA) can be used [21].

Integration of design model with process information in
real-time is necessary in order to increase product quality
and shorten the product manufacturing cycle [24]. To bridge
the gaps between CAD and CAE tools, geometric model in a
CAD tool is transferred to a CAE tool via the third-party
interfaces, e.g., STEP, IGES, and STL for FE analysis [17],
and the adjusted forming shape surface of mesh data in a CAE
tool must be reconstructed in CAD system, but the subdivi-
sion model needs to be converted to NURBS to interact with
the rest of the CAD system [1], such as to be used in tool
model design. This is also time-consuming to meet the preci-
sion of being suitable in the manufacturing phases of design.
Knowledge-based springback prediction is more efficient than
FE simulation, but it needs parameterized and exchangeable
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representation of the 2D cross section curve. In order to sim-
plify the description and operation of digital curves, the curve
is approximated by suitable primitives such as circular arcs
and line segments [13], and heuristic algorithm can be used
to divide the curve into segments [23]. The product model is
developed using XML-based representation for product data
required for process planning [22, 24], and this is a very useful
approach for direct distributed applications [24], such as au-
tomating design calculations and CAD drawings [29]. So, it is
possible to develop XML-based surface division data expres-
sion to integrate the CAD with web-based software for build-
ing the compensated surface more efficiently.

The goal of this research is to present an industrially appli-
cable approach to design forming shape model of the complex
flanged part for precise manufacturing. A series of control
surface processing (CSP) algorithms are proposed to design
the control surface of the 3D forming shape model rapidly and
precisely, and XML-based integration of CAD system and
web-based system is developed to realize the CBR-based pre-
diction of the springback errors intelligently and control sur-
face compensation. How the compensated result is used to
design the forming shape model and manufacture the part is
demonstrated on an industrial aircraft wing rib part. A
manufacturing test is carried out to verify its validity.

2 Design process from product model to forming
shape model

Figure 1 shows the five main models of the part with complex
flanges in its precise manufacturing process. 3D part model
defines the geometry, dimension, tolerance, and technical notes.
Forming shape model is a temporary state when the force is still
imposed in the forming process. It is designed for manufactur-
ing precisely by compensating for unintentional but unavoid-
able processing deformation. The die model is then built by

extending forming shape and used to fabricate the tool. After
the aluminum alloy part is formed in new quenching state and
pressure is unloaded, the flange will spring back to desired
shape and the physical properties are achieved. The practical
part geometry is digitalized by means of a 3D optical scanning
system. Then, the measured point cloud model is acquired and
compared with the desired part surface to create the data anal-
ysis model to show the forming deviation.

2.1 Part model design process

3D part model is composed of geometrical, annotation, and
notes sets. Geometrical set contains part body, external refer-
ences, and construction geometry. Annotation set contains
view, datum, geometrical dimension, and tolerance. Notes set
contains standard notes, part notes, material description, etc.
Part body defines the part shape and dimension that is built
from a series of features. External references, such as stringer
axis line, frame datum plane, theoretical external aircraft sur-
face, and so on, are referred to by the part body and they are the
interfaces that determine the father-son relationship between the
part model and the aircraft product master geometrical model.
Construction geometry contains the intermediate geometric el-
ements such as points, lines, and planes to aid the part body
modeling, which should be properly named, organized, associ-
ated, and retained for consequent change and utilization.

As shown in Fig. 2, the relations of the geometrical ele-
ments are illustrated by a wing rib part model built by me-
chanical design in CATIA system. The part control surface is
created in construction geometry by offsetting the theoretical
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external wing surface inward the thickness of the skin. The
web and sketch plane is determined by the rib position plane,
and the sketch drawing is drafted. The initial part body is
created by the sketch drawing and stretching direction and
control surface. The joggled flanges, which refer to the part
control surface or the joint part surface, should be designed to
sidestep the joint stringers which are vertical to the part. In this
case, the joggled flange is controlled by the partial part control
surface. The parallel joggled flanges may be created by sev-
eral methods. For example, the sketch drawing is drafted on
the edge of joint part, the body is created, and subtraction
operation is performed in the main part body. The joggles
are created by chamfer modeling, and the stringer notch, stiff-
ening socket, stiffening slot, and lightening hole are modeled
by the standard sizes if necessary. So, the relations of the
control surface and the part body are built by feature model-
ing. The flange surfaces are trimmed, and intersections are
rounded to form the final part surface. The final part model
is created by shell feature modeling.

2.2 Forming shape model design process

The forming shape is designed by adjusting the product model
according to the springback errors, and it decides whether the
part is formed precisely or not. How to design the forming
shape is decided by the complexity of the part surface. As
shown in Fig. 3, the case part has two side flanges and two
joggles. The radius of curvature in curvature boundary line
and each cross section curve is variable, and the flange height
and bending angle are also variable. For the flange and cross
section curve shown in Fig. 3a, the radius of curvature in the
boundary line is from 14.515 to 1466.529 mm, and that in
cross section curve is from 187.976 to 308.601 mm separately.
The bending angle is from 68.505° to 84.601°. The joggle
features make the flange surface change abruptly like a ladder.
There are many small irregular curved surfaces because of

joggles or stringer gaps on the flange and filets on the inter-
sections. If these small surfaces are compensated independent-
ly, the design process is tedious and the accuracy is difficult to
ensure. Consequently, it is difficult to build the forming shape
surface if the part surface is adjusted directly.

As shown in Fig. 4, this paper presents a new forming shape
model design approach that includes control surface processing
(CSP), intelligent prediction of springback angle, and forming
shape modeling. CSP operations consist of part control surface
trimming, division, compensation, and extending to create the
forming shape control surface. The presented algorithms are
used to develop three specific software tools: CAD-based con-
trol surface division tool, CAD-based control surface compen-
sation tool, and web-based intelligent springback prediction sys-
tem to realize the integrated forming shapemodel design rapidly
and precisely. They all have integration interfaces in which the
control surface division data is expressed as XML format.

Step 1: Trim the exterior part control surfaces into separate

flange control surfaces SCi by the part profile and

flanges relations and further create arc surfaces SCAi
and flange surfaces SCFi (i=1 , 2 , ⋯ ,G), whereG is
the number of the flanges. If the flanges on one side
are controlled by the same surface, that control sur-
face should be trimmed only one time.

Step 2: Divide each flange control surface into cross section

curves set of bending arc section LAik and flange sec-

tion LF
ik (k=1 , 2 , ⋯ ,Qi), approximate the flange

section LF
ik with the circular arcs and straight line

segments Segit(t=1, 2, ...... ,Ti), and store the divi-
sion data in XML format for springback prediction.

Step 3: Predict each cross section curve’s springback error based
on knowledge base, add the compensated angle and
radius to each cross section curve’s data, and output it
to the XML file for control surface compensation.

14.515mm

1466.529mm
308.601mm

187.976mm

197.264mm

(a) The case part (b) Bending angle and radius of curvature of one 

side flange

Fig. 3 The one-side flange surface analysis data of the case part. a The case part and b bending angle and radius of curvature of one side flange
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Step 4: Compensate cross section curves after parsing XML-
based cross section segments set data and reconstruct
them to create the forming shape control surfaces

SCA
0

i and SCF
0

i .
Step 5: Extend, trim, and translate the forming shape control

surfaces to create the new flange control surfaces SC
0

i
of the forming shape model.

Step 6: Replace the original flange control surfaces SCi with the

corresponding new surfaces SC
0

i by the relations of the
part body feature and construction geometry to change
the part model into the forming shape model.
Positioning holes and ears features are added to the
model.

This approach is different from the surface controlled
overbending (SCO) method [15]. To surface adjustment,

without complicated construction of reference and transforma-
tion surfaces in SCO, CSP uses the part control surface directly
and the compensated surfaces are directly used for forming shape
modeling. To springback compensation of the surface, this ap-
proach uses cross section division, not mesh division, and
knowledge-based reasoning, not FE simulation for each discrete
element. To forming shape modeling, not the relations between
reference surface and original surface but the relations of geo-
metric elements are reused to build the forming shape more
rapidly.

3 Control surface processing method

3.1 Trimming of part control surfaces

Trimming of part control surfaces is shown in Fig. 4b. The

control surface SCi (i=1 , 2 , ⋯ ,G) of each flange is created

(e) Forming shape control

surface(g) Forming die model

(d) Compensated surface

(f) Forming shape model

(b) Flange control surface(a) Part control surface (c) Cross section curve
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by copying the original control surface and firstly trimmed by
the intersection line LIUi and LIDi to keep the intermediate sur-
face. The plane FWU which the external surface SW of the web

belongs to is intersected with the flange control surface SCi to

create the intersection line LIUi . The plane FWD is created by
translating the plane FWU h down along its normal direction,
where h is about maximum of flange height added 10 mm, and

intersects with the surface SCi to create the intersection line LIDi .

The control surface SCi is further trimmed by LILi and LIRi to
keep the intermediate surface. The two circumferential bound-

ary lines of the flange which refers to the surface SCi are

projected onto SCi to create the line LPLi and LPRi . The two lines

intersect with LIUi to create two points PI1
i and PI2

i . These two

points are extended outward to PO3
i and PO4

i of LIUi separately

until the lines of LPLi and LPRi is between the normal planes FNL
i

and FNR
i on these two points. The plane FNL

i and FNR
i intersects

with the surface SCi on the line LILi and LIRi separately.

The plane FWU is trimmed by the surface SCi , F
NL
i , and FNR

i

to create the extended web plane SWi . On the intersection line
LIUi of the extended web plane SWi and the flange control

surface SCi , the chamfer is created by the radius of the bent

region of external flange surface to create the arc surfaces SCAi .

The boundary line LWi of arc surface adjacent to web is the

intersection line of SCAi and SWi , and it further trims the plane

SWi . The boundary line LF
i of arc surface adjacent to flange

surface is the intersection line of surface SCAi and SCFi , and it

trims the surface SCi to create the flange surface SCFi . The

surface of SCAi and SCFi together groups flange control surfaces
which is used to design the forming shape control surface.

3.2 Division of the flange control surface

As shown in Fig. 4b, to the ith flange control surface that is

composed of the bending arc section SCAi and flange section

SCFi (i=1 , 2 , ⋯ ,G), its division algorithm (Fig. 5) includes
the division of surface into cross section curves, the subdivi-
sion of flange section curve into points and its approximation
with circular arc and straight line segments (Fig. 4c).

Step 1: Divide the arc surface boundary line LWi into equidis-

tant points at interval dWi into PW
ik (k=1 ,2 , ⋯ ,Qi),

where dWi ¼ 1∼2mm, Qi ¼ lWi
dWi

l m
þ 1, lWi is the

length of LWi .
Step 2: Create normal planes FNW

ik of PW
ik on L

W
i , intersection

line LAik of F
NW
ik and SRAi , and intersection line LF

ik of

FNW
ik and SRFi , and group LAik and LF

ik into cross sec-

tion curve Lik (that is flange element), where LAik is

bending arc section PW
ik P

A
ik with arc radius RA

ik and

central angle θAik , L
F
ik is flange section of arbitrary

curve PA
ikP

F
ik , and the tangent vectors of P

W
ik , P

A
ik and

PF
ik on Lik are V

TW
ik

��!
, VTA

ik

��!
and VTF

ik

��!
separately.

Step 3: Approximate LF
ik with circular arc and straight line

segments which can be represented by primitive
geometric element of points, length, radius, and cen-
ter point.

Step (a): Divide LF
ik into equidistant points Pj(xj, yj, zj)

(j=1 ,2 , ⋯ ,Nik) at interval d, where d=1~3mm,
Nik=⌈l/d⌉+1, the curvature of Pj(xj,yj, zj) is Kj, the

tangent vector of Pj(xj,yj, zj) is V j
�!

. The intermedi-
ate point is to be deleted if Kj =Kj + 1 =Kj + 2

(j=1, 2, ⋯ ,Nik−2), and the surplus points are

renumbered as P j x j; y j; z j
� �

j ¼ 1;⋯;N
0
ik

� �
,

where N
0
ik is the number of points after merging.

Let L ¼ N
0
ik .

Step (b): If Kj and KL is 0, then the two adjacent points
determine a straight line segment; otherwise,
Pj , ⋯ ⋯ ,PL are approximated as a circular arc.

If the approximating error P j;L is less than given
division deviation, then a new circular arc segment
is created. Otherwise, set L=L−1. This step is
repeated until the points can be approximated as
a circular arc within the tolerance.

The approximating error of the circular arc can be evaluated
by

Pj;L ¼ ∑
L

u¼ j
R− PuO

��!���
���

���
���
.

L− jþ 1ð Þ; ð1Þ

where R and O are the radius and centre point of the circular arc
respectively.

The radius is calculated by

R ¼ PjPL
��!���

���
. ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2� 1−cosθð Þ
p

; ð2Þ

where θ is the central angle of the circular arc.
The central angle is calculated by

θ ¼ arccos V j
�! � VL

�!� �.
V j
�!���

��� VL
�!���

���
� �� �

: ð3Þ

Step (a): Let j=L and L ¼ N
0
ik , the step (b) is repeated until

all the points are approximated as circular arc or
straight line segments.
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Fig. 5 Division of the flange
control surface
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Step (b): Group the segments Segit(t=1, 2, ...... ,Ti) to ap-
proximate the flange section curve LF

ik where the
joint point of two adjacent equal curvature seg-
ments should be first-order continuous.

As shown in Fig. 6, the flange control surface division
software tools were developed based on the CATIAV5 R18
using Component Application Architecture (CAA), and it pro-
vides the output interface of XML-based surface division data.
The surface after division is decomposed into parameterized
circular arc and straight line segments, and expressed in the
XML file to integrate with the knowledge-based system. The
radius of and central angle is 0 if the segment is straight line.
Each piece of data is enclosed in the defined markup tags,
which are arranged in a hierarchy that represents the ordering
of the data in a parent/child relationship.

The cross section curve of the flange element shown in
Fig. 3a is divided into ten points; the coordinates and curvatures
of the points are shown in Table 1. The former six points are
approximated by one arc segment with radius 202.724 mm and
arc angle 3.488°, and the maximum deviation of the points to
the arc is 0.014 mm. The next four points are approximated by
the other arc segment with radius 273.81237 mm and arc angle

1.291°, and the maximum deviation of the points to the arc is
0.018 mm. The part with flanges forming deviation is usually
below 0.5 mm, and the forming die fabricating deviation is
usually below 0.1 mm, so the distance between the reconstruct-
ed surface and original surface is set less than 0.1 mm. The
deviations are less than 0.1 mm, so the cross section curve
approximation is acceptable.

To judge whether the surface division is acceptable or
not, a new surface is reconstructed by the cross section
curves and compared with the original part geometry. The
maximum distance between the two surfaces is selected as
the judging index. The length of the flange in Fig. 3a is
173.789 mm, and the bending angle varies from 68.506° to
84.601°. The surface is divided at intervals 1, 1.5, 2, 2.5,
and 3 mm, the cross section curve is divided at interval
0.1 mm. The deviations are all less 0.02 mm, so the divi-
sion interval 1 ~ 3 mm can meet the shape tolerance of
surface division and reconstruction.

3.3 Compensation of the flange control surface

As shown in Fig. 7a, after the division of the flange control

surface SCAi and SCFi i ¼ 1; 2; ::::::;Gð Þ, the springback errors

Circular arc of bent region

Cross-section plane

Segments of flange region

Cross-section No

X axis vectorX axis vector

axis vectoraxis vector

axis vectoraxis vector

tart pointStart point

End pointEnd point

CCentraal angleCentral angle
RadiusRadius

RadiusRadius

Central angleCentral angle

LengthLength

(a) Flange control surface division tool (b) XML-based Flange control surface division result

Fig. 6 Flange control surface division tool and data expression. a Flange control surface division tool and bXML-based Flange control surface division
result
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should be compensated for each cross section curve. The
springback errors of the cross section curves are predicted
by knowledge-based reasoning (Sect. 0). The curvatures of

t h e s u r f a c e SCFi a r e u s u a l l y v e r y s m a l l
(0.000129~0.005361 mm−1 in the part shown in Fig. 3), so
its springback can be ignored. After the springback prediction
result stored in XML file is read, each cross section curve of

the bending circular arc segment LAik (k=1 , 2 , ⋯ ,Qi) is ad-

justed using the compensated radius RA0
ik and central angle θA

0
ik

to make the flange element achieve the desired shape after
springback. The segments of the flange section LF

ik are adjust-

ed with the change of the adjacent circular arc LAik . The flange
control surface compensation tool was developed based on the
CATIAV5 R18 using CAA, and it provides the input interface
of XML-based surface division data with springback param-
eters (Fig. 7b).

The compensated arc segment LA
0

ik is created with start point

PW
ik , tangent vector V

TW
ik

��!
, radius RA0

ik , central angle θA
0

ik , and

endpoint PA0
ik by the principle that the neutral layer length is

not changed before and after springback. After that, the first

segment Segi1 in LF
ik is translated along PA

ikP
A0
ik

���!
by PA

ikP
A0
ik

���!����
���� in

normal plane FNW
ik and rotated around normal vector VN

ik

�!
of

PA0
ik on FNW

ik to make LA
0

ik and the adjusted segment Seg
0
i1

tangent-continuous at PA0
ik . The other segments are adjusted

one by one by keeping tangent-continuous with the former
segment and constant in radius and angle or length, and the

new segments Seg
0
it t ¼ 1; 2; ::::::;Tið Þ group the compensated

flange section curve LF 0
ik . The cross section curves of LA

0
ik and

LF 0
ik k ¼ 1; 2;⋯;Qið Þ are used to reconstruct the new flange

control surface of SCA
0

i and SCF
0

i (i=1, 2, ...... ,G) (Fig. 4d)
using multi-section surface modeling in CAD system.

4 Intelligent prediction of springback angle

The central angle of LA
0

ik in Fig. 7a is computed by

θA
0

ik ¼ θAik þ Φik ; ð4Þ

where θAik is the original central angle of L
A
ik , θ

A0
ik is the central

angle after springback compensation, and Φik is the predicted
springback angle.

Table 1 The coordinate, radius,
and deviation of the example
partition points (/mm)

No. Coordinate Radius Deviation

1. (8231.457, 246.735, −4737.562) 197.264 0

2. (8231.065, 247.348, −4735.63726) 188.861 0

3. (8230.6854, 247.94291, −4733.706) 188.204 0.002

4. (8230.317, 248.520, −4731.768) 193.941 0.006

5. (8229.959, 249.080, −4729.822) 208.312 0.010

6. (8229.612, 249.624, −4727.867) 226.390 0.014

7. (8229.266, 250.165, −4725.913) 245.740 0.015

8. (8228.945, 250.668, −4723.943) 265.463 0.016

9. (8228.624, 251.170, −4721.973) 284.198 0.017

10. (8228.302, 251.675, −4720.005) 308.60 0.018

Forming Die

Springback angle

δNeutral layer
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ikF W

ikP
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ikP
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ikP
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(a) Principle of springback compensation       (b) Flange control surface compensation tool

Fig. 7 Flange control surface
compensation principle and the
software tool. a Principle of
springback compensation and b
flange control surface
compensation tool
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The radius of LA
0

ik is computed by

RA0
ik ¼ θAik

θAik þ Φik
RA
ik−

Φik

θAik þ Φik
1−Kð Þδ; ð5Þ

where RA
ik is the original radius of LAik , K is neutral layer

factor of the sheet acquired from the manual, and δ is the
material thickness.

The springback angle Φik of bending circular arc LAik is
predicted by case-based reasoning (CBR) method. To the part
with same material type, the springback angle is attained by
retrieving the case from the knowledge base which is most
similar to the current geometric feature of bending circular arc
segment. Gray Relation Analysis (GRA)-based similarity
measuring method is adopted to compute the gray relational
degree as measures of similarity. GRA is capable of solving
the complicated interrelationships among designated feature
values [21, 27]. The gray relational degrees of the cases to the
current problem are computed as follows:

Firstly, the feature data sequence is set up by the current arc
section and m similar cases as CA={Cu/u=0, 1, 2, ⋯ ,m},
where Cu= (xu1, xu2, … , xuv, … , xun) , v=1 , 2 , ⋯ ⋯ ,n, xuv
represents the vth problem feature component of the uth case.

The springback angle prediction case of the bending circu-
lar arc segment is represented as follows: problem
feature = (x1, x2, x3) = (material thickness, bending radius,
bending angle), solution feature = (springback angle). The
part material is 2024-O aluminum alloy, and the thickness is
0.8 mm. The part is formedwhen the material is in theW state.
Table 2 shows the cross section flange element in the Fig. 3a
and its similar cases.

Before the relational analysis, the feature data from similar
case set are converted into the dimensionless data to avoid the
different dimensions and magnitudes, and the linear normali-
zation is expressed as follows:

xuv→ f xuvð Þ; f xuvð Þ ¼ xuv=x0v; u∈M

¼ 0; 1; 2;⋯;mf g; v∈N ¼ 0; 1; 2;⋯; nf g ð6Þ

Table 3 shows the dimensionless data converted from the
feature data sequence of Table 2.

After that, the gray relational coefficient between fuv and f0v
of vth feature component ofCu andC0 is expressed as follows:

ζ0u vð Þ ¼
min
u∈M

min
v∈N

su vð Þ þ ρmax
u∈M

max
v∈N

su vð Þ
su vð Þ þ ρmax

u∈M
max
v∈N

su vð Þ ; ð7Þ

where su(v) = |f0v− fuv| and ρ (ρ∈ [0, 1]) is a distinguishing pa-
rameter to show the relational degree between fuv and f0v, and
is set as 0.5 in this paper.

The relational degree of Cu and C0 is expressed as follows:

γ C0;Cuð Þ ¼ ∑
n

v¼1
ωvζ0u vð Þ; ð8Þ

where γ(C0,Cu)∈ (0 , 1] and ωv is the weight of every feature
component that meets ∑n

i¼1ωi ¼ 1.
The greater γ(C0,Cu) is, the closer it is to C0. The cases of

which the similarity is more than the threshold value are ranked
by its relational degree, and the most similar one is reused to get
its solution feature as the predicted springback angle.

The weights of material thickness, bending radius, and
bending angle are determined by data analysis of orthogonal
experiment using FEAwithω1 = 0.43, ω2 = 0.37, and ω3 = 0.2.
The calculation result is shown in Table 4, and the similarity is

Table 2 Feature data sequence of the case cross section

No x1/mm x2/mm x3/° Springback angle/°

C0 0.8 3.0 74.597

C1 0.64 2.38 75 2.5

C2 0.64 2.38 70 2.25

C3 0.64 3.18 75 3.75

C4 0.64 3.18 70 3.5

C5 0.81 2.38 75 2

C6 0.81 2.38 70 2

C7 0.81 3.18 75 3.25

C8 0.81 3.18 70 3

Table 3 Feature data
conversion of the case
cross section

No. f1 f2 f3

C0 1 1 1

C1 0.8 0.793333 1.0054

C2 0.8 0.793333 0.9384

C3 0.8 1.06 1.0054

C4 0.8 1.06 0.9384

C5 1.0125 0.793333 1.0054

C6 1.0125 0.793333 0.9384

C7 1.0125 1.06 1.0054

C8 1.0125 1.06 0.9384

Table 4 The similarity of the case to current cross section

No. ζ0u(1) ζ0u(2) ζ0u(3) γ(C0,Cu)

C1 0.3585 0.3508 1.0000 0.4839

C2 0.3585 0.3508 0.6592 0.4158

C3 0.3585 0.6657 1.0000 0.6005

C4 0.3585 0.6657 0.6592 0.5323

C5 0.9387 0.3508 1.0000 0.7334

C6 0.9387 0.3508 0.6592 0.6653

C7 0.9387 0.6657 1.0000 0.8500

C8 0.9387 0.6657 0.6592 0.7818
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between 0.4158 and 0.8500. The threshold value is 0.75, so
C7 or C8may be reused. To this case, the most similar case C7
is reused and the predicted springback angle is 3.25°.

Figure 8 shows the original and compensated bending an-
gle of one side flange of the part model in Fig. 3a. The
springback angle varies from 2.75° to 3.25° corresponding
to the change for bending angle from 68.505° to 84.601°. To
the cross section element of the same material thickness, the
springback angle increases with the bending angle.

As shown in Fig. 9, the knowledge-based springback pre-
diction system including the integration interfaces with the
control surface division and compensation tools was devel-
oped based on B/S architecture using J2EE. After reading
the flange control surface data expressed in XML file from
CAD system, the springback angle and radius are computed
and used to compensate the bending arc section. The result is
stored and added to the interface XML file for surface com-
pensation in CAD system.

5 Forming shape modeling by relational design

This paper facilitates the forming shape model design by
changing the features of the 3D part model. As mentioned in
2.1, the part body is related to its flange control surfaces, and
when these surfaces are replaced by the new forming control
surfaces, the related flange surface of the part body will

change as well. The forming shape control surfaces SC
0

i are

created by extending SCF
0

i upward 2RA0
i by keeping continuous

in curvature and used to replace the original flange control

surfaces SCi (i=1 , 2 , ⋯ ,G), where RA0
i is the average com-

pensated radius of SCi and computed as follows

RA0
i ¼ 1

Qi
∑
k¼1

Qi

RA0
ik k ¼ 1; 2;⋯;Qið Þ: ð9Þ

As shown in Fig. 10, the part model is changed and the
forming shape model is then built rapidly. The ears and posi-
tioning holes are created to achieve the final forming shape
model.

6 Industrial application of forming shape model

Figure 11 shows the application of the forming shapemodel of
the case part into its manufacturing. By DA method using FE
simulation, it took about 30 min to simulate the forming pro-
cess, 5 min to simulate the part’s springback, and 60 min to
adjust the forming shape surface with workstation computer
with CPU of Intel Xeon E5–1603 V3 and internal memory of
4G for the case part. If the desired shape is achieved after three
iterations that is the average cycles in the literature, the part
forming shape surface compensation takes at least 285 min. It

Fig. 8 Bending angle of the part and forming shape model

 

Fig. 9 Knowledge-based springback prediction system
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took about 35 min to design the 3D forming shape model,
including 20 min to trim and divide the surfaces by the
flange surface division tool, 10 min to predict the
springback by the knowledge-based prediction system,

and 5 min to construct the forming shape control sur-
face by the control surface compensation tool. The
forming shape design cycle is reduced obviously by
the proposed method and tools.

LIM1

LIM2

Fig. 10 Forming shape control surfaces replacement
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Fig. 11 Manufacturing process
of the case part
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The inner surface of the forming shape model is used to
design the tool surface. Because the narrow end makes the
tool unstable, the stiffened structure is added to the tool
surface. The die was fabricated by NC machine and the
part was formed in new quenching state by rubber hydro-
forming machine with pressure = 250 bar. The practical
part geometry digitalized by means of a 3D optical scan-
ning system was compared with the desired part surface,
and the deviation was analyzed as shown in Fig. 12. The
position tolerance of the part flange is between −0.5 and
+0.5 mm, and the angle tolerance is between −1° and
+1°. Figure 12a shows that the angle deviation is in the
range of −0.465°~0.528° and the average value is
0.207°. The springback rate of this part is about
3.89%. Figure 12b shows that the position deviation is
in the range of −0.3∼0.3 mm, and the average value is
0.118 mm. So, the part was manufactured precisely by
the forming shape tool.

7 Conclusion

In this research, our main contribution is the approach
to design forming shape model of the flanged part with
joggles for manufacturing. The tests and analysis results
reveal that this approach makes it possible to manufac-
ture an industrial part rapidly and accurately.

1. To doubly-curved flange with joggles, the proposed
control surface processing (CSP) method mainly in-
cludes control surfaces trimming, division, and com-
pensation. It adjusts not the whole part surface di-
rectly, but the flange control surfaces; the flange
control surface is divided into not mesh, but cross
section of circular arc and straight line segments as
the deformation prediction and compensation ele-
ment. The new flange control surfaces are used to

replace the original surfaces based on the relation-
ship of geometric elements. So, the form shape
model of part with complex flanges in aircraft could
be designed rapidly.

2. ACBR-based springback prediction approach is developed
to compensate the springback of the bending circular arc
segment in one cycle. It is necessary to accumulate enough
compensation cases to ensure that springback errors calcu-
lated by case base often nearly conform with the practical
values. In industrial practice, a great deal of empirical and
experimental knowledge is often accessible and increases
dynamically, so the developed approach is feasible.

In future, it is necessary to extend the knowledge
base to take the compensation factor into consideration
for the part with complex structure such as circumfer-
ential multiple ladder flanges or radial continuous
flanges. The compensation factor is also necessary for
cross section curves of different position of the flange
boundary line. Additionally, for large size aircraft frame
part (more than 1 m long), the forming shape design
approach should be developed to control the warp de-
formation to manufacture industrial parts accurately
without manual correction.
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