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Abstract 

Forming of various customized bending parts, small batches, as well as numerous types of materials is a new chal-
lenges for Industry 4.0, the current control strategies can not meet the precision and flexibility requirement, expected 
control strategy of bending processes need to not only resist unknown interferences of process condition and mod-
els, but also produce various new parts automatically and efficiently. In this paper, a precision and flexible bending 
control strategy based on analytical models and data models is proposed to build adaptive bending systems. New 
analytical prediction models for loading and unloading are established and suitable for various materials, a sequential 
identification strategy is proposed to search nominal properties using the four sub-optimization models. A data-
based feedback model is established to prevent over-bending and eliminate online deviation. Above models are 
merged into a precision and flexible control strategy. The system firstly uses sub-optimization models to search the 
nominal point which is near to target point, secondly the system further uses feedback model to eliminate residual 
error between the nominal point and target point. Compared with four kinds sheet metals, the allowable ranges for 
variables are determined for a good convergence. The target bending angles were set to 20°, 40°, and 60°. Forty parts 
were tracked for each kind material, the adaptive bending system converged after one iteration, and exhibited better 
performances.
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1 Introduction
Owing to flexibility of the air bending process [1], it is 
widely used in the bending of sheets, pipes, and profiles 
[2–4]. This approach can be used to form multi-shaped 
parts by controlling the punch stroke [5], and many 
scholars have proposed automatic control methods [6]. 
With development of Industry 4.0 and artificial intel-
ligence, process is more closely integrated to produc-
tion lines [7]. If parts change, the equipment can adjust 
the process parameters adaptively. To deal with the 

diversification of materials and part shapes, as well as the 
interference from production lines [8–10], novel flexible 
predication models are urgently needed.

At present, many scholars propose analytical models, 
which are based on constraint mechanical equations that 
can easily reflect the internal mechanism. Stelson et  al. 
[11] proposed a method to determine the related param-
eters of the sheet using the force–stroke curve, and then 
used identified material properties to calculate the sub-
sequently process parameters. Moreover, Stelson [12] 
developed a recognition system with a better real-time 
performance. Stelson [13] further studied the adaptive 
control for strain-hardened materials. Antonelli et  al. 
[14] use a simplified model to conduct identification. 
Ton et al. [15] studied strip metal bending based on his 
model. Dallinger et  al. [16] established an air bending 
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control strategy through a two-step method based on a 
simplified model. Wang et al. [17] controlled the spring-
back based on a simplified model. Presently, most schol-
ars use simplified model to describe the loading process, 
which is difficult to precisely describe the behavior of 
various materials. If the bending deformation is not fully 
described by the hypothesis model, the control algorithm 
can not precisely and flexibly find the best working point. 
In addition, the research on unloading model is rare.

Actually, it is very difficult to thoroughly build bend-
ing model based on mechanical principles [18], and some 
assumptions have to be introduced. These assumptions 
and other unmodeled residuals cause deviations of pre-
diction results [5]. Thus, many scholars have built models 
based on online data to predict bending process param-
eters [19]. Online data can include online interference, 
some is non-measurable, such as changes in lubrica-
tion conditions, tool wear, and equipment temperature 
rise, these can cause poor product consistency [20]. 
Many scholars use the feedback method to eliminate 
the deviation. Peter et  al. [21] established a simplified 
control model for the blanking and bending processes 
based on the product chain, and realized the feedforward 
and feedback control of bending springback. Zafer [22] 
directly used experimental methods to generate data, 
and then performed springback control. Hazra et al. [23] 
studied the effects of changes in materials and processes 
on product formability. Some interference is measurable, 
such as material property fluctuation, if which can be 
evaluated in advance, the measurement data can be used 
to control the bending process. Therefore, many scholars 
used feedforward control methods to control the pro-
cess. Havinga et  al. [24] used bending force for feedfor-
ward control, and realized the consistency control of the 
product by product fluctuation. Yang et al. [25] used an 
online database and a fuzzy control model to regulate the 
precision bending process. Longo et al. [26] used control 
algorithms to predict bending springback in advance. 
Lewin et al. [27] used the feedforward control method to 
identify and control system. Yang et al. [28] developed an 
intelligent bending process based on a feedforward con-
trol system. Groche et al. [29] identified property based 
on statistical models, and then, controlled the bend-
ing process. From above analysis, it is relatively easy to 
fit a springback feedback model using online data, such 
as above feedforward and feedback models, But which 
need to accumulate a certain amount of data. In addition, 
when a model go beyond data boundary, the extrapola-
tion accuracy of this model is poor [30, 31]. If the target 
angle of control system is repeatedly adjusted within a 
wide range, a large amount of data collected from history 
record are required to fit the model, as a result, a lot of 
discarded parts are produced. So the disadvantages of the 

fitting model from online data are obvious, a feedback 
model based on data from the analytical model will be 
researched. In this paper, the first originality lies that new 
analytical prediction models for loading and unloading 
are established for applicability with various materials, 
and the sequential identification strategy is proposed to 
search nominal properties of sheet metal automatically, 
based on this fact, flexible control is realized. The second 
originality lies that a data-based feedback model is estab-
lished to prevent over-bending and eliminate online devi-
ation from optimized point, in this way, precision control 
is realized.

Research on precision and flexible bending control 
strategy is the focus herein. The advances of this article 
are as follows: Firstly, in response to the material diver-
sity problem, novel prediction models are established 
to ensure the applicability, and a sequential identifica-
tion strategy is proposed to search nominal properties of 
sheet metal to be manufactured for each of the four sub-
optimization problems, so flexible control can be done 
automatically. Secondly, a data-based feedback model is 
established to eliminate online deviation from optimized 
point, whose parameter within a certain safety margin is 
given to ensure that part is not over-bending, so preci-
sion control can be achieved steadily. Thirdly, the control 
strategy of the flexible system is finally determined as 
two steps. Step one is that the system uses sub-optimi-
zation models to search the nominal point which is near 
to target point, then step two is that the system further 
uses feedback model to eliminate residual error between 
the nominal point and target point. Last but not least, 
the flexible system convergence effect using this control 
strategy is verified by experiments.

2  Analytical Models and the Parameters 
Identification Strategy

2.1  Flexible Hardening Model for Sheet Metal
To improve the adaptability of the flexible system, the 
material hardening model which have a wider descrip-
tion capability will be selected preferentially. From ref-
erences, one type is constructed in the form of a power 
function, while the other is in the form of an exponential 
function. Among the power function type are the Hollo-
mon and Ludwik models, whereas the exponential func-
tion models include the Voce, Voce+Voce, Voce++, and 
Hockett–Sherby models. The Ludwik type is an improved 
variant of the Hollomon model. The power function 
model is usually an unsaturated one, while the Voce type 
is saturated, and the other exponential function models 
are variants of the Voce model. So Ludwik model and 
Voce model are recommended firstly. So the first recom-
mended elementary function is determined by referring 
to the Ludwik constitutive equation as presented thus:
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where σ is true stress, ε is true strain, E is elastic modulus, 
εs is yield strain, σs is yield strength, K is strength coef-
ficient, and n is hardening index. Referring to the Voce 
constitutive equation, the second recommended elemen-
tary function is determined as follows:

where A and B are Voce model coefficients.
In order to test the hardening models, three rep-

resentative curves are selected, as shown in Figure  1. 
High-strength steel DP980 have a higher yield stress, 
lower uniform elongation, and no evident yield turn-
ing point. The aluminum alloy 6061 sheets exhibits an 
apparent elastic-plastic transition. With the continua-
tion of plastic deformation, the material hardening rate 
decreases slowly in a small range. For the 304 stainless 

(1)σ =

{

Eε, ε ≤ εs,

σs + K
(

εn − εns

)

, ε ≥ εs,

(2)

σ =

{

Eε, ε ≤ εs,

σs + A[exp(−Bεs)− exp(−Bε)], ε ≥ εs,

steel material, there is a visible elastic–plastic transition 
curve, the hardening rate of the material, which remains 
larger than those of the other two, changes a little. Other 
test materials with similar behaviors are not listed there 
individually.

After fitting the stress and strain data of the material by 
the above two elementary functions, the fitting results are 
shown in the Figure 1(b)–(d). DP980 sheet metal is better 
fitted by Voce model than Ludwik model. The correla-
tions of Voce model and Ludwik model with aluminum 
alloy 6061 sheet are similar. For the 304 stainless steel, it 
is same as aluminum alloy 6061 sheet.

When the elementary functions are used to extrapo-
late the high strain data, the Voce hardening rate changes 
little and tends to be saturated earlier, while the Ludwik 
model can continue to harden and be consistent with the 
cold working hardening behavior of the material. There-
fore, when the material hardens slowly, the Ludwik and 
Voce models can be linearly combined to build a flexible 
hardening model:
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Figure 1 a Stress-strain curve, b DP980 stress-strain curve and the curves fitted by Ludwik and Voce model, c AL6061 stress-strain curve and the 
curves fitted by Ludwik and Voce model; d SUS304 stress-strain curve and the curves fitted by Ludwik and Voce model
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When α = 1 and α = 0, the combination function 
degenerates to elementary Eqs. (1) and (2), respectively. 
When α∈(0,1), the combination function can describe 
hardening behavior of diverse materials precisely. The 
parameter identification performance of different hard-
ening models for various materials will be analyzed later.

2.2  Flexible Prediction Model in Loading Process
The combination constitutive model has been deter-
mined above. It is necessary to give the corresponding 
analytical model for the hardening model. In the form-
ing process, as the bending stroke of the punch increases, 
the bending angle of the sheet gradually increases. The 
mechanical model is shown in Figure 2.

According to the mechanical model established in Fig-
ure 2, the static equilibrium equation and the geometric 
relationship in y direction are obtained as

Among them, μ is the friction coefficient, θ is the rota-
tion angle at the die fillet, P is the bending force, rd is die 
radius, rp is punch radius, N is the direct reaction force at 
the fulcrum, M is bending moment, l is the distance from 
the origin point in x direction to the tangent point of the 

sheet and die, L is the distance from the origin point to 
the center of the round corner on the die. The different 
mass points on curved section are in different deforma-
tion stages. ρx is the curvature radius on the neutral layer 
at x, ρlim is the limited curvature radius of elastic. When 
ρx is larger than ρlim, particle which is on the section of 

(3)σ =

{

Eε, ε ≤ εs,

σs + αK
(

εn − εns

)

+ (1− α)A[exp(−Bεs)− exp(−Bε)], ε ≥ εs.

(4)
∑

Fy = N cos θ + µN sin θ −
P

2
= 0,

(5)N =
1

cos θ + µ sin θ

P

2
.

the sheet is in the state of complete elastic deformation. 
When ρx is less than ρlim, particle which is on the section 
of the sheet is in the state of complete elastic deformation 
or plastic deformation. The two state calculation meth-
ods are as follows:

1) In the process of elastic deformation, the limited cur-
vature radius of elastic ρlim is obtained by generalized 
Hooke’s law which is under the principal stress state:

 where ν is Poisson’s ratio, y̅ is the ordinate value 
under the elastic limit.

2) In the process of elastic-plastic deformation, the 
deformation zone can be simplified to plane strain 
state, which means εz=0. According to the assump-
tions, the stress in thickness direction during the air 
bending process is neglected, which means σy=0. 
And the deformation zone conforms to the small 
deformation assumption, which means the strain 
distribution on the section is linear. The bending 
moment of the sheet is calculated by the following 
formula:

 where Me is elastic bending moment, Mp is plastic 
bending moment.

According to the first elementary function 1 and the 
second elementary function 2, the combined bending 
moment calculation model is established as

where y is the ordinate value of sheet cross section, b is 
the width of cross section , t is the thickness of the sheet 
metal, when α=1, the combined model degenerates to Eq. 
(1); when α=0, the combined model degenerates to Eq. (2); 
when α∈(0,1), the combined model can describe diverse 
relationships between bending moment and curvature.

(6)ρlim =
E(1− ν + ν2)1/2y

σs(1− ν2)
,

(7)M = Me +Mp,

(8)

Me = 2b

∫ εxsρlim

0

E

1− v2
y

ρx
ydy,

Mp = 2b

∫ t/2

εxsρlim

α

[

2
√
3

(

σs − Kεns

)

+
2
√
3
K

(

2
√
3

y

ρlim

)n]

ydy

+

∫ t/2

εxsρlim

(1− α)

[

2
√
3
(σs + A exp(−Bεs))+

2
√
3
A

(

− exp(−B
y

ρx
)

)]

ydy,
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As the bending stroke of the punch increases, the 
radius of curvature under the punch gradually decreases. 
When the radius of curvature under the punch is 
ρmin>rp+t/2, the area closing to the punch of the sheet 
did not appear, as shown in Figure 3(a); when the radius 
of curvature under the punch is ρmin=rp+t/2, as shown 
in Figure 3(b), the area closing to the punch of the sheet 
appeared.

According to the situations whether the die is 
attached or not, the curvature of each point on the 
sheet is calculated by the following formula:

Next, these control equations are used to establish the 
relationship between bending force and bending stroke 
during loading for each deformation state. Through a 
trial analysis, when the die span is larger, there is no 
monotonous relationship between the bending force 
and the stroke, in other words, when the stroke is 
increasing, the bending force which is corresponding 
to the next stroke increment may be larger or smaller 
than the current force. In order to simplify solution, a 
return back algorithm is used for calculation. At first, it 
is assumed that the bending force is larger than the cur-
rent force, then the algorithm will find the correspond-
ing stroke. If the stroke can not be found in the forward 
search direction, the search direction will be adjusted 

(9)ρx =

{

rp + t
/

2, ρmin(M) ≤ rp + t/2,

ρ(M), ρmin(M) > rp + t/2.

backward. Until the convergence condition is meet, the 
algorithm exits the search program. This calculation 
process is shown in Figure 4.

2.3  Prediction Model in Unloading Process
The accurate descriptions of the bending loading and 
unloading process are important for the springback 
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prediction. In the elastic theory, it is assumed that the 
elastic unloading deformation is linear, so some high-
order terms are ignored. But after certain plastic defor-
mation occurs, these high-order terms will bring a high 
nonlinear effect on the unloading deformation of some 
materials, such as high strength steel. So in the unload-
ing stage, the stress-strain nonlinear relationship of 
sheet metal is necessary to incorporate, and its typical 
unloading stress-strain curve is shown in Figure 5.

According to the reference, the elastic modulus is 
exponentially described as a function of the total strain, 
as shown in the following equation:

where Eu is elastic modulus during unloading, E0 is initial 
elastic modulus, Ea is saturated modulus.

It can be concluded that under the bending moment, 
the relationship between the springback curvature and 
the bending moment is shown as follows:

where ρu
x  is the radius of curvature at a point x after 

unloading the bending moment M. The amount of 
variation in curvature after springback can be further 
expressed as

where I ′ = 2b

(

t
2
B

4A
− tB

A2
+ 2B

A3
− 2

A3

)

 , A = −
ξ
ρx

 , B = exp At
2  , W 

is bending stiffness.

2.4  Sequential Identification Strategy for Nominal 
Parameters

The prediction model of loading process which is based 
on combination elementary function and the predic-
tion model of unloading process have been given. From 
above analysis, loading model and unloading model con-
tain many parameters. Identification the nominal param-
eters using global optimization model usually fall into 
local optima, because the global optimization problem 
is non convex. So sub-optimization problems need to 
be decoupled from the global model, then the sequen-
tial identification strategy for nominal parameters needs 
to be determined. It is easy to obtain the full force stroke 
curve of the loading and unloading process from bend-
ing equipment, but different sub-optimization problems 

(10)Eu = E0 − (E0 − Ea)[1− exp(−ξε)],

(11)M = 2

∫ t/2

0

Eu
y2

ρu
x

bdy,

(12)�K =
M

EaI + (E0 − Ea)I ′
=

M

W
,

(13)
1

ρu
x

=
1

ρx
−�K ,

using different segments from full load curve. So the first 
task is to segment the load curve for each sub-optimiza-
tion problem.

The force and stroke sensors collect data from the 
bending machine synchronously, The original data are 
recorded as (ho

i, Po
i), i=1, 2,…, me. The curves of the data 

are shown in Figure 6. The interpolation algorithm can be 
used to resample the experimental data at equal intervals 
to solve the problem that the experimental data and the 
predicated data from the mechanical prediction model 
are unequal on the abscissa. The interpolated experimen-
tal data points are recorded as (he

i, Pe
i), i=1, 2,…, mint. 

The sampling interval is Δh, and the calculation formula 
is presented below. The force stroke data points given by 
the analytical model are recorded as (ha

i, Pa
i), i=1, 2,…, 

mint, and mint is the number of experimental data set after 
resampling.

Based on the above-described model, these experimen-
tal data points can be divided into four segments accord-
ing to different purposes. The data points before yield 
bending are used to optimize the elastic modulus, and 
the transition points between elastic and plastic bend-
ing are used to optimize the yield strength, while the 
data points after yield bending are used to optimize the 
hardening parameters, and the unloading data points are 
used to optimize the variable modulus parameters. The 
window method [32] is used to automatically identify the 

(14)

Pj =Pe
i +

(

j�h− hei
)Pe

i+1
− Pe

i

hei+1
− hei

, j = 1, 2, ...,mint,

i ∈ {1, 2, ..., me}
∣

∣

(

hei ≤ j�h ≤ hei+1

)

,

(15)hj = j�h, j = 1, 2, ..., mint.
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each segment boundary points of the experimental and 
predicated force–stroke curves. Finally, automatic curve 
segmentation is completed.

The boundary points for each segment on the curve 
can be stably extracted by moving the window. The 
thresholds of the abscissa and ordinate are set to Δhc and 
ΔFc, respectively. In order to keep the threshold univer-
sal, the curve data are normalized, the number of window 
points is determined by the following formula:

where i is the index of the starting point (hi
norm, Fi

norm) 
of the window data. When the length of the horizontal 
coordinate or the height of the vertical coordinate of the 
window whose end point (hnorm

i+j, Fnorm
i+j) meets the 

conditions, ni
w+1 is the adaptive window size which i is 

the index starting point. the points between [i, i+ni
w/2] 

and [i+ni
w/2, i+ni

w] are fitted linearly respectively, oi
s 

is defined as the starting point on the straight line, oi
m 

is defined as the middle point, oi
f is defined as the end 

point, the rotation angle is calculated from crossing the 
two vectors, it is expressed as follows:

If the calculated angle is positive, it means that the vec-
tor 

−−→
oiso

i
m clockwise rotates relative to the vector 

−−→
oimo

i
f  , 

conversely, if the angle is negative. The rotating angle at 
each coordinate point can be obtained, the index of the 
coordinate point is set as the abscissa, the angle and 

(16)niw =
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, i = 1, 2, ...

stroke are set as the ordinate, and the curve is shown in 
Figure 7 and Figure 8. It is evident from the curve that the 
loading and unloading of stroke curve is an isosceles tri-
angle. It is shown from angle curve at the ath loading and 
unloading, there are three peak points, the points 1, 2, 
and 3 are shown in Figure  8. For the bth loading and 
unloading, point 4 is a valley point, while 5, 6, and 7 are 
peak points. For the cth and subsequent loading and 
unloading, the four boundary points are generated too. 

The program determines the boundary points for each 
cycle (a‒i). Finally, the segmented force curve is shown in 
Figure 9.
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The objective functions of the elastic, yield, plastic, and 
elastic unloading segments are defined as follows. When 
the predicated and experimental data are sufficiently close, 
in other words, each of the objective functions takes the 
minimum value, the selected nominal parameters are rea-
sonable. Now four sub-optimization problems are built. 
They are optimized one by one sequentially, this is a 
sequential identification strategy for nominal parameters.

The nominal parameter ranges for each sub-optimi-
zation problem are set as

where le, lv, lp, lu are the number of nominal parameters 
that need to be optimized, and variables Xe

k, Xy
k, Xp

k, Xu
k 

are the degree of freedom. For each sub-optimization 
problem, a quadratic approximation function is used for 
each objective function. At the kth iteration, there is an 
approximate function shown as follows:

where m∈[(ls+2), (ls+1)(ls+2)/2], s∈{e, y, p, u}. The opti-
mization problems of above four objective functions are 
transformed into the minimizing problems of approxi-
mate functions. A optimization problem is shown as 
follows:

where d is the vector step of each iteration and Δk is the 
confidence radius at the kth iteration.

(18)Ge(X
e
k ) =

1

2

∑
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(

Pe
i − Pa

i

)2

ie
, i = 1, 2, ..., ie,

(19)Gy(X
y
k ) =

1

2

∑

i∈�y

(

Pe
i − Pa

i

)2

iy
, i = 1, 2, ..., iy,

(20)Gp(X
p
k ) =

1

2

∑

i∈�p

(

Pe
i − Pa

i

)2

ip
, i = 1, 2, ..., ip,

(21)Gu(X
u
k ) =

1

2

∑

i∈�u

(

Pe
i − Pa

i

)2

iu
, i = 1, 2, ..., iu.

(22)























aek ≤ Xe
k ≤ bek , k = 1, 2, · · · , le,

a
y
k ≤ X

y
k ≤ b

y
k , k = 1, 2, · · · , ly,

a
p
k ≤ X

p
k ≤ b

p
k , k = 1, 2, · · · , lp,

auk ≤ Xu
k ≤ buk , k = 1, 2, · · · , lu,

(23)Qk

(

Y j

)

= Gs

(

Y j

)

, j = 1, 2, 3, · · · , m,

(24)

min Qk(Xk + d),

s.t. a ≤ Xk + d ≤ b, |d|2 ≤ �k ,

Xk ∈ {Y j : j = 1, 2, . . . ,m}
∣

∣min
{

Gs(Y j) : j = 1, 2, . . . ,m
}

,

3  Feedback Model Using Online Data
The deformation control accuracy is affected by some 
assumptions introduced, mold misaligned and wear, so 
online closed-loop feedback mechanism is necessary. 
In the closed-loop bending control model, the target 
bending angle after springback is defined as αobj, the 
bending angle after springback in the last forming is 
defined as αi–1, then the deviation angle of the previous 
forming is ei−1, and it is expressed as

There is a assumed nonlinear relationship between 
the bending stroke and bending angle after springback 
over a wide range. The spingback angle can be approxi-
mated by a linear relationship in a small neighbourhood 
of the nominal reference point h0, and the first-order 
Taylor is represented as

According to Eq. (26), the relationship between the 
current forming deviation and the stroke increment is

where Kc is the control coefficient, the plastic bending 
stroke of the ith bending is

The total plastic bending stroke of the ith bending is

The bending angle after springback of the ith forming 
is

where Kb is the linear coefficient of bending model. The 
difference equations of the discrete control system are 
Eqs. (25)‒(29), z-transformation is performed on the 
above-stated difference equation to obtain the transfer 
function, and the stability of the system is analyzed using 
these transfer functions. The transformed equations are 
as follows:

(25)ei−1 = αobj − αi−1.

(26)α = α0 +
∂α

∂h

∣

∣

∣

∣

h=h0

(h− h0).

(27)�h
p
i = Kcei,

(28)h
p
i = �h

p
i + h

p
i−1.

(29)hi = h
p
i + he.

(30)αi = Kb(hi − he),

(31)e(z) =
(

αobj(z)− α(z)
)

z−1,

(32)�hp(z) = Kce(z),

(33)hp(z) = �hp(z)+ hp(z)z−1.
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The relationship between bending stroke and the stroke 
increment obtained from an integral element, as well as 
the transfer function of Eq. (30) are described as

Eqs. (31)‒(35) can be used to get the transfer function 
of the closed-loop feedback control system as

The characteristic equation of the system is

According to Eq. (37), the characteristic root of the sys-
tem can be obtained as

In the z-plane, the system satisfies the stability condi-
tion as

The transfer function of control variable is shown as 
follows:

Inverse z-transformation of Eq. (40), the difference 
equation used for the controller is

According to the stability condition, when 0≤Kc≤2/Kb, 
the closed-loop system converges steadily, different val-
ues of Kc are selected, the output results of the system are 

(34)
hp(z)

�hp(z)
=

1

1− z−1
,

(35)α(z) = Kbh
p(z).

(36)
α(z)

αobj(z)
=

KcKb

z − 1+ KcKb
.

(37)z − 1+ KcKb = 0.

(38)z = 1− KcKb.

(39)|1− KcKb| ≤ 1.

(40)
hp(z)

e(z)
=

Kc

z − 1
.

(41)h
p
i = Kcei−1 + h

p
i−1, h

p
0 = he.

shown in Figure 10. When the target bending angle of the 
springback control system is altered from 0° to 20°, that 
is increased by 20°, and Kc=2/Kb(PT 20-2/Kb), the out-
put of the system is an oscillation curve with the same 
amplitude. When Kc=1.5/Kb(PT 20-1.5/Kb), some over-
shoots occur in the early stages of the system. After five 
adjustments, the output of the system meets the control 
requirement. When Kc=0.9/Kb(PT 20-0.9/Kb), the system 
converges to the steady-state value after one time. When 
Kc=0.5/Kb(PT 20-0.5/Kb), the system output is a rising 
asymptotic curve, and after five adjustments, the output 
of the system reaches the control requirement. When 
the target bending angle is altered from 40° to 20°, that 
is reduced by 20°, the output curve of the system with 
an angle increased by 20° is symmetrical to that with an 
angle reduced by 20°. Figure 11 shows the output of tar-
get bending angle 60°. It is evident that when the target 
bending angle increases, so do the oscillation and over-
shoot amplitude.

According to the above-stated analysis, when αi
uo>αi-

1
uo, a positive step is produced, and when αi

uo<αi-1
uo, a 

negative step is generated. For the positive step signal, 
when the output of the system overshoots, the system 
will produce an over-bending phenomenon, which is 
irreparable and generates unqualified parts. When the 
output of the system is a gradual line, then multiple form-
ing can be used for correction, however, too many cor-
rections will reduce production efficiency. Negative step 
signals are contrary to positive ones, and the maximum 
overshooting value results in under-bending. Mean-
while, considering that the material properties of differ-
ent batches and directions exhibit obvious fluctuations, 
system parameters with a certain safety margin are given 
to ensure that they are always under-bending during the 
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adjustment process. The parameters of the system con-
troller are set to

where β is safety margin for sheet metal fluctuations.

4  Control Strategy of Flexible Control System
Flexible prediction model and sequential identifica-
tion strategy are built separately. The control flow chart 
is shown in Figure 12. When the flexible system is used 
to bend a kind sheet metal for the first time, the system 
identifies the nominal parameters of the prediction model 
using sequential identification strategy automatically. The 
prediction model completes adjustment of the system 
working point. After the system arrives at the vicinity of 
the working point, the feedback correction model par-
ticipates in compensation, and thereafter, interference 
and deviation are eliminated near the working point. 
The control strategy of the flexible system is determined. 
When the system is adjusted in a large range, the nominal 

(42)Kc =











(1− β)

�

Kb, α
i
uo > αi−1

uo ,

(1+ β)

�

Kb, α
i
uo < αi−1

uo ,

working point of the system is found by optimal model. 
When the nominal working point fluctuates in a small 
range, the system control accuracy is compensated by the 
data model. These promote flexibility and efficiency of 
the control algorithm for the air bending process.

5  Flexible Control Experiment System
5.1  Angle Measurement after Springback
To improve the accuracy and efficiency of angle meas-
urement, a camera is used for online measurement. The 
grids shown in Figure 13 are created on the left-hand and 
right-hand sides of the image. The corresponding pixel 
coordinates are extracted at the abrupt pixel edge. The 
pixel coordinates extracted from the left-hand and right-
hand grid areas are linearly fitted by the least squares 
method to obtain the line equations, and the bending 
angle of the part is determined. Integrating the image 
processing algorithm into the computer control system 
program, the result is shown in Figure 13.

In order to verify the measurement accuracy of the 
online image measurement method used in this paper, 
the 3000iTM series of flexible three-coordinate meas-
urement system produced by CimCore is used. Using 
PowerINSPECTTM measurement software and three-
coordinate measuring tools to perform point-contact 
detection on the bending angle after unloading, the devi-
ation is 0.01%. The image method used in this paper can 
meet the needs of experiments and engineering.

5.2  Flexible Control Experiment System and Softwares
In this study, a free V-bending flexible control experi-
mental system is developed. The execution unit of the 
experimental system utilizes a servo electric cylinder, 
and a Delta 1.5 kW servo motor is used as the power 
source. The reduction ratio of the reducer is 1:12, and the 
screw lead is 10 mm. A grating ruler with an accuracy of 
1 µm is installed on the movable beam of the machine, 
which form a fully closed-loop system with a servo drive. 
A control software is developed in the industrial con-
trol computer IPC-610H. The pulse control cards, pulse 
acquisition counting cards, and voltage acquisition cards 
are all connected through the PCI bus. The pulse con-
trol card is used for pulse generation to control the servo 
motor, while the pulse acquisition card is used for count-
ing the pulse signal of the grating ruler, and the voltage 
acquisition card is used for the force sensor. The con-
trol software is written in the G programming language 
of LabVIEW. The software and hardware structures are 
shown in Figure 14. The mechanical system for air bend-
ing experiment is shown in Figure 15.

The control process of this study has been built into 
the computer program. When the geometric parameters 
of the material are adjusted in the interface, the program 
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Figure 12 Control system flow chart

Figure 13 Measurement image to obtain unloaded angle
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will identify the parameters automatically. The control 
accuracy of the experimental system controlled by com-
puter is affected by various interference. In order to elim-
inate the above interference, after the identification is 
completed, the system enables the feedback control algo-
rithm to correct the deviation.

5.3  Results of Online Flexible Control System
To confirm the accuracy of the above-mentioned 
method, high-strength steel sheets DP980, 304 stain-
less steel, ST12, and 6061 aluminum alloy were used in 

the verification experiment. The thickness of the DP980 
sheet, 304 stainless sheet, ST12 sheet, and 6061 sheet 
were 2.2 mm, 0.8 mm, 1.0 mm, and 2.0 mm, respectively. 
A set of moulds was used to conduct an experimental 
study on the springback control of air bending.

In this study, the material parameters self-identification 
optimization algorithm needs to explicitly provide the 
coefficient feasible ranges of the two constitutive models. 
The parameter ranges of these two models are determi-
nable by fitting, where the parameter ranges of the Voce 
model are E∈[10000, 300000], σs∈[100, 1400], A∈[10, 
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Figure 14 Hardware and interface composition of control system

Figure 15 The mechanical system for air bending experiment
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2000] and B∈[5, 200]. In the Ludwik model, the elas-
tic modulus and the yield strength range are same, and 
the ranges of the parameters K and n are K∈[10, 5000] 
and n∈[0.001, 1], respectively. To verify the convergence 
of the algorithm, each parameter was optimized with 
three different initial values within the feasible range. 
The selection principle of the three initial values are that 
a point nears the upper boundary and another nears the 
lower boundary, and a random point is picked within 
the feasible range. The identification results of the elas-
tic modulus of SUS304, ST12, AL6061, and DP980 are 
shown in Figure 16.

It is evident from the figure that the elastic modulus is 
relatively stable during the iterative process, and the opti-
mal approximate surface is constructed by several func-
tion value calculations in the trust region that rapidly 
converges to the target value through approximately 30 
iterations. Although the elastic modulus of the four mate-
rials is different, the algorithm can always converge to a 
fixed value. The elastic modulus parameters, the length of 
the elastic phase, and the number of experimental points 

collected at a fixed acquisition frequency are different, 
which affect the calculation of the target function, and 
consequently influence the convergence efficiency of the 
elastic modulus, but not affect the convergence results. 
The yield strength parameter identification process is 
shown in Figure 17.

Figure 17 apparently reveals that the SUS304, ST12, and 
Al6061 materials enter into the fast convergence stage 
after ten iterations. Furthermore, after approximately 
60 iterations, their yield strength enter a stable conver-
gence stage. The yield strength of AL6061 has a certain 
fluctuation, which is smaller than the yield strength of 
DP980. The total number of iterations of AL6061 mate-
rials is less than that of the other three materials, which 
have equivalent total iteration numbers. By comparing 
the four force–stroke curves, the DP980 transition from 
linear to nonlinear is longer, and the identification effi-
ciency is relatively lower. The yield strength of the four 
materials converged to a fixed value after approximately 
130 iterations. The identification processes of the SUS304 
and ST12 materials are shown in Figure 18.
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Figure 16 The learning processes of elastic modulus: a SUS304; b ST12; c AL6061; d DP980
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In the Ludwik model, there are two parameters that 
comprehensively control the hardening behavior of the 
material. Therefore, when choosing the initial value, K 
and n can be selected near the upper boundary, lower 
boundary or the middle. K and n fluctuates lightly in the 
early stage, and the subsequent learning process is stable.

By comparing the optimization processes of the two 
materials, for the initial value from the upper bound-
ary, the SUS304 and ST12 materials converge approxi-
mately 240 and 160 iterations, respectively. In the case 
of the initial value from the lower boundary, both of the 
SUS304 and ST12 materials converge approximately 400 
iterations, so the stop iterations of the initial value from 
the upper boundary are less than those from the lower 
boundary. For the Ludwik model, the initial value of the 
flexible system learning algorithm is recommended near 
the upper boundary for improving learning efficiency. 
Compared with the Ludwik model, the Voce model has 
a better saturation capacity and rapid hardening capac-
ity in a shorter strain range. When the material hard-
ens violently, the Voce model is preferred to describe 

the constitutive behavior of materials. The processes for 
identifying AL6061 and DP980 are shown in Figure 19.

There are two parameters in the Voce model that com-
prehensively control the hardening behavior of the mate-
rial. It is evident from the formula that when the value 
of A is larger, the material hardens faster, whereas when 
the value of B is higher, the material saturates more rap-
idly, the material hardening rate is too high for larger A 
and B, but it is inconsistent with conventional materials. 
Therefore, when identifying the parameters of the Voce 
model, the value of parameter A is taken from the upper 
boundary, while that of parameter B is obtained from the 
lower boundary. in Figure 19, the case that parameters A 
and B are obtained from the upper and lower bounda-
ries is compared with the other case that parameters B 
and A are got from the upper and lower boundaries, the 
total number of iterations of the former (300) is exceeds 
that of the latter (200). For the Voce model, the flex-
ible system learning algorithm selects the initial value of 
parameters A and B near the upper and lower bounda-
ries, respectively, to improve the learning efficiency. 
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Figure 17 The learning processes of material yielding: a SUS304, b ST12, c AL6061, d DP980
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The above-stated recognition results are summarized in 
Tables 1, 2.

After the optimization of elasticity, yield, plastic-
ity, and repeated unloading, the force–stroke curves 
of SUS304, AL6061, ST12, and DP980 are shown in 
Figure  20. It is evident from the figure that the bend-
ing load slightly decreases when the punch stops, that 
is, the sheet bending process exhibits a certain stress 
relaxation phenomenon. Among them, SUS304 and 
AL6061 sheets show a similar decline, while the DP980 
sheet exhibit the greatest decline. During reverse 
unloading, a slight increase in the load. The phenom-
enon of stress relaxation affects the force-stroke curve 
for unloading bending. The starting point on the force-
stroke curve for unloading bending coincides with the 
end point of the stress relaxation. The force-stroke 
curve for unloading bending has a different nonlinear-
ity degree, among which DP980 has the largest non-
linearity degree. Figure  20(a), (b), and (c) reveal that 

the amount of springback deformation increases with 
the deformation, and the established variable modulus 
model has a higher prediction accuracy for springback. 
However, the nonlinearity of the springback of the 
DP980 sheet increases highly compared with the other 
three sheets, so the deviation of the springback pre-
diction via the variable modulus model also increases. 
Established prediction models have unmodeled devia-
tions, which need to be eliminated by the online feed-
back algorithm.

The optimization model can quickly find the nomi-
nal work point of the flexible system, but it cannot 
completely eliminate the effects of online interference. 
Therefore, it is necessary to introduce online methods 
to eliminate deviations. In order to compare the closed-
loop control effect, the open-loop control is also studied 
through one by one forming. Fluctuations were consid-
ered by cutting test specimens in the 0° and 90° directions 
of the sheet. To fully verify the correctness and the effect 
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Figure 18 Learning process of Ludwik hardening parameters: a Parameter K of SUS304, b Parameter n of SUS304, c Parameter K of ST12, d 
Parameter n of ST12
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of the algorithm, three kinds of bending parts are to be 
formed. The target bending angles are 20°, 40°, and 60°. 
To determine the adaptive capacity of the system in the 
experiment, ten specimens were tracked.

For considering fluctuation of sheet property, speci-
mens 1‒3 and specimens 7‒10 used blanks along the 0° 
direction, whereas specimens 4‒6 utilized blanks along 
the 90° direction, and then, the adaptability of the system 
was evaluated. The parts were labeled after the experi-
ment, the experimental data obtained are shown in Fig-
ure 21(a), bending parts for material SUS304 are shown 
in Figure 22.

Four groups experiments were conducted for each 
material: negative step feedback control experiment (G1-
60-20), negative step no feedback control experiment 
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Figure 19 Learning process of Voce’s hardening parameters: a Parameter A of AL6061, b Parameter B of AL6061, c Parameter A of DP980, d 
Parameter B of DP980

Table 1 Geometry parameters for the moulds

Rd (mm) Rp (mm) L (mm) b (mm)

15 5 70 35

Table 2 Nominal identified material properties for different materials

Labels σs (MPa) α E (GPa) K n A B Ea (GPa) ζ

SUS304 242 1 162.296 1172.889 0.64319 ‒ ‒ 110.380 20.119

ST12 171 1 121.180 1054.214 0.70249 ‒ ‒ 98.792 18.253

AL6061 293 0 5.7191 ‒ ‒ 66.24 31.78 4.831 17.131

DP980 430 0 141.493 ‒ ‒ 884 58.98 100.253 33.264
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(G2-60-20), positive step feedback control experiment 
(G3-40-60), and positive step no feedback control experi-
ment (G4-40-60). For each kind of four materials, it is 
apparent that if the flexible system is controlled with no 
feedback, there is always a deviation. For feedback con-
trol experiment, the bending angle of part number 1 after 
springback exceeds tolerance band, the bending angle 
of part number 2 corrected, the deviation is reduced. It 
can be concluded that the system has the ability to feed-
back out of tolerance. The results obtained through part 
number 1 and 2 experiments can converge quickly. The 
fluctuation also persists for blanks along the 0° direc-
tion from part number 1‒3. Compare with part number 
3 which is cut from 0° direction, part number 4 which is 
cut from 90° direction has a step interference caused by 
difference roll direction, the system can further resist this 
step interference.

To analyze the respond of the system to target angle 
step, step tests were conducted on the forming experi-
ments of the four kinds sheets. For group 1, target 
angle of part number 6 is 60°, while target angle of part 

number 7 is 20°, so a 60°‒20° negative step was occurred. 
In the same way, for group 3, a 40°‒60° positive step was 
occurred. There were out-of-tolerance phenomena at the 
steps. To prevent the over-bending, the control param-
eter safety margin β was set to 10%. It can be seen from 
the curve that the feedback control model has a better 
control effect.

Furthermore, it is noticeable from the forming experi-
ments of the four materials, materials ST12, AL6061, and 
SUS304 have approximately the same deviation after sta-
bilization. However, DP980 has high-strength and large 
springback values, and the initial deviation of the ana-
lytical control model is larger, which implies that using 
online feedback methods is a better choice to eliminate 
deviation.

6  Conclusions
In order to precisely and efficiently form bending parts 
with various shapes and types, as well as small batches, 
a new control strategy of the flexible system is obtained.
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Figure 20 Comparison of the calibrated loading force stroke curve with experimental results: a SUS304, b ST12, c AL6061, d DP980
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(1) In this new control system, novel prediction models 
are establish to ensure the applicability in diverse 
materials. The springback analytical model is built 
and incorporated the variable modulus function, 
a sequential identification strategy is proposed 
to search nominal material properties using the 
four sub-optimization models. A data-based feed-
back model is established to prevent over-bending 
and eliminate online deviation. Above models are 
merged into the new precision and flexible control 
strategy.

(2) In feedback model, the coefficient Kc is determined 
by Eq. (41) to prevent over-compensation. when 
αiuo>αi-1

uo, the input signal of the system is a posi-
tive step signal, and when αiuo <αi-1uo, the input sig-
nal of the system is a negative step signal. Feedback 
model parameters with a certain safety margin β 
are given to ensure that part is not over-bending 
for positive step signal and negative step signal 
respectively. β is set to 10% that can meet the online 
requirement.

(3) In optimization models, compared with four kinds 
sheet metals, the allowable ranges for variables are 
determined for a good convergence. When choos-
ing the initial value in the Ludwik model for opti-
mization, K and n can be selected from the upper 
and lower boundaries at the same time or randomly 
selected from the middle. Moreover, in selecting 
the initial value in the Voce model for optimization. 
When parameters A and B are initialized from the 
upper and lower boundaries, respectively, the mod-
els converge easily.

(4) In the experiment of control strategy, when the 
desired bending angles were separately set to 20°, 
40°, and 60°. For each angle, the system firstly uses 
sub-optimization models to search nominal point 
which is near to target point, secondly the system 
further uses feedback model to eliminate residual 
error between nominal point and target point. 
Forty parts were tracked for each kind material. The 
adaptive bending system converged after one itera-
tion, and exhibited better performances.
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Figure 21 Curves of bending angle after springback: a SUS304, b ST12, c AL6061, d DP980
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