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Abstract:The online derivation of material yield is important for 

consistency control of product quality. Compare with other deformation, 

bending deformation is more suitable for online identification. The 

transition portion of bending force stroke curve is related to the yield 

strength of material, but for a wide set of materials with different 

thickness and properties, its longer transition curve shows higher 

identification scattering. In this paper, the yield characteristics 

strengthening method and the new anti-dispersion identification method 

are studied to reduce the scattering. It is found that the yield 

characteristics are comprehensively affected by several factors. The 

higher yield strength, together with thinner thickness, can weaken the 

yield characteristics. The thicker material with wider die span can 

strengthen the yield characteristics. Window vector method (WV) and 

standardized fitting residual method (SFR) are proposed. Through the 

numerical study found that the yield load obtained by WV method 

shows a most accurate correlation with yield strength. A novel 

piecewise correlation equation is proposed and added a thickness 

variable to eliminate partial dispersion from varied thickness. 

Furthermore, this paper uses the experimental data to extract the 

generalization error of new correlation model fitted by yield loads from 

WV method, maximum error is below 12%. This method can improve 

the accuracy and efficiency of online ranking materials. 
Keywords: Bending deformation • Yield Strength • Yield 

characteristics strengthening • Window vector method • Identification 
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1.  Introduction 
 

Sheet metal exhibits complex behaviors in the process of 

deformation, such as deformation resistance, bending 

spring-back [1-3], fracture [3-7], and failure [8-11]. The 

deformation can be better controlled by precisely understanding 

the deformation behavior of material [12, 13]. Therefore, it is 

very importance to accurately identify mechanical parameters 

for each sheet metal in production line[14, 15]. In addition, the 

sheet metal has yield parameter fluctuation caused by different 

batches [16-18]. If the fluctuation is accurately identified online, 

the feed forward and feedback methods can be applied to 

control the consistency of the forming process, such as free 

bending, stretch bending, drawing, etc[19]. 

The yield behavior of the sheet metal is the result of 

transition from elastic deformation to plastic deformation. At 

present, many scholars use the uniaxial tensile test to identify 

the yield parameters [20, 21], but the elastic displacement of the 

uniaxial tensile test is short. Naturally, relative errors of yield 

parameters are sensitive to the interference caused by relative 

sliding between clamp and specimen. This method is almost 

impossible to achieve online monitoring with so complex test 

setup and dog bone shape specimen. When the amount of test 

material is limited, some scholars use small punch test (SPT) to 

identify yield strength and tensile strength [22-25]. Chica et al. 

have studied the elastic modulus based on SPT [26]. Chica et al. 

have identified and studied the yield parameters of the material 

based on SPT [27]. Prieletal analyzed material strength based 

on SPT, and material strength identification method was 

established [28].  

In the early stage of SPT, the axisymmetric elastic bending is 

dominated [29]. Deformation continues, the bulging 

deformation is gradually dominated [30]. There is a transition 

portion of SPT curve, which is related to yield behavior, and it 
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can be used to identify the yield strength. However, the 

deformation mode of SPT changes at different thickness of 

sheet metal [31]. When the material is thin, the plate bending is 

weakened, and the membrane stretching arrives early. So, the 

transition portion is weakened, or even disappeared. Many 

scholars use the correlation model as follow [32] 

 

1 22
= y

ys

P

t
    (1) 

 

However, the slope factor is not a dimensionless coefficient 

with different thicknesses. In addition, the absolute deformation 

of SPT is small, so it requires high accuracy equipment [33]. 

From above analysis, a more robust and anti-dispersion 

approach is needed for accurate online identification for yield 

strength. A better solution is to choose new deformation other 

than SPT to reduce the dispersion for online identification.  

The deformation mechanism of free bending is similar to 

initial stage of SPT [34], and some scholars have studied 

bending process [35-38]. Wang et al. have used bending 

force-stroke curve to learn the springback parameters [39]. Imai 

et al. have applied the bending force-stroke curve to identify 

work hardening coefficient and exponent [40]. In previous 

literatures, authors do not use bending deformation to study the 

identification of yield strength. Compared with the SPT, 

force-stroke curve during yield deformation is longer, which 

enlarges the window for yield identification and reduces the 

sensitivity of identification error to measurement error, but 

longer transition curve during yield deformation increases the 

dispersion of identification.  

In this paper, firstly, the influence of the parameters of the 

testing device on the transition curve is studied, the parameter 

combination and its influence mechanism of strengthening 

yield characteristics are determined. Secondly, the transition 

curve from the bending test is related to the yield parameter, but 

there is no direct corresponding relationship, so it needs to be 

transformed indirectly by mathematical method. two new 

identification methods are proposed. Finally, anti-dispersion 

identification methods are used to test a set of hypothetical 

materials, a new correlation model added independent thickness 

variable is fitted by identified yield loads. The prediction results 

show that the new correlation model fitted by yield loads from 

WV method can not only resist the dispersion, but also be 

robust and consistent in a wide set of materials with different 

thickness and properties. 

 

2.  Test device and finite element model 
 

In the air bending test, the sheet metal is placed on two rollers 

of the die. The punch moves downward to complete the test. 

The test device is shown in Figure 1. rp is the punch radius, Dd 

is the roller diameter of die, 2w is the die span, t is thickness of 

sheet. The force stroke curve extracted from the bending test 

can be affected by above four parameters. When one of these 

four parameters is changed, and then the shape of the whole 

force stroke curve will be affected. The following section 

focuses on that how is the curve characteristics affected by 

these four parameters, and then the better parameter 

combination can be determined. 

 

Figure 1.Bending test device. 

 

2.1 Establishment of the finite element model 

 

In order to analyze the influence of these parameters on the 

force stroke curve, the finite element model is used to analyze 

influence law. In ABAQ                      US, the 

implicit algorithm is applied. The established model is shown in 

Figure 2. Referring to the ASM standard, when the ratio of the 

width to thickness is greater than 8, the strain in width can be 

assumed to be zero. The plane strain condition is satisfied. If 

less, stress in width can be assumed to be zero. The plane stress 

condition is satisfied. In this paper, the width of the specimen is 

35mm, the length is 80mm, and thickness is depended on need. 

The punch and the die are defined as the analytical rigid body, 

and the four-node plane strain element CPS4 is selected to mesh 

the sheet. The friction coefficient of contact surfaces is set as 

0.05. In order to improve the stability and convergence of the 

model, the reference point of punch is set as a fixed boundary 

condition, and the corresponding bending stroke is applied to 

the reference point of die. 
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Figure 2.Finite element model of bending test. 

 

2.2 Stress-strain relationship 

 

The Ramberg-Osgood model is used to describe the hardening 

law of materials, where formula 3 is calculated for the 

hardening index. By setting the corresponding yield parameter 

and elastic modulus, strain can be calculated as follows: 
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Here εoffset is the offset strain, n is the hardening index, and σy 

is the yield strength of sheet metal. E stands for the elastic 

modulus. In order to analyze the influence of different material 

parameters on the force stroke curve, the materials with high 

and low yield strength are selected for subsequent analysis. The 

elastic modulus of the two materials is 210 GPa, poisson's ratio 

is 0.3, n is 6.95, and εoffset remains unchanged at 0.002. Their 

yield strength is 100 MPa and 1400 MPa, they are marked as 

MYH and MYL, respectively. These two hypothetical materials 

are applied to analyze the shape changes of the force stroke 

curve. 

 

3.  yield characteristics and Identification 
algorithms 

 

3.1 Influence on yield characteristics 

 

Firstly, the influence of different spans and different sheet 

thicknesses on the shape of the force stroke curve is analyzed, 

and the punch radius of 5mm and die radius of 10mm are used 

to perform bending experiments. The die span is varied from 

20mm to 50mm. The bending force stroke curves of the MYL 

material with 1mm thickness under different spans are shown in 

Figure 3 a), the bending force stroke curves of the MYH 

material with 1mm thickness are illustrated in the Figure 3 b), 

and the bending force stroke curves of the MYL material with 

2.35 mm thickness are demonstrated in the Figure 3 c). The 

bending force stroke curves of the MYH material with 2.35mm 

thickness are explained in Figure 3 d). 

As can be seen from the curves in Figure 3 a), with the die 

span increasing, the bending load decreases gradually, because 

bending moment decreases as bending arm increasing. As the 

die span increases, the required load goes down naturally. Near 

stroke of 1.5mm, there is a transition curve in each transition 

zone, one of the curves marks the elastic zone, transition zone 

and plastic zone, which are shown in figure 3 a). Along with the 

increase of bending load, the transition curve follows. The die 

span decreases, by contrary , the transition curve rises. There is 

a peak point in each curve. With the decrease of the span, the 

load of peak point remains rising, but the peak point of the 

corresponding bending stroke under different spans has little 

change. 

With the increase of the die span, the gap between the 

transition zone and the peak point is gradually widening. As the 

gap is increasing, the bending load changes slowly with the 

stroke, so it is conducive to algorithm identification. It can be 

seen from Figure 3 b) that the overall curve shape of the MYH 

material is similar to that of the MYL material. As the die span 

increases, the yield stroke corresponding to transition curve 

follows. At the same time, the increase of the die span witness 

gradually rises in the stroke corresponding to the peak load on 

the curve. It can be seen from Figure 3 b) that the overall shape 

of the MYH material at different spans is similar to that of the 

MYL material. when the die span is reduced, the overall curve 

shape of the high yield material is more protruding than that of 

the low yield material, and the transition zone is closer to the 

peak point. When the curve is fitted with a straight line and the 

remaining error is larger, it is unfavorable to the identification 

algorithm. 

With the die span increases, the force stroke curve in elastic 

zone present slightly nonlinearity. The nonlinearity is unsuitable 

for some identification algorithms, and the applicability of 

different algorithms will be compared in the following. It can be 

seen from Figure 3 c) that when the thickness of sheet increases 

under the same yield condition, the bending force stroke curve 

goes up as a whole. Even under the different spans, the relative 

interval between the curves remains the same. Compared with 

Figure3 b) and Figure 3 d), it can be notified that the increase of 

thickness is followed by the decrease in the curvature of curve 

near transition zone, which is of great importance to algorithm 

identification. Meanwhile, the non-linearity of the force stroke 
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curve in the elastic zone goes down, which is beneficial for the 

identification. 

Based on the above analysis, the rise of the thickness can 

slightly reduce the non-linearity of the force stroke curve in the 

elastic zone. In accordance with permitted length of the test 

sample, the large die span can be selected for the thin sheet with 

high yield strength while the small die span can be 

implemented on the thick sheet with low yield strength. 

 

Figure 3.Curves of bending force travel under different die spans: a) 
MYL 1mm, b) MYH 1mm, c) MYL 2.35mm, d) MYH 2.35mm 

 

To analyze the influence of different die radii on the bending 

curve, several curves have been listed below. The bending force 

stroke curve of a MYL material with 1mm thickness is 

presented in Figure 4a), and the bending force stroke curve of a 

MYH material with 1mm thickness is shown in Figure 4 b). The 

bending force stroke curve of MYL material with 2.35mm 

thickness is illustrated in Figure 4 c). The bending force travel 

curve of a MYH material with 2.35mm thickness is explained in 

Figure 4 d). Three groups of die radii are selected for the 

research, which are 10mm, 20mm, and 30mm, respectively. 

Combined with the above analysis results, the large span is 

beneficial for the identification method. In this paper, the die 

span of 30mm, 40mm, 50mm and three groups of die radii are 

selected for the analysis. 

It can be concluded from Figure 4 a) that when the span 

remains the same, large die radius raises the bending force 

through yield transition zone. At this zone, the curvature change 

of force curve is small, and the linear fitting method is 

beneficial for improving the correlation. However, it has little 

effect on the curve near transition zone.  

Figure 4 b) has shown that under the same span, different die 

radii have influences on the force stroke curves at elastic, 

transition and plastic zones. When the die radius increases, the 

whole curve follows, and the peak point of the curve will move 

backward. Both of them are conducive to improving the linear 

fitting correlation of the later curve. It can be seen from the 

groups of 30mm-10mm, 40mm-20mm and 40mm-10mm, 

50mm-20mm , the former group internal die span is 20mm, 

later group internal die span is 30mm. the two curves in former 

or later group approach gradually in the later stage of bending. 

It can be concluded from Figure 4 c) that the influence of 

thickness on the shape of curve is relatively little. It can be seen 

from Figure 4 d) that with different die radius and same die 

span, the curves coincident in elastic zone become longer, then 
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the difference of yield loads extracted from transition zone is 

reduced. the different die radius effect on yield load is decreased 

naturally.  

 

 

Figure 4.Curves of bending force travel under different spans and 
different die radius: a) MYL 1mm, b) MYH 1mm, c) MYL 2.35mm, d) 
MYH 2.35mm 

 

To analyze the influence of different punch radii on the 

bending curve, several curves with different punch radii are 

presented in Figure 5. The punch radius is selected from 5 mm, 

6 mm, 7 mm, 8 mm and 9 mm, respectively. The bending force 

stroke curve of a MYL material with 1mm thickness is shown in 

Figure 5a). Figure 5b) has provided the bending force stroke 

curve of a MYH material with a 1mm thickness. The bending 

force stroke curve of a MYL material with a thickness of 

2.35mm material is shown in Figure 5c). The bending force 

stroke curve of a MYH material with a thickness of 2.35mm 

material is illustrated in Figure 5d). 

In the initial stage of bending, the sheet deforms less and the 

curvature radius under the punch is large. The contact between 

the punch and the sheet metal is line contact or micro surface 

contact, the different radii have little effect on the curve. Along 

with the rises in the bending stroke, the curvature radius of the 

sheet metal is gradually consistent with punch radius. When the 

curvature radius of the sheet is no longer reduced due to the 

limitation of the punch, the plastic deformation extends out, and 

the bending force stroke curve goes up in the later period. The 

larger the fillet radius is, the greater the rise is, but the rising is 

very low. It can tell from the comparison of the four figures that 

when the thickness increase, the branch point moves forward. 

When the yield strength increases, the branch point moves 

backward. 
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Figure 5.Curves of bending force stroke under different punch radius: a) 
MYL 1mm, b) MYH 1mm, c) MYL 2.35mm, d) MYH 2.35mm 

 

To sum up, the increase of die span and die radius in test 

device can flatten the force stroke curve in plastic zone, which 

is conducive to algorithm identification, but lengthen the 

sample. The MYH materials introduce nonlinearity in the elastic 

zone and increase the curve curvature in the plastic zone, yield 

strength increasing is bad for identification, thickness increasing 

is good for identification. When the sheet completely contacts 

the punch, the force stroke curve can be slightly raised. When 

the thickness of sheet metal increases, the rising starting point 

moves forward. When the yield strength of the material increase, 

the branch point moves backward. Through the above analysis, 

a group of geometric parameters, including die span of 30mm, 

die radius of 20mm and punch radius of 5mm, are selected in 

the subsequent identification experiments. 

 
3.2 Identification methodology 

 

Through the above analysis, when the sheet thickness changes, 

the yield load based on bending also varies accordingly. 

Referring to literature, the yield strength is assumed to be a 

binary function related to the yield load and thickness, shown as 

Formula 4. Subsequently, its correlation is further analyzed . 

 

  s ,yf P t   (4) 

 

However, the correlation methods have the following 

problems: 

(1) Through the above analysis, a better geometric 

combination of the test device has been selected, but in essence, 

the force stoke curve is the comprehensive reflection of the 

material behavior. The yield load extracted from transition 

curve is only related to the yield strength of the material, and the 

corresponding mathematical relation cannot be directly 
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provided through the mechanism. 

(2) The yield load and yield strength are correlated, but 

algorithms or other parameters should also be introduced to 

reduce correlation equation scattering. 

(3) The yield load extracted by different identification 

algorithms are various, so it is of great necessity to analyze the 

accuracy and dispersion of the identification results, relatively 

stable identification algorithm need to be determined. In this 

way, the yield strength can be objectively and consistently 

identified.  

Four identification methods are shown as follow, t/10 and 

double secant line method refer to literature[27], window vector 

method and standardized fitting residual method are proposed 

in this paper. 

 

a) t/10 method[27] 

 

The sheet thickness have greater influence on the force stroke 

curve. t/10 method refers to the method which is used to 

determine the yield strength of the stress–strain curve from the 

uniaxial tensile test. A line is determined by fitting data in 

elastic zone. then the line keep parallel and moves to right. The 

load at the intersection of the right line and the load curve is 

define as Py_t/10. The typical determination process is shown in 

Figure 6. 

 

Figure 6. t/10 method to calculate yield load 

 

b) “Double Secant Line” Method (CWA)[27] 

 

The force stroke data before the maximum load point are 

extracted, and curve is depicted as shown in Figure 7. Two 

straight lines are fitted by least square method. The turning 

point coordinates are denoted as (hy, Py), and the fitting equation 

is constructed as follows: 

 
                    

( )     
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 (5) 

 

The first line reflects the elastic deformation behavior, and 

the second line demonstrates the plastic deformation behavior. 

The intersection point of the two secant lines is defined as the 

yield load Py_CWA. The least square method is implemented to fit 

the above equation to minimize the error. 

 

Figure 7.CWA method to calculate yield load 

 

c) Window Vector Method (WV) 

 

Firstly, the experimental data are filtered by least squares 

smoothing, and the corner angle 
0  of the experimental data 

are extracted by cross window vector A and B. Later, the angle 

data was filtered by least squares smoothing. Finally, the yield 

load Py_WV at the maximum angle is extracted. The typical 

determination process is shown in Figure 8. 

 
Figure 8.WV method to calculate yield load 

 

d) Standardized Fitting Residual Method (SFR) 

 

Firstly, the force stroke data are extracted as the continuous 
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column data set, All data before the current row i are linearly 

fitted, and the residual is output at the current point. The ratio of 

the sum which is calculated by adding the square of the residual 

before the current point to the sum which is obtained by adding 

the square of the load value before the current point is 

calculated. When the ratio exceeds a set threshold, it means that 

the turning point of the force stroke curve has been reached. 

The equation is shown as equation 6. The determined yield load 

Py_SFR is shown in Figure 9. 

 

 

 

 2 2

1 1
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 (6) 

 

In the formula, m is the total number of data points of the 

curve, k is the slope after fitting the straight line, b is the 

intercept of the straight line after fitting, and C is the set 

threshold of the SFR method 

  

Figure 9.SFR method to calculate yield load 

 

4.  Identification and correlation analysis 
 

Through the analysis, it can be found that the yield strength and 

thickness of the material have great influence on the yield load, 

and the different hardening parameters also have certain effect 

on it. In order to fully analyze the adaptability of the above four 

algorithms for different materials and different thickness of 

sheet, 15 hypothetical materials are constructed by using the 

Ramberg constitutive model. The elastic modulus in the models 

is maintained at a constant value of 210000 MPa and Poisson's 

ratio is 0.3. the materials are divided into five material groups 

(100 MPa, 400 MPa, 700 MPa, 1000 MPa and 1400 MPa). 

Three Ramberg-Osgood coefficients n, namely, 6.95, 8.95 and 

14 are selected from each material group, and the hardening 

index labels are N1, N2 and N3. All material parameter 

combinations and labels are listed in Table 1. The thickness is 

selected from 1mm to 2.35mm for analysis, and the thickness 

labels are T1-T10. After all material parameter combination 

discrete into stress and strain points that can be input in 

ABAQUS, the bending mechanical model can be established 

by ABAQUS in which isotropic constitutive is applied to 

describe the hardening behavior of materials. 

 
Table 1. Plastic properties of the hypothetical materials. 

Material y
  n  Material y

  n  

M1.1 100 6.95 M3.3 700 14 

M1.2 100 8.95 M4.1 1000 6.95 

M1.3 100 14 M4.2 1000 8.95 

M2.1 400 6.95 M4.3 1000 14 

M2.2 400 8.95 M5.1 1400 6.95 

M2.3 400 14 M5.2 1400 8.95 

M3.1 700 6.95 M5.3 1400 14 

M3.2 700 8.95 - - - 

 

4.1 Yield load analysis 

 

In order to facilitate the analysis of the curves, four groups with 
different thickness are selected out of ten groups at equal 
intervals to analysis, and 60 force stroke curves are extracted 
and analyzed in combination with 15 kinds of hypothetical 
materials M1.1-M5.3. The materials with yield strength of 
100MPa and thickness of 1mm and 1.45mm are illustrated in 
Figure10 a), and the materials with yield strength of 100MPa 
and thickness of 1.9mm and 2.35mm are listed in Figure 10 b). 
It can be concluded that under the same thickness, with the 
decrease of n coefficient, the load curve gradually rises in 
plastic stage. Influenced by the force stroke curve in plastic 
zone, there is also a slight rise near the yield transition zone. It 
can be seen that n have a certain effect on the identification of 
yield load. It can tell from Figure10 a) and b) that with the 
increase of thickness, the overall rise of load curve is higher, 
which generate greater influence of n on yield load. Both the 
coefficient n and the thickness have an effect on the yield load, 
while the thickness has a greater influence on extracted yield 
load.  

As the yield strength is 400MPa, the curves of bending force 

stroke under two thicknesses and three n coefficients are shown 

in Figure 10 c) and 10 d). The curve, as is being concluded, 

shifts with the increase of yield strength and thickness. 

Compared with Figure 10 a) and b), the overall shape of the 

curve varies little, but with the increase of yield strength, the 

obtained load is upward, and the yield load is positively related 

to the yield strength. 

When the yield is 700MPa, 1000MPa and 1400MPa, the 

force stroke curves under the two thicknesses and three n 

coefficients are shown in Figure 10 e), f), g), h), i), j) 

respectively. With the increase of yield strength, the yield load 
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goes up gradually, and the displacement here also follows this 

trend gradually. In the actual deformation, the increase of yield 

load and yield displacement on the curve is helpful for the 

algorithm to extract the characteristic load. 

If the yield strength increases more than 700MPa, there is 

slight nonlinearity of bending curve in elastic zone. Slight 

nonlinearity have some influence on the above four 

identification algorithms. The increase of thickness can enhance 

the bending stiffness, and maintain the force curve linear, in 

other words, it can decrease its nonlinearity. However, it still 

cannot eliminate the non-linear phenomenon. The following 

focuses on the analysis of the effect of different algorithms on 

the overall prediction accuracy. 
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Figure 10.Hypothetical materials' bending force stroke curves 

 

The above curve data are processed by four methods. The 

yield loads identified by t/10, CWA, WV and SFR method are 

represented by Py_t/10, Py_CWA, Py_WV and Py_SFR respectively. In 

order to analyze the impact of different algorithms on the 

identification results, the yield load provided by different 

identification algorithms under the thickness of 1mm and 

2.35mm are given respectively. The identification results of 15 

hypothetical materials and two thicknesses are shown in Table 

2. 

 
Table 2. Different identification methods to identify the yield load of 
hypothetical materials. 

Materials Thickness(mm) 
_ /10y tP

(N) 

_y CWAP

(N) 

_y WVP

(N) 

 _y SFRP  

(N) 

M1.1 1 103.42 113.45 108.39 103.04 

M1.2 1 101.83 108.5 106.67 101.13 

M1.3 1 99.44 102.48 106.83 98.98 

M2.1 1 446.92 485.92 427.24 457.54 

M2.2 1 433.98 462.50 431.48 443.41 

M2.3 1 419.13 434.58 430.08 427.2 
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M3.1 1 896.31 890.26 787.5 871.89 

M3.2 1 853.76 846.43 775.39 835.49 

M3.3 1 807.43 793.12 769.73 794.99 

M4.1 1 1437.07 1308.6 1137.11 1326.34 

M4.2 1 1344.7 1245.77 1135.55 1258.39 

M4.3 1 1247.05 1168.53 1123.63 1187.5 

M5.1 1 2194.43 1870.97 1625.98 1952.77 

M5.2 1 2035.03 1781.57 1637.11 1840.13 

M5.3 1 1861.62 1674.96 1598.83 1723.54 

M1.1 2.35 662.61 652.33 645.28 589.93 

M1.2 2.35 640.16 613.41 627.24 572.00 

M1.3 2.35 609.8 572.61 602.09 552.56 

M2.1 2.35 2527.86 2728.61 2453.06 2395.22 

M2.2 2.35 2447.67 2554.01 2404.99 2328.64 

M2.3 2.35 2355.01 2357.08 2340 2252.01 

M3.1 2.35 4552.8 4963.81 4273.05 4430.13 

M3.2 2.35 4383.2 4624.6 4303.91 4272.73 

M3.3 2.35 4187.73 4245.81 4180.08 4085.69 

M4.1 2.35 6856.73 7324.15 6184.38 6685.55 

M4.2 2.35 6532.57 6798.46 6068.75 6377.49 

M4.3 2.35 6179.85 6230.12 6028.52 6056.37 

M5.1 2.35 10434.33 10631.83 8713.28 9959.02 

M5.2 2.35 9784.88 9828.86 8724.22 9402.49 

M5.3 2.35 9112.00 8969.47 8491.41 8833.04 

 

In the above table, the yield strength is changed each three 

rows, the rows from 1 to 15 are the sheet materials of 1mm 

thickness and the rows from 16 to 30 are the sheet materials of 

2.35mm thickness. For low yield strength material of 1.00mm 

thickness, as n coefficient goes upwards, the identification yield 

load go downward. The range of yield load extracted by t/10 

method is about 4N, The range for CWA method is about 11N, 

and The range for WV is about 1.6N, and range for SFR is 

about 4N. 

For low yield strength material of 2.35mm thickness, the 

yield load range of t/10 method, CWA method, WV method 

and SFR method are about 53N, 80N, 43N and 37N, 

respectively. When the yield is low, the results identified by t/10 

method are least affected by different n coefficients, while the 

WV method is highly affected by different n coefficients. For 

high yield strength material of 1.00mm thickness, the load 

range value of t/10 method, CWA method, WV method and 

SFR method are about 333N, 196N, 27N, and 229N, 

respectively. 

For high yield strength material of 2.35mm thickness, the 

load range value of t/10 method, CWA method, WV method 

and SFR method are about 1332N, 1662N, 222N and1126N, 

respectively. When the yield is high, the results identified by 

WV method are the least affected by different n coefficients, 

and the results identified by CWA method are the most affected 

by different n coefficients. 

When the yield strength of material is low, the yield stroke is 

relatively low too. Under the same stroke interval, the output 

points of testing machine and the finite element simulation are 

relatively less, while the WV method needs a certain window 

width, so the identification effect of WV method goes in 

different way for MYL and MYH materials. The linearity of 

elastic zone of MYL material is better, so the t/10 method has 

relatively low prediction dispersion. From the perspective of 

recognition mechanism, SFR and t/10 are similar, and the 

identified results tend to approach the beginning of transition 

curve, so the identified values of the two methods are lower. 

However, the results of the other two methods tend to be near 

the middle of transition curve. When the yield strength of the 

material increases, there is a certain nonlinearity in the elastic 

zone, but the dispersion of WV method is greatly reduced. 
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Figure 11. Yield load identified by different identification methods with 
different hardening index: a) t/10 method, b) CWA method, c) WV 
method, d) SFR method 

 

Referring to Figure 11a), for low yield strength material, as 

the thickness rises, the yield loads identified by four methods 

are few varied, and yield load is linear with different thickness. 

By contrary, yield load identified by four methods have huge 

differences, and yield load is not linear with different thickness.  

The yield load identified by t/10, WV and SFR methods 

gradually increase with yield strength. CWA method is most 

sensitive to yield strength. When the thickness increases, the 

dispersion of identified results by t/10 and CWA goes upward 

with the influence of n. WV method is one of the four methods 

which show the least affection by n. It has a good 

anti-hardening interference ability.  

 
4.2 hypothetical material correlation analysis 

 

The influence of thickness and load on the yield strength should 

be taken into consideration comprehensively. The prediction 

model can be built on the basis of fitting the data given by the 

established finite element model. Through the analysis of the 

above data, the following equations are fitted respectively, and 

the obtained correlation coefficient can be seen from Table 3, 

Formula 7 only contains the first order term of thickness and 

yield load, Formula 8 adds the second order term of thickness 

on the basis of formula 7, formula 9 adds the cross term of load 

and thickness on the basis of formula 8, formula 10 adds the 

third order term of thickness on the basis of formula 9, and least 

square method is used to fit the polynomial models respectively. 

 s y yσ aP bt cP t d     (7) 

 2
s y yσ aP bt cP t d et      (8) 

 2 2
s y y yσ aP bt cP t d et fP t       (9) 

 2 2 3
s y y yσ aP bt cP t d et fP t gt        (10) 

 
Table 3. Correlation coefficients of different equations composed by 
different terms. 

Formula t/10 CWA WV FR
 

7 0.941 0.929 0.945 0.939 

8 0.963 0.960 0.974 0.966 

9 0.979 0.981 0.994 0.985 

10 0.981 0.985 0.997 0.988 

 

The pure linear term model is fitted by the yield load which 

is identified by the four methods. maximum correlation 

coefficient is about 0.997, minimum is about 0.929. It can be 

seen that higher order terms should be added to describe its 

nonlinear behavior. 

Through the data analysis, it can be concluded that the yield 

load determined by each method is positively related to the 

yield strength. Although it has a certain degree of dispersion, all 

yield strengths and yield load are approximately linear. After 

fitting the equation 10, the fitting surfaces using data extracted 

by the t/10, CWA, WV and SFR methods are depicted in Figure 

12 respectively. As the figure shows that the correlation 

coefficient of t/10, CWA and SFR methods haven’t exceeds 

0.98, and the correlation coefficient of WV method is about 

0.99. It is the highest of the four methods, so the data extracted 

by WV method demonstrates to be very well fitted. 



Yong-chuan Duan et al. 

 

·14· 

 

 

Figure 12. Fitting results of yield load identified by different 
identification methods: a) t/10 method, b) CWA method, c) WV 
method, d) SFR method 

 

The fitting equations using yield loads identified by the four 

methods are Equations 11, 12, 13, and 14, respectively. 

Fitting equation of t/10 method： 

 

3 2

2
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Fitting equation of CWA method： 
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2
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Fitting equation of WV method： 
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Fitting equation of SFR method： 

 

3 2

2
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Figure 13 shows the maximum deviation of predicted results 

of the yield strength by each method. It can be seen from the 

figure that the maximum deviation of predicted results by the 

four methods at the M1 group are higher than other groups. 

When the thickness is 1mm, the deviation of t/10 method 

exceeds 100%. The deviation of the CWA and SFR methods is 

close to 90%. Though the deviation of the WV method is 

relatively low, it is also nearly about 80%. When the yield 

strength is small, the absolute value of the yield strength is low, 

and a slight dispersion increase the error. Meanwhile, if the 

yield strength is low, the elastic stroke is short, and a small 

stroke error results in the prediction error. When the stroke is 
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small, only little interference can generate great influences on 

the result. 

Among the materials of M2-M5, the maximum deviations of 

the yield strength predicted by the four methods is greatly 

reduced than that of the M1 material. However, with the 

increase of yield strength, the deviation of the prediction results 

did not alter much, indicating that the deviations of the 

predicted results of the four methods go upwards with the 

increase of yield strength. 

When the yield strength of the material is in the range 

between M2-M5, no matter the increase of the yield strength or 

the increase of the thickness of the sheet, the overall deviation 

of predicted results of t/10, CWA and SFR methods are 

relatively stable. Among them, the maximum deviation of the 

t/10 method at the maximum point is 13%, the maximum 

deviation of the CWA method is 12%, and the maximum 

deviation of the SFR method is 11%. As the yield strength 

increases, the maximum deviation of the prediction of the WV 

method decreases in general. But as the thickness increases, the 

prediction deviation is relatively stable. The maximum 

deviation occurs in M2 materials, the deviation is about 7%. 

Through the above comparison, it is found that the overall 

prediction result of the WV method is better than the other three 

methods in the range of M2-M5. However, for low yield 

strength materials, the prediction errors of the four methods are 

similar. 

For this reason, a piecewise function is fitted by the results of 

the WV method. The fitted surface is shown in the figure 14, 

100MPa-700MPa are in one group and 700MPa-1400MPa are 

in the other group, the fitted formula is shown in Equation 15. It 

can be seen from the Figure 14 that the deviation is decreased 

from the original 80% to about 20%. The prediction deviation 

of M2 material is also decreased, but the prediction deviation of 

the M3 material has increased compared with the overall fitting. 

The maximum deviation is about 9%. 

 

 

Figure 13.The deviation results of the yield load identified by different 
identification methods and the fitted surface: a) t/10 method, b) CWA 

method, c) WV method, d) SFR method 
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Figure 14.The deviation result between the yield load identified by the 
WV method and the piecewise fitted surface: a) fitted surface, b) 

maximum error 
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5.  Experiment and verification 

 

In order to verify the accuracy of the above methods, different 

yield strengths and thicknesses of sheets metal were 

implemented for bending verification experiments. In order to 

test the generalization error of the predicate model for the 

further application, six materials are selected for verification. 

Among the six materials, DP980 is a MYH material, DC06 and 

ST12 are MYL and high elongation materials, SUS304 and 

AL6061 are materials with medium yield strength, and 

aluminum alloy is non-ferrous metal. The mechanical 

properties of 6 materials are listed in the Table 4. The table 

provides four parameters including the elastic modulus, yield 

strength, ultimate strength and rupture strain. 

 
Table 4. Mechanical properties of experimental materials. 

Materials E（MPa） σ𝑠(MPa) σ𝑢_𝑒𝑛𝑔(MPa)  

DP980 141450 450 1128 0.181 

Al6061 57184 311 367 0.120 

SUS304 169914 286 1583 0.820 

ST12 123000 171 440 0.429 

DC04 120000 132 410 0.354 

DC06 120000 120 389 0.312 

 

The correlation model fitted in this paper also includes a 

variable t which is sheet metal thickness. Through above 

analysis, the thickness has a small nonlinear effect on low yield 

strength of material, and has a large nonlinear effect on high 

yield strength of material, so different material and thickness are 

selected, nominal thickness and material are shown in Figure 15. 

The deviations between nominal thickness and the actual 

thickness are within 0.04mm. 

 

Figure 15. Bending force stroke curves of experimental materials 

 

In order to increase the comparability between different 

materials, the bending force stroke curves of different materials 

are divided by the actual width of the bending specimen, and 

then it is multiplied by 35mm. It can be seen from the Figure15. 

DP980 has a higher yield load and a longer yield transition 

curve. DC06, ST12, AL6061 and SUS304 have larger 

curvature of the yield transition curves. Through above analysis, 

it has been found that WV method is better than the other three 

methods, and the dispersion affected by different hardening 

index is the lowest. The verification experiment uses the WV 

fract
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method to extract the yield load, and the final yield prediction 

errors are compared in Table 5. 

 
Table 5 Yield load values identified by the wv method and yield 
strength values predicated by related model. 

Materials Thickness(mm) _y wv
P (N) 

_y wv
 (MPa) 

DP980 2 2280.57 449.18 

Al6061 2 1270.51 298.83 

Al6061 1 340.31 309.09 

SUS304 2 1095.41 265.27 

SUS304 1 292.91 269.85 

ST12 2 759.57 172.40 

ST12 1.5 394.25 150.13 

ST12 1 177.23 174.05 

DC04 1 139.70 142.98 

DC06 1 127.12 132.56 

 

The predicted yield strengths from correlation models are 

compared with the yield strengths from the uniaxial tensile test. 

The predicted deviations of the yield strengths of sheets with 

different thicknesses and different materials are shown in Figure 

16, which shows that changes in material type and thickness 

can cause corresponding changes in prediction error. Among 

them, ST12, DC04, and DC06 are MYL materials, when the 

prediction deviation is equivalent to other materials, the relative 

error of prediction is relatively high compared with other 

methods. The ST12, DC06, and DC04 material prediction 

errors are about 12%, 9%, and 8%, respectively, and the ST12 

prediction error is the largest. The AL6061 and SUS304 are 

materials with medium yield strength. The maximum error of 

SUS304 is about 7%. The yield strength of AL6061 has 

increased relative to SUS304. Therefore, the maximum error of 

AL6061 is about 4%. DP980 is a MYH material with a 

prediction error within 1%. This paper uses yield load from 

hypothetical material to fit the correlation model. If the 

experimental data of actual materials are used, the absolute 

prediction accuracy of the prediction model can be further 

improved. Even if the experimental data is not added the 

correlation model, current prediction accuracy is acceptable. 

Under most of industries condition, the relative change in the 

yield strength of material are needed more than absolute value. 

The calculation consumption of fitting prediction model is 

greatly reduced, the prediction efficiency is improved, so this 

method is beneficial for online rating of materials efficiently. In 

addition, it is very convenient to embed the equations into chip 

to make a material yield performance recognition sensor, and 

then the feed forward or feedback method can be further 

applied to control the consistency of the product. 

 

Figure 16.The deviation results of the yield strengths identified for 
different materials 

 

6.  Conclusion 
 

Bending deformation is used to study the identification of yield 

strength for the first time, the conclusions are obtained as 

follows: 

 
1. The yield characteristics on the bending force stroke curve 

are comprehensively affected by various factors, higher 

yield and lower thickness cause the nonlinearity in the 

elastic zone and weaken the yield characteristics. Larger 

thickness and wider die span strengthen the yield 

characteristics. The hardening index increases the 

dispersion of the identified yield load. A set of geometric 

parameters are determined: the die span is 30mm, the die 

radius is 20mm, and the die radius is 5mm.  

2. The WV and the SFR method are proposed and compared 

with the CWA and t/10 methods. Through the study found 

that the proposed WV method can get better effect to 

eliminate dispersion with different hardening indexes. A 

new correlation model added independent thickness 

variable is fitted by identified yield loads to eliminate the 

dispersion caused by the change of thickness. Finally, the 

piecewise function fitted by the yield loads extracted from 

the WV method shows a better correlation. The maximum 

deviation error is decreased from the 80% to about 20%. 

3. The experimental data is used to verify the generalization 

error of fitted correlation model. ST12, DC04, DC06 are 

grouped as MYL materials, the prediction errors of ST12, 

DC06, DC04 are about 12%, 9%, and 8%. The AL6061 

and SUS304 are materials with medium yield strength, the 

maximum error of SUS304 and AL6061 are about 7%, 4%, 

respectively. DP980 is a MYH material with a prediction 

error within 1%. This method is very helpful for online 
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rating of materials efficiently. 
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Appendix 

Appendix and supplement both mean material added at the end of 

a book. An appendix gives useful additional information, but even 

without it the rest of the book is complete: In the appendix are 

detailed charts. A supplement, bound in the book or published 

separately, is given for comparison, as an enhancement, to provide 

corrections, to present later information, and the like: A yearly 

supplement is issue. 



Figures

Figure 1

Bending test device.



Figure 2

Finite element model of bending test.



Figure 3

Curves of bending force travel under different die spans: a) MYL 1mm, b) MYH 1mm, c) MYL 2.35mm, d)
MYH 2.35mm



Figure 4

Curves of bending force travel under different spans and different die radius: a) MYL 1mm, b) MYH 1mm,
c) MYL 2.35mm, d) MYH 2.35mm



Figure 5

Curves of bending force stroke under different punch radius: a) MYL 1mm, b) MYH 1mm, c) MYL
2.35mm, d) MYH 2.35mm



Figure 6

t/10 method to calculate yield load

Figure 7



CWA method to calculate yield load

Figure 8

WV method to calculate yield load

Figure 9



SFR method to calculate yield load

Figure 10

Hypothetical materials' bending force stroke curves



Figure 11

Yield load identi�ed by different identi�cation methods with different hardening index: a) t/10 method, b)
CWA method, c) WV method, d) SFR method



Figure 12

Fitting results of yield load identi�ed by different identi�cation methods: a) t/10 method, b) CWA method,
c) WV method, d) SFR method



Figure 13

The deviation results of the yield load identi�ed by different identi�cation methods and the �tted surface:
a) t/10 method, b) CWA method, c) WV method, d) SFR method



Figure 14

The deviation result between the yield load identi�ed by the WV method and the piecewise �tted surface:
a) �tted surface, b) maximum error



Figure 15

Bending force stroke curves of experimental materials

Figure 16



The deviation results of the yield strengths identi�ed for different materials
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