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Abstract: Combining the design of experiments (DOE) and three-dimensional finite element (3D-FE) method, a sequential multi- 

objective optimization of larger diameter thin-walled (LDTW) Al-alloy tube bending under uncertainties was proposed and 

implemented based on the deterministic design results. Via the fractional factorial design, the significant noise factors are obtained, 

viz, variations of tube properties, fluctuations of tube geometries and friction. Using the virtual Taguchi’s DOE of inner and outer 

arrays, considering three major defects, the robust optimization of LDTW Al-alloy tube bending is achieved and validated. For the 

bending tools, the robust design of mandrel diameter was conducted under the fluctuations of tube properties, friction and tube 

geometry. For the processing parameters, considering the variations of friction, material properties and manufacture deviation of 

mandrel, the robust design of mandrel extension length and boosting ratio is realized. 
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1 Introduction 
 

Larger diameter thin-walled (LDTW) aluminum 

alloy (Al-alloy) bent tubes, as key “bleeding” 

transforming components, have attracted increasing 

usage in several fields such as aviation and aerospace [1]. 

Among many bending approaches, mandrel bending is 

preferable to realize bending of LDTW Al-alloy tubes 

with good repeatability. However, the mandrel bending 

of LDTW Al-alloy tube is a triple nonlinear process. The 

features of large diameter and low elongation make the 

bending of LDTW Al-alloy tube much sensitive to the 

changes of forming parameters, viz, tooling parameters 

and processing parameters. 

To realize precision bending, the strict coordination 

of various bending tools and forming parameters should 

be achieved via the deterministic optimization. While, 

there exist many uncontrollable variables induced by 

material fabrication processes, tooling manufacturing 

and bending processes, which may influence the bending 

quality and forming efficiency. Thus, it is urgently 

needed to obtain the knowledge on effects of the 

uncertainties on bending and to achieve the multi- 

objective robust design of forming parameters for 

mandrel bending of LDTW Al-alloy tubes. 

Many studies have been done on different tube 

bending processes of various tubular materials. However, 

most studies focus on the effects of forming parameters 

on individual defect and few on deterministic 

optimization, saying nothing of robust design 

considering uncontrollable variables in bending [1−4]. 

The tooling setup was designed by the fuzzy logic 

through tube properties and geometry of bending [5]. 

Using design of experiments (DOE) and FE methods, 

XU et al [6] conducted the deterministic optimization of 

mandrel parameters for LDTW Al-alloy tube bending. 

Considering multiple defects, LI et al [7] developed a 

knowledge-based substep method to solve the multi- 

objective deterministic optimization of LDTW Al-alloy 

tube bending. However, whether the optimal results by 

the deterministic design work robustly in mandrel 

bending of Al-alloy tube is questionable. Robust 

optimization has become a promising and important 

technology in product design [8,9]. BAGCHI [8] 

discussed the Pareto-optimal robust design for solving 
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the multi-objective design problems by genetic 

algorithms (GA). Using multi-objective particle swarm 

optimization method, SUN et al [9] presented a multi- 

objective robust Pareto design to consider the roles of 

uncertainties on draw bead optimization, in which the 

variations were obtained by the six sigma principle and 

the surrogate model was formulated by a dual response 

surface method (RSM). These studies provide the 

method references for robust design of LDTW Al-alloy 

tube bending. 

This study attempts to develop a suitable method for 

multi-objective robust design of tube bending under 

fluctuations in Al-alloy tubes bending process. First, the 

significance or sensitive analysis of fluctuating factors on 

multi-index constraining bending quality is conducted 

via the fractional factorial design and 3D-FE simulation. 

Then, considering the significant noise factors, the robust 

optimization design of both tooling parameters and 

processing parameters are performed using virtual 

Taguchi’s DOE of inner and outer arrays. The 

experiments are done to verify the robust design 

methods. 

 

2 Experimental 
 
2.1 Forming parameters and bending quality 

As shown in Fig. 1, under multi-tool constraints, the 

unequal plastic forming occurs during bending, viz, the 

tension deformation at extrados and compression mode 

at the intrados. With inappropriate conditions, there may 

occur wrinkling instability, over thinning (or even 

fracture) and cross-sectional distortion. The inherent 

nonlinearity of LDTW Al-alloy tube bending makes its 

optimization a multi-objective problem with multiple 

variables and constraints [10−13]. 

 

 
Fig. 1 Schematic of mandrel bending 

 

Equations (1)−(4) show the indexes for bending 

quality, viz, wall thickness changing degree (thinning T 

and thickening Tk), cross-section flattening degree Q and 

wrinkling wave height W. The larger the values of the 

above indices, the worse the bending quality becomes. 

Generally, T should be less than 25%, Q should be less 

than 15% and W should be less than 2%D. 
 

T=(t0−tmin)/t0×100%                           (1) 
 

TK=(tmax−t0)/t0×100%                          (2) 
 

Q=(D0−Dmin)/D0×100%                        (3) 
 

W=D1−D2                                   (4) 
 

where D0 is out diameter; t0 is original wall thickness; 

tmin and tmax are the minimum and maximum thicknesses 

after bending; Dmin, D1, D2 are the minimum tube 

diameter after bending, the maximum and minimum 

section diameter of tube after bending, respectively. 

 

2.2 3D-FE modeling and verification 

Figure 2 shows that the whole bending procedure of 

LDTW Al-alloy tube is modeled based on the Abaqus 

Explicit/implicit algorithms. The detailed modeling 

issues can be found in Refs. [6,10]. The experiments are 

conducted to verify the established 3D-FE model. 

 

 

Fig. 2 3D-FE model for mandrel bending 

 

The bending specification is 5052O d50 mm ×    

1 mm × 75 mm (D × t × Rb, Rb/D=1.5, where Rb is the 

bending radius; D is the outer diameter of tube). By 

uniaxial tension tests, the material properties can thus be 

obtained as shown in Fig. 3. The twist-compression test 

(TCT) [14] was used to reproduce the friction conditions 

between tube and bending tools, and the normal 

anisotropy exponent is calculated by the ratio of the 

width strain to thickness strain (see Table 1). 

The strain hardening law is 0.29438.1  . Table 2 

shows the simulation conditions. Figure 4 shows that the 

numerical results can reveal the bending characteristics. 

The maximum deviation is less than 15%. The 

unconformity is mostly induced by the property 

variations, friction conditions and instability of loading 

conditions such as pressure die movements. 

 

2.3 Orthogonal design of experiment 

Robust design is a method that uses DOE to 

improve the robustness of product manufacturing. 

app:ds:unconformity
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Fig. 3 Variation of properties of 5052O seamless tube 

 

Table 1 Coefficient of friction (CoF) under different 

tribological conditions 

No. Lubricant 
Pressure 

force/N 

Rotate 

speed/(r·min−1) 

Average 

CoF 

1 Aviation oil 100 50 0.165 

2 Aviation oil 200 50 0.127 

3 Aviation oil 400 50 0.116 

4 Aviation oil 600 50 0.112 

5 Aviation oil 800 50 0.103 

6 Aviation oil 1000 50 0.095 

7 Aviation oil 1200 50 0.099 

8 Aviation oil 1400 50 0.103 

9 Aviation oil 1600 50 0.106 

10 Aviation oil 1500 50 0.108 

11 Drawing oil 1500 50 0.073 

12 MoS2 1500 50 0.089 

13 Dry friction 1500 50 0.225 

14 Aviation oil 1500 100 0.101 

15 Aviation oil 1500 150 0.102 

16 Aviation oil 1500 200 0.090 

 

1) Analysis of parameter design 

Select the quality characteristic y, and identify the 

factors, then judge whether the function between the 

factors and y can be determined: If yes, to obtain the 

function; If not, to obtain the influence tendency. 

Table 2 Simulation parameters for Al-alloy tube bending 

Parameter Value 

Bending angle, α/(°) 90.00 

Mandrel extension length, e/mm 6.00 

CoF at tube-clamping die, fc 0.6 

CoF at tube-pressure die, fp 0.25 

CoF at tube-bending die, fb 0.10 

CoF at tube-mandrel, fm 0.05 

CoF at tube-wiper die, fw 0.10 

 

 

Fig. 4 Comparison between FE and experimental results 

 

2) Determination of noise factors 

The factors whose levels are difficult or expensive 

to be controlled are called noise factors, which are the 

root cause of the fluctuation of y. 

3) Design for Taguchi’s DOE of inner and outer 

arrays 

Put all controllable factors on an orthogonal table, 

and this table is called inner table; Put all noise factors 

on another table, and this table is called outer table. 

4) Experimental result yij 

If there are m level combinations in outer table and 

n level combinations in inner table, Taguchi’s design 

needs m × n tests, and we can obtain m × n quality 

characteristic value yij (i=1, 2, …, m; j=1, 2, …, n). 

5) Index of inner table 

The n data in inner table can be noted as y1, y2, …, 

yn, the average value as y , and the variance as s2. The 

signal noise ratio (SNR) is used as the index for inner 

table. The equations of the SNR are different from each 

other for different quality characteristics [15]. 

The nominal-the-better characteristic: 
 

2 2

1 1

2 2

1 1

( )

SNR 10 lg

( )

n n

i i

i i

n n

i i

i i

y y

n y y
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The smaller-the-better characteristic: 
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1
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SNR 10 lg( )

n

i

i
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                           (6) 
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The larger-the-better characteristic:  

2
1

1 1
SNR 10 lg( )

n

i i
n y

                          (7) 

 
6) Statistical analysis 

Take the calculated SNR from outer table as the 

index for inner table, and conduct the statistical analysis 

on SNR using the orthogonal design, viz, direct analysis 

and variance analysis. The following judgments should 

be conducted, viz, which controllable factors have 

significant impact on the increasing tendency of SNR; 

which level combinations of controllable factors are the 

best or the most satisfactory to reduce the fluctuation; If 

the fluctuation is not reduced to a satisfactory  level, to 

make a choice whether the second-round test is needed 

or not and it needs to extract the trend information of 

factors from the previous tests. 

 

3 Results and discussion 
 

3.1 Sequential multi-objective robust optimization 

methodology 

3.1.1 Selection of design factors 

For the controllable variables, the mandrel diameter 

is thought to be the most significant tooling parameter in 

bending [10,16], and both the mandrel extension length e 

and the boosting ratio Kvp are the most significant 

processing parameters. These three parameters should be 

concerned in the robust design. 

There are many fluctuations such as friction, 

clearance, tube properties and geometries [17]. For the 

clearance, the variation of the tube geometry is the 

source of the fluctuation. To reduce the design difficulty, 

the factorial design method is used to obtain the 

significant noise factors. 

The design of experiment (DOE) is conducted. Nine 

processing parameters are concerned, viz, fp (0.25−0.45); 

clearance between pressure die and tube, cp (0.05−0.20 

mm); fw (0.05−0.20); clearance between wiper die and 

tube, cw (0.05−0.20 mm); fb (0.25−0.45); clearance 

between bending die and tube, cb (0.05−0.20 mm); fm 

(0.05−0.20); e (2.00−7.00 mm); Kvp (1.00−1.20). Figure 

5 shows the standardized effect of processing parameters 

on both T and Q. Both friction variations and clearance 

variations have complex effects on the bending quality 

and, both cw and fm are the most significant noise factors. 

The Plackett−Burman method of DOE is used to 

find out the significant noise factor about material 

properties. Table 3 shows the levels of 5052O Al-alloy 

material parameters such as elastic modulus E, Poisson 

ratio v, strength coefficient K, strain-hardening exponent 

n, initial yield strength σ0.2, normal anisotropy exponent 

R. As shown in Fig. 6, by direct analysis and statistic 

analysis, both n and R are the major noise factors in the 

consequent robust optimization. 

 

 

Fig. 5 Pareto plots for processing parameters for responses:   

(a) T; (b) Q 

 

Table 3 Levels of material parameters for virtual DOE 

Level 
A B C D E F 

E/GPa r K/MPa n σ0.2/MPa R 

1 56.00 0.30 335.865 0.174 78 0.53 

2 73.87 0.34 417.246 0.315 90 0.72 

 

3.1.2 Sequential robust optimization methodology 

Figure 7 shows the proposed sequential multi- 

objective robust design methodology for Al-alloy tube 

bending. 

1) Determine the fluctuation range of the friction 

factor, and then design the robust design arrays. 

2) Analyze the SNR, and obtain the optimal dm that 

makes the SNR largest. 

3) Consider the fluctuation range of the material 

properties, the robust design of dm is conducted. 

4) Determine the fluctuation range of tube 

dimensions, and conduct the robust design of dm. 

5) Establish 3D-FE models to calculate the multi- 

objective function values as Eqs. (1)−(4). 

6) Consider the fluctuation of fm, dm and the 

material properties as the noise factors, to design the 

robust design arrays. 

7) Change input files of the FE models and analyze 

(b) 
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Fig. 6 Pareto plots for material properties for responses: (a) T; 

(b) Q; (c) W 

 

SNR, to obtain the optimal values of e and Kvp. 

8) Compare the results of robust design with those 

of deterministic design, and obtain the forming 

parameters which enable more stable forming. 

 

3.2 Multi-objective robust design of processing 

parameters 

3.2.1 Robust design of mandrel diameter 

The levels of dm and CoFs are selected as listed in 

Table 4. The noise factors of CoFs in the outer table are 

arranged by the orthogonal experimental design L8(2
7), 

and the level of the inner table is determined based on 

the deterministic optimization results [7]. The design of 

the inner and outer tables and the FE-based results are 

shown in Table 5. 

 

 

Fig. 7 Process flow of sequential multi-objective robust 

optimization design under uncertainties 

 

Table 4 Levels of factors for robust design of dm 

Factor 
Level 

1 2 3 

dm/mm 47.60 47.70 47.80 

fm 0.05 0.15  

fb 0.10 0.20  

fw 0.05 0.15  

fp 0.35 0.45  

 

Based on the results from Taguchi inner and outer 

table arrays and the smaller-the-better feature, we 

calculate the SNR of different mandrel diameters under 

the noise factors−the fluctuation of the friction 

conditions by Eq. (6). The robustness of the selection of 

dm is judged by the SNR. The larger the SNR is, the 

stronger the anti-disturbing capability of the selected dm 

becomes, and thus the more stable the bending forming 

quality is. Table 6 shows the calculation results of SNR 

for the different levels of mandrel diameter under 

variations of CoFs. In Table 6, SNRT, SNRTK, SNRQ, 

and SNRW are the SNRs of the smaller-the-better 

features with the T, TK, Q, and W as bending responses, 

respectively. 

For dm of 47.70 mm, taking the maximum T as the 

response, the SNR of dm is the maximum under the 

fluctuations of CoFs. Taking the maximum W as the 

response, the SNR is the maximum for dm of 47.70 mm 

under friction variations. Therefore, the robust 

requirements can be achieved with dm of 47.70 mm. 

The robust optimization of dm is conducted only 

considering two material properties, viz, n and R. Table 7 
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Table 5 Taguchi’ design of inner and outer table for mandrel diameter dm considering fluctuation of friction factors 

Number 
Level  Result 

dm fm fb fw fp  T/% TK/% Q/% W/mm 

1 1 1 1 1 1  21.43 24.42 3.69 0.15 

2 1 1 1 2 2  20.73 30.12 3.64 0.18 

3 1 1 2 1 2  18.98 24.89 3.6 0.13 

4 1 1 2 2 1  20.77 23.91 3.79 0.09 

5 1 2 1 1 2  20.34 24.66 4.03 0.06 

6 1 2 1 2 1  22.62 22.97 4.28 0.07 

7 1 2 2 1 1  22.01 23.93 4.33 0.08 

8 1 2 2 2 2  20.69 24.76 4.18 0.07 

9 2 1 1 1 1  20.8 21.97 3.73 0.05 

10 2 1 1 2 2  19.98 21.62 3.71 0.08 

11 2 1 2 1 2  18.56 49.38 3.37 0.08 

12 2 1 2 2 1  21.22 22.01 3.72 0.053 

13 2 2 1 1 2  20.04 21.24 5.21 0.05 

14 2 2 1 2 1  21.61 21.24 4.27 0.06 

15 2 2 2 1 1  21.37 21.75 4 0.08 

16 2 2 2 2 2  20.24 21.25 3.83 0.07 

17 3 1 1 1 1  23.18 19.03 4.11 0.05 

18 3 1 1 2 2  33.08 38.74 7.34 0.35 

19 3 1 2 1 2  33.43 19.53 4.8 0.15 

20 3 1 2 2 1  26.61 17.26 4.42 0.14 

21 3 2 1 1 2  57.96 16.15 38.48 2.15 

22 3 2 1 2 1  23.7 42.68 35.76 2.8 

23 3 2 2 1 1  25.47 21.85 6.23 0.32 

24 3 2 2 2 2  30.51 37.63 9.19 0.18 

 

Table 6 Calculated results for robust design of dm considering fluctuation of friction factors 

dm/mm 
2

1
i

n

T

i

y


  
K

2

1
i

n

T

i

y


  2

1
i

n

Q

i

y


  2

1
i

n

W

i

y


  SNRT SNRTK SNRQ SNRW 

47.60 3518.51 5016.19 124.97 0.0997 −25.92 −27.46 −11.43 19.56 

47.70 3361.53 5699.83 128.92 0.0356 −25.72 −28.02 −11.56 24.04 

47.80 8957.89 6518.10 2996.10 12.7644 −29.98 −28.60 −25.22 −1.52 

 

Table 7 Levels of material factors for robust design 

Factor 
Level 

1 2 

n 0.174 0.315 

R 0.53 0.72 

 

shows the selected levels of the material parameters. The 

orthogonal table L4(2
3) is used in outer table. Via the 

smaller-the-better characteristic, the robust design results 

are obtained. Table 8 shows that, with dm of 47.60 mm 

and taking the T as the target, the forming quality is more 

robust; when dm equals 47.70 mm and taking Q as the 

target, the cross-section quality is more robust; with dm 

of 47.70 mm and taking W as the target, the forming 

quality is more robust. 

For 50 mm × 1 mm × 75 mm Al-alloy tube, 30 

tubes are measured. The average of D0 is 49.91 mm, and 

the standard deviation σ is 0.2179; the average t0 is  

1.02 mm, and the standard deviation σ is 0.0331. Three- 

level orthogonal test is used as shown in Table 9. The 

orthogonal table L9(3
2) is used in outer table. The range 

of dm is from 47.40 to 47.60mm. If dm is greater than 

47.60 mm, the mandrel cannot be inserted into the tube. 

The influence of dm on the bending quality is obtained. 

The more the mandrel diameter, the larger the SNR for 

all forming targets. Thus, the largest dm should be 

selected with allowed thinning degree. 

By the above analysis and comparison, we can 

conclude that dm has different effects on T, TK, Q and W 

under the influence of the noise factors. The smaller dm 

can reduce the wall thinning degree and cross-section 

flattening degree of the tube. The reason for this is that 
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Table 8 Calculated results for robust design of mandrel diameter considering fluctuation of material factors 

dm/mm 
2

1
i

n

T

i

y


  
K

2

1
i

n

T

i

y


  2

1
i

n

Q

i

y


  2

1
i

n

W

i

y


  SNRT SNRTK SNRQ SNRW 

47.60 2579.96 3573.99 51.60 0.05 −28.10 −29.51 −11.11 19.46 

47.70 2631.12 2157.80 46.84 0.03 −28.18 −27.32 −10.69 21.72 

47.80 4390.52 1657.20 73.39 0.03 −30.40 −26.17 −12.64 21.33 

 

Table 9 Levels of factors for robust optimization considering 

fluctuation of tube geometry parameters 

Factor 
Level 

1 2 3 

Noise factor 
D0/mm 49.64 49.61 50.18 

t0/mm 0.98 1.02 1.06 

Control factor dm/mm 47.40 47.50 47.60 

 

Table 10 Parameter levels for design of processing parameters 

Factor 
Level 

1 2 3 

Control 

factor 

e/mm 3 5 7 

Kvp 1.0 1.1 1.2 

Noise 

factor 

dm/mm 47.60 47.80  

n 0.174 0.315  

R 0.53 0.72  

fm 0.05 0.15  

 

the smaller dm can decrease restriction effect on the tube 

from the mandrel and the wiper die, thus decreasing the 

outside tangential strain of the tube. 

3.2.2 Robust optimization of processing parameters 

The fluctuations of dm, n, R and fm are regarded as 

the noise factors to design Taguchi’s inner and outer 

arrays for optimization of processing parameters, viz, e 

and Kvp. 

The level of the noise factor in outer table is 2, and 

the orthogonal table L8(2
7) is chosen. In inner table, both 

the levels of e and Kvp are 3, and the orthogonal table 

L9(3
4) design is employed as shown in Table 10. There 

are 72 tests. The direct analysis is used to obtain the 

robust design of e and Kvp. 

From synthetic analysis and comparison, e and Kvp 

have little effect on T under the fluctuations of the noise 

factors. Taking the minimum Q as the target, the larger e 

and the smaller Kvp are, the greater the SNR is, and the 

more stable the forming becomes (Fig. 8(a)). The reason 

is that the larger e can provide effective supporting role 

to decrease section flattening degree. The smaller Kvp can 

avoid section flattening caused by wrinkle. Taking the 

minimum W, the smaller the Kvp is, the more stable the 

forming quality is, but e has little effect on wave height 

(in Fig. 8(b)). It should be noted that the smaller Kvp  

can reduce the boosting effect of the pressure die, thus  

 

Fig. 8 Main effect of control factors and qualified bent tube:  

(a) SNRQ; (b) SNRW; (c) Qualified bent tube 

 

decreasing the inside compressive strain of the tube 

resulting in less wrinkle trend. The forming quality 

becomes more stable when e is 7 mm and Kvp equals 1. 

When e takes the upper bound value of the forming 

range, Kvp of one can satisfy the requirements of the 

forming quality, and make forming stable. A series of 

bending experiments are conducted under the obtained 

forming conditions. As shown in Fig. 8(c), the qualified 

LWTD Al-alloy bent tubes can be achieved with T less 

than 25% and Q less than 10%. The wrinkling is 

avoided. 
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4 Conclusions 
 

1) The analysis for significance of forming factors 

on multi-index constrained bending quality is performed 

via fractional factorial design, and the significant noise 

factors among various uncertainties are obtained. 

2) Using virtual Taguchi’s DOE of inner and outer 

arrays, considering three major defects, the robust 

optimization designs of the tooling and the processing 

factors are achieved, respectively. 

3) The results show that the bending quality is more 

stable when the boosting ratio is 1 and the mandrel 

extension length is upper bound value. The results are 

successfully applied for the industrial scenario with 

bending specification of LDTW Al-alloy tube 50 mm ×  

1 mm × 75 mm. 
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不确定因素下薄壁铝合金管弯曲的 

多目标连续稳健优化设计 
 

李 恒 1，许 杰 1，杨 恒 1，杨 合 1，李光俊 2 
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摘  要：结合实验设计和三维弹塑性有限元，在确定性优化设计基础上，提出了不确定因素下薄壁铝合金管数控

弯曲的多目标连续稳健优化方法。基于部分析因设计，获得了显著的噪声因子，包括管材性能变化、管材几何尺

寸波动和管材−模具摩擦波动。采用田口内外表试验法，考虑主要弯曲成形缺陷，对薄壁铝管数控弯曲芯模直径、

芯棒伸出量和助推速度进行了稳健优化设计。通过分别考虑摩擦接触条件、管材料参数和管材几何参数的波动，

实现了薄壁铝管数控弯曲芯模直径的稳健性优化设计；通过考虑材料参数波动、芯模与管间的摩擦波动以及芯模

直径的制造偏差，实现了芯棒伸出量和助推速度的稳健性优化设计。 

关键词：稳健优化；管材弯曲；不确定因素；铝合金；多目标优化 
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