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Rigid-compliant hybrid variation analysis using Monte Carlo 

interval approach for low-rigidity aircraft structure assembly 

Abstract To reduce downstream rework and design changes, variation modeling and analysis are 

indispensable in the assembly of complex products. In this paper, a rigid-compliant hybrid 

variation analysis method using the Monte Carlo interval approach is developed to assembly 

ladder structures, such as the skeleton of a horizontal stabilizer or a wing box. We first present the 

classical locating scheme of a low-rigidity aeronautical structure, and the contributors to the 

assembly variation of a ladder structure comprising locating errors and part geometric errors. 

Assembly variations induced by rigid-body locating errors and part geometric errors are 

mathematically modeled with rigid-body kinematics and the mechanistic method based on the 

Finite Element Analysis, respectively. And then, the two types of assembly variations are 

integrated into a rigid-compliant hybrid variation model. Probability distributions of the 

contributors are often unknown, especially in aircraft manufacturing with low production volume. 

Therefore, a novel variation analysis method using the Monte Carlo interval approach is proposed 

to compute the assembly variation, represented in the form of interval structural parameters. The 

assembly case of a scale wing skeleton shows the proposed rigid-compliant hybrid variation 

analysis method is efficient in the assembly variation analysis for low-rigidity aircraft structure.  

Keywords Aircraft structure assembly, Ladder structure, Assembly variation modeling, Variation 

analysis, Monte Carlo interval approach 

1. Introduction 

The assembly of the low-rigidity structure is widely used in furniture-making, automotive, 

and aircraft industries. A real assembly system is often not coincident with its nominal 

mathematical model regarding the shape and location (position and orientation) of the fixtures and 

assembled parts, which induces the dimensional variation of the assembly. The assembly variation 

significantly affects the quality of the final product. To reduce downstream rework and design 

changes, realistic and accurate variation modeling and analysis are extremely needed in 

automobile and aircraft assembly. 
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In the past two decades, many achievements in rigid and compliant assembly variation 

models of 3D products have been obtained. In rigid models, assembled parts are treated as rigid-

body. The assembly variation is estimated using rigid-body kinematics and homogeneous 

transformations1-3. Huang et al. 4 developed the stream-of-variation analysis (SOVA) model for 

3D rigid-body assemblies for a single assembly station, in which kinematics errors related to part 

mating features and fixture locating errors are analyzed. However, no part deformation is 

included. For analyzing variation propagation in a multistation assembly process, the data-driven 

SOVA model is used and further improved by Huang et al. 5, in which the assembly process is 

modeled with a state transition dynamic system. Liu et al. 6 developed a generic state space 

approach to model 3D rigid-body variation propagation induced by various variation sources in 

multistation assemblies.  

In complaint models, assembled parts are assumed to be deformable. Due to part geometric 

errors, gaps often exist between the mating features of the assembled parts. To close the gaps, 

clamps and fixtures are often used to clamp one part onto another part. The clamping process 

introduces assembly force and finally causes spring-back after assembly. Thus assembly variation 

is commonly predicted by the mechanistic method based on Finite Element Analysis (FEA) in 

compliant models. Liu and Hu 7 developed a mechanistic assembly variation model integrating the 

FEA with Method of Influence Coefficient (MIC) for the variation analysis of a complex flexible 

assembly. As an alternative, components geometric covariance is accompanied by principle 

component analysis for the variation analysis of a flexible assembly8. In literature9, an assembly 

variation analysis scheme using datum flow chain, commercial variation analysis software, and the 

FEA is presented for complex assemblies. The impact of many factors on assembly variation such 

as different joint types10, material characteristic11, 12, welding sequence13, riveting14, 

misalignment15, gap and gap closure16, 17, and fixture design18 are widely studied. In literature19-22, 

the propagation of assembly variation is studied for automotive body and wing panel 

manufacturing. 

In literature, the effects of rigid-body errors and part geometric errors on assembly variation 

are often analyzed separately. In rigid models, only the impact of rigid body errors on assembly 
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variation is focused on, while just part geometric errors are paid to in compliant models. However, 

in a 3D complex assembly of the low-rigidity structure, both types of errors may simultaneously 

contribute to assembly variation. This paper develops a rigid-compliant hybrid model for the 

variation analysis of the low-rigidity aircraft structure assembly. The contributors to the assembly 

variation of a ladder structure are first discussed. Since panels will be installed onto the ladder 

structure skeleton in the assembly of a horizontal stabilizer or a wing box, the assembly variation 

component along the normal of the mating surfaces between the panels and the skeleton is of 

paramount importance. This assembly variation component is affected by the locating errors of 

spars and the deformation of ribs. Assembly variations induced by rigid-body locating errors and 

part geometric errors are modeled with kinematics and mechanics, respectively, and integrated 

into a unified assembly variation model. When modeling the assembly variation related to part 

geometric errors, part deformation is characterized by warping or torsion angle instead of point 

deviations, which reduces the FEA’s complexity. 

If the contributors to assembly variation can be treated as random variables following certain 

probabilistic distributions, variation analysis can be executed with the Monte Carlo simulation 

(MCS) using the developed assembly variation model. It is widely and successfully used in 

automobile manufacturing. However, there is a big gap between annual productions of automobile 

and aircraft (several millions vs. a few hundreds)23, 24. The available information of part geometric 

errors and locating errors is often not enough to make the assumptions of their probability 

distributions, which is particularly evident in the prototype development stage. Moreover, in 

industrial production, the known information of some contributors to assembly variation is 

sometimes actually their tolerance intervals rather than probability distributions. For handling 

these problems, a general variation analysis method using the Monte Carlo interval approach is 

proposed for different types of variation sources, including probabilistic and non-probabilistic 

ones. In the proposed method, assembly variation is given in interval structural parameters instead 

of mean and standard deviation.  

The remainder of the paper is organized as follows: In Section 2, the contributors to the 

assembly variation of a ladder structure are discussed. In Section 3, assembly variations induced 
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by rigid-body errors and part geometric errors are modeled with kinematics and mechanics, 

respectively. The rigid-compliant hybrid variation model is also established in this section. In 

Section 4, a general variation analysis method using the Monte Carlo interval approach is 

proposed for dealing with the situation that probability distributions of partial or entire input 

parameters for assembly variation analysis are unknown. To verify the effectiveness of the 

proposed assembly variation analysis method, a case study of a simulant wing skeleton is 

presented in Section 5. Conclusions are drawn in Section 6. 

2. Contributors to assembly variation of the ladder structure 

The ladder structure assembly is widely used in the aerospace industry, such as the skeletons 

of horizontal stabilizer and wing box. To ensure the finished product’s quality, variation analysis 

is indispensable in the assembly process design stage. In this section, the contributors to the 

assembly variation of a ladder structure are discussed.  

2.1 The classical locating scheme of a low-rigidity structure. 

A rigid body has six degrees of freedom. The motion can be represented by six parameters, 

including three linear motions , ,X Y Z  and three rotations , ,   . The body’s location (position 

and orientation) is assumed to be fully constrained when the six parameters are known with 

respect to the reference coordinate system. Meanwhile, the over-constrained N-2-1 (N≥4) 

principle is used to locate a low-rigidity structure considering the structure deformation. And the 

maximal projective plane of the low-rigidity structure is often redundantly located in practice.  

The classical locating scheme of a low-rigidity structure is shown in Fig. 1(a). The locating 

fixture of the structure is abstracted to four locating blocks, one locating hole, and one locating 

slot. The blocks are distributed on the maximal projective plane of the structure, which restrains 

the out-of-plane motions, consisting of the translation along the plane’s normal direction (Z-axis) 

and the rotations about the two axes of the plane (X- and Y-axis). The hole and slot are used to 

restrain the structure’s motions in the maximal projective plane, including the translations along 

the X- and Y-axes and the rotation about the Z-axis. 
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Fig. 1 The classical locating scheme and compound locating feature without errors of a low-rigidity structure 

2.2 Contributors to assembly variation of ladder structure. 

For analyzing the contributors to the assembly variation of ladder structure, a simplified 

ladder structure constructed by two spars and five ribs is used, refer to Fig. 2(a). Since panels will 

be installed onto the ladder structure skeleton to form the horizontal stabilizer or the wing box, the 

assembly variations along the Y-axis of the observation points are paid more attention to. The 

observation points are denoted with pentagrams and distributed on the flanges of the spars. 
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(a) Locating scheme of a simplified ladder structure
(b) An instance of representing part geometric

errors with angles in top view
 

Fig. 2 Ladder structure locating scheme and part geometric error representing 
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Due to locating errors, manufacturing errors, and part deformation, an assembled part often 

deviates from the nominal location and geometry, which induced the assembly’s dimensional 

variation. In the traditional mechanistic assembly variation model7, part geometric errors of an 

assembled part are expressed as the deviations of key points on the part, including fastening points 

and observation points. However, to characterize the overall deformation of a part intuitively and 

reduce the complexity of the FEA and variation modeling, warping and torsion angles are used to 

describe the deformations of a warping part and a torsion part, respectively. An instance of 

representing rib deformations as warping and torsion angles is shown in Fig. 2(b). 

In the assembly of the ladder structure, manufacturing errors, wear and kinematic errors of 

locating fixtures of the assembled parts lead to locating errors and deformations of the parts and 

result in the variation of the assembly. In the ladder structure shown in Fig. 2(a), locating errors 

related to the blocks, hole, and slot contribute to the spars’ deformations and location errors. Due 

to the spars’ flexibility along the normals of their maximal projective planes, locating errors 

related to the blocks along the Z-axis induce the spars’ deformations along the Z-axis. Since the 

spars are treated as rigid-body in their maximal projective planes, locating errors related to the 

hole and slot lead to rigid-body kinematic errors of the spars in the maximal projective planes.  

In variation modeling of the ladder structure assembly, only deformations of the ribs and 

locating errors of the spars in their maximal projective plane are used for constructing the 

assembly variation model. Locating errors related to the blocks contributes little to the ladder 

structure’s assembly variation along the Y-axis. 

3. Rigid-compliant hybrid assembly variation modeling 

In this section, a rigid-compliant hybrid assembly variation model, considering rigid-body 

locating errors and part geometrical errors, is developed for realistic and accurate prediction of the 

assembly variation of the low-rigidity aircraft structure assembly. 

3.1 Assembly variation induced by rigid-body locating errors. 

As discussed in Section 2, only the locating errors in the spars’ maximal projective planes are 

integrated into the estimation of the ladder structure’s assembly variation. The locating errors can 
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be represented as the position and orientation errors of a compound locating feature made up of a 

hole and a slot, as shown in Fig. 1(b). It is assumed that the slot’s orientation is along the line from 

the center of the hole to the center of the slot in the part’s maximal projective plane. Frames O, 1, 

2, and 1’ are the part frames, the hole, the slot, and the compound feature, respectively. 

Transforms 1O
T  and 1'O

T  relates the hole frame 1 and the compound frame 1’ to the part frame O, 

respectively. The difference between frames 1’ and 1 is the rotation 11'( , )rot z − . 

In Fig. 1(b), the nominal transforms 1O
T  and 2O

T , which locates the hole and slot in the part 

frame O, can be described as Eqs. (1) and (2), respectively. 

 
1 1

1
0 1

O O

hole_nominal O T

 
= =  

 

R p
T T  (1) 

 
2 2

_ 2
0 1

O O

slot nominal O T

 
= =  

 

R p
T T  (2) 

Eq. (2) can be calculated by 

 2 1 11' 1'2 1 12O O O
= =T T T T T T  (3) 

where  
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And the nominal transform 1'O
T  locating the compound feature in the part frame O is given 

by 

 _ 1' 1 11'compound nominal O O= =T T T T  (6) 

where  

 
11' 11'

11'
0 1T

 
=  
 

R p
T  (7) 
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 '11
0=p  (8) 

In Eqs. (4) and (7), 11' 12 11'( )= = −rot z,R R  

where 

 

11' 11' 11' 11'

11' 11' 11' 11'

11'

cos( ) sin( ) 0 0 cos sin 0 0

sin( ) cos( ) 0 0 sin cos 0 0
( )

0 0 1 0 0 0 1 0

0 0 0 1 0 0 0 1

   
   



− − −   
   − − −   − = =
   
   
   

rot z,  (9) 

and 11' 12 12cos = y p , 11' 12 12sin x = p ,  is the operation of calculating the length of a 

vector. 

As shown in Fig. 3(a), due to the locating errors, the location of the compound feature could 

vary in the XY-plane of the part frame, which leads to the varied location of the part. The location 

variation of the compound feature includes the variation of the hole’s position in the X- and Y-

axis. The variation of the slot’s orientation is denoted with the angle 11'  about the Z-axis, refer 

to Fig. 3(b). The varied locations of the hole and slot 
_hole variedT  and 

_slot variedT  can be expressed 

as 

 
1 1

_ 1'
0 1

O O

hole varied O T

' ' 
= =  

 

R p
T T  (10) 

 
2 2
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0 1

O O

slot varied O T

' ' 
= =  

 

R p
T T  (11) 

According to Fig. 3(b), 12 2 1O O
' ' '= −p p p  is the varied vector from the locating hole to the 

locating slot, and  

 
1 12 12

11'

12 12

cos ( )
'

'
 − •

=
p p

p p
 (12) 

where •  denotes the inner product of two vectors. 
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Fig. 3 The compound locating feature made of a hole and a slot with variation 

The vector from the nominal locating hole to the varied hole is given by  

 1 1 1O O O
d '= −p p p  (13) 

Thus, we can apply Eq. (14) to obtain the varied transform 1''
O

T  locating the varied 

compound feature in the part frame O in Fig. 3(a) based on the nominal transform 1'O
T  and error 

transform 1'O
DT . 

 1' 1' 1''
O O O

=T T DT  (14) 

where  

 

11' 11' 1 11' 11' 1
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p p
DT  (15) 

With small-angle approximation, Eq. (15) can be simplified as 
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Since the part is treated as a rigid body in its maximal projective plane, the error transform 

1'O
DT of the compound locating feature is the transform of the observation points distributed on 

the part from the nominal locations to the varied ones, as shown in Fig. 3(a). Thus position 

variation of the observation points, which is denoted by 
OpT , can be calculated by the following 

equations. 

 1' 1' 1'' ( ) 'Op Op Op Op O Op Op O Op O= − = − = − =ΔT T T T DT T T DT I T DT  (17) 

where  

1 0 0

0 1 0

0 0 1 z

0 0 0 1

Op

x

y
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T , 

1 0 0 '

0 1 0 '
'

0 0 1 z'

0 0 0 1

Op

x

y

 
 
 =
 
 
 

T , 

1 0 0

0 1 0

0 0 1 z

0 0 0 1

Op

x

y

 
  =
 
 
 

ΔT and 

11' 1

11' 1

1'

0 0

0 0
'

0 0 0 0

0 0 0 0

O x

O y

O

d

d




 
 − =
 
 
 

p

p
DT  

are the nominal location, varied location, location variation, and the transform between the 

nominal location and the location variation of the observation points in the part frame O, 

respectively. Thus, given the nominal locations of the observation points 
OpT , the position and 

orientation errors of the compound feature 1'O
DT , the position variation of the part’s observation 

points  
OpΔT  can be obtained.  

3.2 Assembly variation induced by part geometric errors. 

In variation prediction of a 3D complex assembly constructed with aeronautical low-rigidity 

structures, e.g., the ladder structure in Fig. 2(a), the mechanistic assembly variation model7 is 

often used. In the model, the sensitivity matrix S  of assembly variation to part geometric errors 

related to joining areas is obtained through the FEA. Once S  is acquired, the assembly variation 

induced by part geometric errors can be calculated by 
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 0= +u u Sv  (18) 

where u  is the assembly variation vector of the observation points, the initial part geometric 

variation vector of the observation points is denoted by 0u , v  is part geometric errors related to 

the joining areas of the assembled parts, and S  is the sensitivity matrix.  

The full expressions of the parameters in Eq. (18) are presented as 
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where 1 2, , ,
n

v v vL  are part deviations of n  variation sources, 01 02 0, , ,
m

u u uL  are initial 

variations of the m  observation points, 1 2, , ,
m

u u uL  are the assembly variation of the m  

observation points, and mn
s  is the sensitivity index of the th

m  observation point to the th
n  

variation source. 

According to Section 2.2, deformation of a rib as a low-rigidity slice structure can be 

characterized by warping or torsion angle. Based on this assumption, the assembly variation 

analysis procedure of the ladder structure in Fig. 2(a) can be described as follows: 

Step (1): Design the ribs with nominal shape as well as the distorted ribs with unit-angular 

warping and torsion deformation by using Catia® V5R19. 

Step (2): Simulate the positioning and clamping processes of a rib with warping or torsion 

through the FEA executed in Abaqus® 6.10.  

Step (3): Model the joining process of the rib and the spars as well as the subsequent 

releasing process to obtain the spring back of the assembly.  

Because of the assembly force induced by the exerted clamping force in step (2), the warping 

or torsion rib tends to be back to its initial shape after the joining and releasing processes. The 

displacement responses vector of the observation points to the unit-angular warping or torsion of 

the rib is one column of the sensitivity matrix S . 
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Step (4): Repeat step (1) to step (3), and assemble the obtained displacement response vectors 

related to all deformation forms of the distorted ribs to obtain the sensitivity matrix S . This 

matrix indicates how the assembly variations of the observation points sensitive to the warping or 

torsion of the ribs.  

Step (5): Calculate the assembly variation vector u  of the observation points with S  and the 

initial geometric errors of the observation points 0u . 

Similar to literature25, the positioning, clamping, fastening, and releasing processes to 

assembly the distorted ribs onto the spars and construct the ladder structure in Fig. 2(a) are shown 

in Fig. 4.  

Rib post

Rib end with warping

Rib end with torsion

① Initial ② Positioning

FixtureFixture

③ Clamping 

FixtureFixture

clampclamp

④ Fastening and releasing

fastenerfastener

Rib end with warping Rib end with torsion

 

Fig. 4 Initial state, positioning, clamping, joining, and releasing of distorted ribs 

3.3 A rigid-compliant hybrid variation model. 

As discussed in Section 2.2, in the ladder structure assembly, the assembly variations of the 

observation points along the normal of the spars’ flanges are paid more attention to. According to 

the superposition principle, the effect of the locating errors of the spars in their maximal projective 

planes and the influence of the part geometric errors of the ribs on the assembly variations of the 

observation points can be linearly superimposed. The total assembly variation of the observation 

points is given by 

 0' '
total

= + = + +u u u u Sv u (20)where 'u  is the assembly variation vector of the obser
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In assembly variation analysis, the MCS is often integrated with the formula of assembly 

variation prediction, such as Eq. (20). The initial variations of the observation points and variation 

sources are first sampled according to their probability distributions and then imported into the 

assembly variation prediction formula. Thus we can have the means and standard deviations of the 

assembly variations of the observation points. However, the probability distributions of the 

contributors to the assembly variations are sometimes unknown, especially in aircraft prototype 

development. Besides, a realistic situation often occurring in the industry is that the only known 

information about the tolerances of the assembly variations’ contributors is their upper and lower 

bounds. To handle the problem that probability distributions of some or even all assembly 

variation contributors are unknown, which often occurs in variation analysis, we developed a 

method based on the MCS and the interval approach in Section 4.  

4. Variation analysis using Monte Carlo interval approach 

In this proposed variation analysis method, for the assembly variation contributors with 

known means and standard deviations, the MCS used in literature7 is applied. However, for the 

assembly variation contributors with known tolerance bounds but unknown probability 

distributions, uniform sampling in the tolerance intervals is adopted. And the minimal and 

maximal values of the assembly variations, which are computed by using the sampling points of 

the contributors and the formula of assembly variation prediction, are used to construct the 

intervals of the assembly variations. The procedures of the proposed variation analysis method are 

presented in Fig. 5. 

In the assembly variation analysis of the ladder structure, it is assumed that the only known 

information about the variation sources 1O x
dp , 

1O ydp , 11' , v  is their intervals with lower and 

upper limits. Meanwhile, the initial variations of the observation points 0u  follow a normal 

distribution ( , )  . Thus the variation sources are treated as the interval structural parameters 

1 1 1=[ , ]O x O x O xdP dP dP , 1 1 1[ , ]O y O y O ydP dP dP= , 11' 11' 11'[ , ]   =    and [ , ]V V V= , 

respectively26, 27, and the initial variations are random numbers following ( , )  .  
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Fig. 5 Flow chart of the improved variation analysis method 

In the assembly variation analysis, for the initial variations, pseudo-random numbers are 

generated following the known normal distributions. Meanwhile, pseudo-random numbers related 

to the variation sources are generated following the uniform distributions in the intervals of the 

variation sources’ tolerances. Thus the assembly variations can be calculated by using Eqs. (17) 

and (20), and the sampled pseudo-random numbers related to the assembly variation contributors. 

The current results of the assembly variation estimation are compared with the last ones to obtain 

the lower and upper limits of the assembly variations. Through N times MCS, we can obtain the 
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update lower and upper limits of the assembly variations. It is evident that the results of assembly 

variation prediction using the proposed “Monte Carlo interval approach” are given in the form of 

interval structural parameters. 

In the proposed method, probabilistic and non-probabilistic parameters contributing to the 

assembly variations can be imported into the same assembly variation prediction model. 

Therefore, compared with the pure MCS method, the proposed method is more universal. With the 

increasing of the sampling frequency, the assembly variation analysis becomes more reliable.  

5. Experiments 

In experiments, a simulant wing skeleton shown in Fig. 6(a) was used. The maximal cross-

section of the skeleton is 850mm×600mm. The thickness of the wing skeleton and the rib spacing 

are all 200mm. The thickness of the ribs is 2.5mm, while the spars are 5mm in wall thickness. The 

spars and ribs are all manufactured with Al 2A12. The FEA of the simulant wing skeleton is 

executed in Abaqus® 6.10. The element type C3D8R is applied to mesh the parts, refer to Fig. 

6(b). 

In the assembly of the simulant wing skeleton, five contributors to the assembly variations of 

the observation points are considered. Twenty observation points illustrated with pentagrams in 

Fig. 6(a) are distributed on the skeleton to evaluate the constructed wing skeleton’s quality. 

Among the contributors, the intervals of the warping and torsion angles of the ribs are [-3°, 3°]. 

The locating errors are assumed as 1O x
dP =[-1, 1]mm, 

1O ydP =[-1, 1]mm, and 11' =[-0.5°, 0.5°]. 

Moreover, the initial variations of the observation points are assumed to follow the normal 

distribution ( , )  =(0, 1/3)mm. In wing box manufacturing, since the assembly of a wing 

skeleton is the upstream process before the assembly of wing panel onto the skeleton, the wing 

skeleton’s assembly variation should fulfill the required tolerance for ensuring the quality of the 

wing box.  
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Coord3 CMM
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(b) The mesh model of the wing skeleton section in FEA(a) The scale wing skeleton section used in experiments

(d) The experimental platform for the wing skeleton assembly(c) The spring back simulation by the FEA
 

Fig. 6 The FEA and experimental platform for the assembly of a simulant wing skeleton 

 

Fig. 7 The contrast of the predicted and actual assembly variations 

To verify the developed hybrid assembly variation model and the proposed assembly 

variation analysis method based on the Monte Carlo interval approach, experiments were 

conducted. The results of the assembly experiment are compared with the predicted assembly 

variations. In the assembly variation analysis, the stress-strain relationship is supposed to be in a 

linear range. The experimental platform is shown in Fig. 6(c), where the assembly variations are 
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measured with a Coord3 coordinate measuring machine (CMM). The contrast of the assembly 

variations of the actual assembly and the predicted counterparts is depicted in Fig. 7. The actual 

results are near the middle of the intervals of the predicted ones, which indicates that the 

developed assembly variation model is correct, and the proposed assembly variation analysis 

method is efficient. 

6. Conclusions 

In the paper, a rigid-compliant hybrid variation analysis method using the Monte Carlo 

interval approach is proposed for the ladder structure assembly. The contributors to the assembly 

variation of a ladder structure are discussed. A concise representation of the deformation of rib 

structures by using the warping or torsion angle is given to reduce the complexity of the FEA and 

assembly variation model. The assembly variation induced by rigid-body locating errors is 

modeled with a homogeneous matrix and small-angle approximation. The assembly variation 

related to the assembled parts’ geometric errors is modeled with the mechanistic assembly 

variation model and the FEA. Based on the two types of assembly variations, the rigid-compliant 

hybrid assembly variation model is established with the principle of linear superposition. The 

universal and improved assembly variation analysis using the Monte Carlo interval approach is 

proposed for dealing with the situation when the contributors’ probability distributions are 

unknown. A case study of the assembly of a simulant wing skeleton validates the effectiveness of 

the developed rigid-complaint hybrid assembly variation analysis method.  
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Figures

Figure 1

The classical locating scheme and compound locating feature without errors of a low-rigidity structure

Figure 2

Ladder structure locating scheme and part geometric error representing



Figure 3

The compound locating feature made of a hole and a slot with variation

Figure 4

Initial state, positioning, clamping, joining, and releasing of distorted ribs



Figure 5

Flow chart of the improved variation analysis method



Figure 6

The FEA and experimental platform for the assembly of a simulant wing skeleton



Figure 7

The contrast of the predicted and actual assembly variations


