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Finite Element Analysis Model-
Based Cautious Automatic
Optimal Shape Control for
Fuselage Assembly
In a half fuselage assembly process, shape control is vital for achieving ultra-high-precision
assembly. To achieve better shape adjustment, we need to determine the optimal location
and force of each actuator to push or pull a fuselage to compensate for its initial shape dis-
tortion. The current practice achieves this goal by solving a surrogate model-based optimi-
zation problem. However, there are two limitations of this surrogate model-based method:
(1) low efficiency: collecting training data for surrogate modeling from many finite element
analysis (FEA) replications is time-consuming; (2) non-optimality: The required number of
FEA replications for building an accurate surrogate model will increase as the potential
number of actuator locations increases. Therefore, the surrogate model can only be built
on a limited number of prespecified potential actuator locations, which will lead to subop-
timal control results. To address these issues, this paper proposes an FEA model-based
automatic optimal shape control (AOSC) framework. This method directly loads the
system equation from the FEA simulation platform to determine the optimal location and
force of each actuator. Moreover, the proposed method further integrates the cautious
control concept into the AOSC system to address model uncertainties in practice. The
case study with industrial settings shows that the proposed Cautious AOSC method achieves
higher control accuracy compared to the current industrial practice.
[DOI: 10.1115/1.4053501]
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1 Introduction
Composite parts have been widely used in the aerospace industry

[1] due to their superior performance and unique characteristics,
such as high stiffness-to-weight ratio, low life cycle cost, and poten-
tially longer life. In an aircraft assembly, multiple composite parts
need to be assembled with ultra-high precision. However, since
the composite parts are fabricated by multiple suppliers in multiple
batches, there are inherent dimensional variabilities in each com-
posite part [1]. To achieve ultra-high-precision assembly, we need
to develop effective methodologies for optimal shape adjustment
of these composite parts to compensate for their dimensional varia-
tions and initial deviation.
A half-to-half fuselage assembly is one of the critical tasks in an

aircraft assembly process. To achieve automatic optimal shape
control, several actuators are used to push or pull the fuselage to
compensate for its shape distortions [2,3]. Figure 1(a) shows a
potential actuator placement strategy, while Fig. 1(b) visualizes
the forces exerted by these actuators.
Compared to the position control strategy, actuators control is a

force control strategy. In the control process, the force torque
sensors can be used to sense physical interactions between the fuse-
lage and actuators such that the maximum force constraints can be
maintained, which ensures the safety requirement in the fuselage
assembly process. The magnitude of adjustments of those actuators
is conducted by a trial-and-error method based on in situ measure-
ments of the fuselage. There are three limitations for the current prac-
tice: (1) low efficiency: a longer time and multiple trials may be
needed to adjust those actuators to achieve a desired shape during

the assembly process; (2) non-optimality: the location and force of
each actuator are non-optimal; (3) highly skilled engineers required:
the skills of engineers will determine the quality and efficiency of an
assembly process. The uncertainty of engineers’ skills increases the
uncertainty of the time and quality of the fuselage assembly.
Currently, numerous efforts have been conducted for modeling

and analysis of dimensional variation and control for the full fuse-
lage assembly. Wen et al. [2] first built a finite element analysis
(FEA) model to mimic the physical properties of a real fuselage.
Their model has been validated with the real experimental data
using a full fuselage in an aircraft assembly plant. Furthermore,
they proposed a surrogate model-based shape control method that
considers uncertainties for full fuselage assembly [3]. Furthermore,
Du et al. [4] proposed a sparse learning method to automatically
select the actuator locations. The main limitations of these existing
methods [3,4] are that they require a complicated surrogate model
which links the relationships among fuselage deviation, actuator
locations, and forces of actuators. However, a surrogate model is
time-consuming to train since the training data are collected from
many FEA replications. Moreover, when the potential number of
actuator locations increases, the required number of FEA replica-
tions will also increase. Therefore, a surrogate model can only be
built on a limited number of prespecified and fixed potential loca-
tions for the actuators, which limits the optimality and accuracy
of the control performance. To address these issues, we propose
an FEA model-based automatic optimal shape control method for
half fuselage assembly. In our proposed method, the model used
to develop the optimal shape control is loaded from the FEA soft-
ware directly, which is different from the existing methods [3,4]
where a surrogate model is built to find the relationship between
the shape deviation and the actuator adjustments. The proposed
automatic optimal shape control (AOSC) method has the following
advantages: (1) The system equation is directly loaded from an FEA
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software, which can be obtained much faster and more efficiently
than training a surrogate model from experimental data via FEA
simulations. (2) A surrogate model is an approximation of the
FEA model; therefore, the system equation directly loaded from
an FEA software has much higher accuracy than a surrogate
model. (3) The number of potential candidate locations of the actu-
ators in our system equation is much larger than that in a surrogate
model. (4) A cautious control concept [5,6] is used to address the
model uncertainties due to the difference between the FEA model
developed with a designed part and the real incoming parts on the
assembly floor. And finally, (5) the problem formulation to solve
the optimal location and force of each actuator is convex and thus
can be solved efficiently by CVX [7].
The remainder of this paper is organized as follows. Section 2

provides a detailed illustration of the proposed AOSC framework.
Then, Sec. 3 provides a case study to validate the performance of
our proposed method. Finally, Sec. 4 concludes the paper.

2 The Automatic Optimal Shape Control Framework
In this section, we first introduce our FEA-based process model

in Sec. 2.1. Then, we elaborate on the proposed AOSC framework
in Sec. 2.2. Finally, we introduce how to address the model uncer-
tainty with the cautious control concept in Sec. 2.3.

2.1 Finite Element Analysis-Based Process Model. The
linear elastic mechanical response of a fuselage is determined by
the material property of the fuselage and the force applied to it.
Their relationships can be described by the following global stiff-
ness equation [6]:

KU = Fg + Fr (1)

Let N be the total number of mesh nodes of a given fuselage in the
FEA model. Then, K∈R6N×6N is the global stiffness matrix, and
U = [u1;…;uN]∈R6N×1 is the nodal displacement vector assembled
by aggerating the displacement vector ui = [uix, u

i
y, u

i
z, ω

i
x, ω

i
y, ω

i
z]
T

∈ R6×1 , i ∈ {1, .., N}, on each mesh node. The first three elements
of ui denote the three-dimensional (3D) linear displacements, and
the last three elements of ui denote the 3D angular displacements
of the ith mesh node; Fg= [ fg1; …; fgN]∈R6N×1 represents the
gravity load, and Fr= [ fr1; …; frN]∈R6N×1 represents the load
exerted by the fixture locating points and actuators. They are assem-
bled in the same way as nodal displacement vector U, by aggerating
the gravity-induced load vector f gi =

[
f igx, f

i
gy, f

i
gz, τ

i
gx, τ

i
gy, τ

i
gz

]T ∈
R6×1, i ∈ {1, .., N} or the fixture- and actuator-induced load

vector f ri =
[
f irx, f

i
ry, f

i
rz, τ

i
rx, τ

i
ry, τ

i
rz

]T ∈ R6×1 , i ∈ {1, .., N} on
each mesh node. The first three elements of fgi, [ f igx, f

i
gy, f

i
gz]

T ,
denote the 3D gravity-induced force, and the last three elements
of fgi, [τigx, τ

i
gy, τ

i
gz]

T , denote the 3D gravity-induced torque of the
ith mesh node. fri is defined similarly for its components as fgi.
Notice that fri= 0 if the ith mesh node is not used as a fixture locat-
ing point or an actuator location. We assume that fixtures restrict

displacement vector ui to be zero (if the ith mesh node is used as
a fixture locating point), and the actuators can only apply forces
instead of torques on the mesh nodes. In other words, the
[ f irx, f

i
ry, f

i
rz]

T can be nonzero only if there is an actuator or fixture
locating point on the mesh node i∈ {1, …, N}. The stiffness
matrix (K) and the gravity load (Fg) are exported from the FEA
simulation platform. Since the prespecified fixture locating points
restrict the corresponding linear displacement vectors to zero, a
common practice in the FEA solution procedure [7] is to remove
rows and columns corresponding to linear displacement vectors
of fixture locating points in K. We call this new stiffness matrix
K∗ ∈ R6N∗×6N∗

, where N∗ = N − N1, and N1 is the number of fix-
tures locating points. K* is a positive definite matrix. Similarly,
we remove the rows corresponding to linear displacement vectors
of fixture locating points from original U, Fg, and Fr to obtain
U*, F∗

g, and F∗
r , respectively. Then, Eq. (1) becomes

K∗U∗ = F∗
g + F∗

r (2)

Equation (2) will be used to design the automatic optimal shape
control strategy.

2.2 Finite Element Analysis Model-Based Automatic
Optimal Shape Control Strategy. Our objective is to find F∗

r to
achieve minimum total deviation δ2, i.e.,

δ2 = (U∗ + U∗
0 − UT )

TA(U∗ + U∗
0 − UT )

where U∗ ∈ R6N∗
represents the shape deviation induced by the

gravity load and the load exerted by actuators, U∗
0∈R

6N∗
represents

the initial shape deviation, and UT ∈ R6N∗
is the target shape. A is a

diagonal matrix with entry 1 on locations of the linear displacement
[uix, u

i
y, u

i
z]
T of mesh nodes that we are interested in, and all zeros

otherwise, i.e.,

diag(A) = 0, 0, 0, . . . , 1, 1, 1, 0, 0, 0︸�������︷︷�������︸
i

. . . 0, 0, 0

⎡
⎣

⎤
⎦

T

where diag(A) returns the diagonal elements of matrix A. However,
we may also consider two incoming fuselages with initial shape
deviations. In this case, the optimization index can be revised as
follows:

min
F∗
r

(U∗
a + U∗

0,a − U∗
b − U∗

0,b)
TA(U∗

a + U∗
0,a − U∗

b − U∗
0,b)

where U∗
a and U∗

b are the deviation induced by gravity load and
actuators forces for fuselage a and b, respectively. U∗

0,a and U∗
0,b

are the initial shape deviation of fuselages a and b, respectively.
In practice, the following physical constraints are required:

(1) First, F∗
r is a sparse vector with only nonzero elements in the

actuator locations. Furthermore, assume that we only place
actuators on the boundary of the fuselage, we have
F∗
r (nonboundary point) = 0.

Fig. 1 Illustration for the fuselage shape control: (a) a potential actuator placement strategy and (b) a schematic drawing of
shape adjustment
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(2) Noting the fact that actuators only exert force but not torque
on the fuselage. In other words, an actuator-induced torque
vector on each mesh node i, which is τ∗i = [τirx, τ

i
ry, τ

i
rz]

T ,
should be zero. Thus, we have τ∗i = 0, i ∈ {1, . . . , N∗}.

(3) We further define the magnitude of the force vector on each
node as ‖ f ∗i ‖ = ‖[ f irx, f iry, f irz]T‖2. Then, the magnitude of the
force vector for all mesh nodes is [‖f ∗1‖2, . . . , ‖f ∗N∗‖2]T .
When we have na actuators, there are only na force
vectors with nonzero elements. Thus, we have
‖[‖ f ∗1‖2, . . . , ‖f ∗N∗‖2]T‖0 = na, where ‖·‖0 is l0 norm repre-
senting the number of nonzero entries in a vector.

(4) In addition, the actuator exerted force should be bounded to
avoid potential damages to the fuselage. This fact implies a
constraint ‖f ∗i ‖2 < FrUB, ∀i ∈ {1, . . . , N∗}, where FrUB is
the upper bound of the actuator forces from engineering
safety specifications.

Then, the optimal shape control problem can be formulated as

min
F∗
r

(U∗ + U∗
0 − UT )

TA(U∗ + U∗
0 − UT ) (3)

subject to

K∗U∗ = F∗
g + F∗

r (3a)

F∗
r (nonboundary point) = 0 (3b)

τ∗i = 0, i ∈ {1, . . . , N∗} (3c)

‖ f ∗i ‖2 < FrUB, i ∈ {1, . . . , N∗} (3d)

F∗
r = [ f ∗r1; . . . ; f ∗rN∗ ] (3e)

f ∗ri = [ f ∗i ; τ
∗
i ], f

∗
i = [ f irx, f

i
ry, f

i
rz]

T , τ∗i = [τirx, τ
i
ry, τ

i
rz]

T , i ∈ {1, . . . , N∗}

(3f )

‖[‖ f ∗1‖2, . . . ,‖f ∗N∗‖2]T‖0 = na (3g)

Unfortunately, the l0 norm constraint (3g) is generally non-
convex, non-smooth, and NP-hard [8], which makes solving the
optimization problem (Eq. (3)) computationally intractable. Follow-
ing the similar procedure of Ref. [4], we can transform the

optimization problem (Eq. (3)) into a convex optimization
problem with group lasso penalty

min
F∗
r

(U∗ + U∗
0 − UT )

TA(U∗ + U∗
0 − UT ) + λΣN∗

i=1‖ f ∗i ‖2. (4)

subject to: Constraints Eqs. (3a)–(3f ) where λ is a tuning parameter,
and its value needs to be selected to meet the constraint
‖[‖ f ∗1‖2, . . . , ‖f ∗N∗‖2]T‖0 = na. If the tuning parameter λ is too
large, we will have ‖[‖ f ∗1‖2, . . . , ‖f ∗N∗‖2]T‖0 < na, and the
control performance tends to become worse; when a small tuning
parameter is chosen, we will have ‖[‖ f ∗1‖2, . . . , ‖f ∗N∗‖2]T‖0 > na
and more than acceptable actuators will be selected. Algorithm 1
shows the AOSC algorithm.

Algorithm 1 The AOSC algorithm

(1) Input: parameters A, K∗, U∗
T , U∗

0 , F
∗
g , FrUB, na.

(2) Initialize: λmin= 0, λmax is set as a large enough arbitrary value
(3) Repeat
(4) λ= (λmin+ λmax)/2
(5) Calculate F∗

r by solving optimization problem (Eq. (4)) using the
CVX software

(6) If ‖[‖ f ∗1‖2, . . . , ‖f ∗N∗ ‖2]T‖0 = na:
(7) Return λ and F∗

r

(8) Else if ‖[‖ f ∗1‖2, . . . , ‖f ∗N∗ ‖2]T‖0 > na:
(9) λmin= λ

(10) Else
(11) λmax= λ
(12) End
(13) End

According to Algorithm 1, we can obtain the optimal location
and force of each actuator to achieve minimum total deviation
using exactly na actuators.
The main difference between our proposed method and the

current literature [3,4,9–15] is that our AOSC method is based on
the FEA model. Since we can directly load the system equation
from the FEA simulation platform, we do not need to build a surro-
gate model which has lower accuracy and lower efficiency.
The schematic diagram of the proposed method is shown in

Fig. 2. To apply the AOSC algorithm, we need to know several crit-
ical inputs in advance. First, we need to know the gravity-induced
load and the stiffness matrix of the fuselage, which can be loaded

Fig. 2 Schematic diagram of the proposed AOSC method

Journal of Manufacturing Science and Engineering AUGUST 2022, Vol. 144 / 081009-3

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/m

anufacturingscience/article-pdf/144/8/081009/6848643/m
anu_144_8_081009.pdf by G

eorgia Institute of Technology user on 25 M
ay 2022



from the FEA simulation platform. Also, the initial deviation of the
fuselage needs to be specified. This information can be obtained
from a 3D laser scan in a production line. Moreover, the fixture
locating points should also be specified according to the fixture
design data. Based on these inputs, our AOSC algorithm will gen-
erate both the optimal actuator locations and their corresponding
forces by solving the optimization problem mentioned in Sec. 2.
We can use these actuators to push or pull the fuselage to obtain
the optimal shape control results.

2.3 Problem Formulation for Cautious AOSC. In Sec. 2.2,
we proposed a novel AOSC method to find each actuator location
and calculate the force inserted by each actuator using the stiffness
matrix obtained from the designed fuselage dimension and material
properties. However, the real dimension and material properties of
an incoming fuselage may deviate from the engineering specifica-
tions. Thus, a system model of the real fuselage may have some
uncertainties in the stiffness matrix that is obtained from the FEA
model. It has been shown in Ref. [3] that the uncertainty can lead
to large shape variation even only under gravity load.
To further improve the AOSC performance, we adopt the cau-

tious control concept [5,6]. We assume that the stiffness matrix of
incoming fuselages K* is a random variable following a fixed dis-
tribution which can be estimated from the historical data. Then,
the cautious control concept, which deals with the uncertainty by
minimizing the expectation of the objective function, can be incor-
porated into our AOSC framework.
The solution of the optimal force will be a function of both the

mean and standard deviations of the inversion of the stiffness
matrix. In the cautious control strategy, we will first calculate the
actuator locations from the original formulation (Eq. (4)). Then,
we can calculate the force of each actuator by solving the following
optimization problem:

min
F∗
r

E[(U∗ + U∗
0 − UT )

TA(U∗ + U∗
0 − UT )] (4′)

Subject to: Constraints Eqs. (3a)–(3f )
Since K* is positive definite in constraint Eq. (3a), by plugging

the constraint U∗ = (K∗)−1(F∗
g + F∗

r ) into the objective function
(Eq. (4′)), we will have:

min
F∗
r

E
[
(F∗

g + F∗
r )

T (K∗)−1A(K∗)−1(F∗
g + F∗

r )

+ 2(U∗
0 − UT )

TA(K∗)−1(F∗
g + F∗

r )
]

subject: Constraints Eqs. (3b)–(3f )
Since K* is the only random variable, we have,

min
F∗
r

(F∗
g + F∗

r )
T
E[(K∗)−1A(K∗)−1](F∗

g + F∗
r )

+ 2(U∗
0 − UT )

TAE[(K∗)−1](F∗
g + F∗

r ) (5)

subject to: Constraints Eqs. (3b)–(3f ) where parameters
E[(K*)−1A(K*)−1] and E[(K*)−1] can be calculated from the historical
data. As can be seen from the problem (Eq. (5)), instead of minimiz-
ing the quadratic loss function directly, we minimize the expectation
of the quadratic loss function since the stiffness matrix is treated as a
random matrix variable. This, on average, will ensure better perfor-
mance than the non-cautious control strategy. Since problem (Eq.
(5)) is convex, it can be solved efficiently by using convex optimiza-
tion packages. Algorithm 2 shows the Cautious AOSC algorithm.

Algorithm 2 The Cautious AOSC algorithm

(1) Input: parameters A, U∗
T , U∗

0 , F
∗
g , FrUB, na, E[(K∗)−1A(K∗)−1] and

E[(K*)−1]
(2) Calculate the AOSC optimal location of each actuator using Algorithm 1
(3) Calculate the optimal actuator forces F∗

r on those locations by solving
optimization problem (Eq. (5)) using CVX software

2.4 Discussion on the Nonlinear Efforts in the Fuselage
Model. Notice that the FEA-based process model can only
describe the linear elastic mechanical response behavior of the fuse-
lage. Thus, it is an interesting topic to discuss how the nonlinear
effects may have an impact on the AOSC method.
In the FEA of structural mechanics, there are three major types of

nonlinearities [16]:

(1) Geometric nonlinearity, which is due to large deformations
and large strains.

(2) Material nonlinearity, which is due to plasticity, creep, and
viscoplasticity/viscoelasticity.

(3) Boundary nonlinearity, which is due to the contact change.

The detail of nonlinear modeling methods in FEA can be found in
Ref. [17].
It has been validated in the study by Wen et al. [2] that the FEA

model with linear material property and no boundary nonlinearity
can mimic the physical properties of a real fuselage. Therefore,
we only need to consider the influence of geometric nonlinearity.
In automatic control of the fuselage assembly process, there are
strict limits of strain and stress allowed to be applied on the fuselage
due to the high safety standards [2]. This guarantees the impact of
geometric nonlinearity on the control performance to be negligible.
The validation via empirical study is shown in Sec. 3.3.

3 Case Study
In the case study, we build an FEA model of a half fuselage by

adopting the same set of parameters used by Wen et al. [2],
which was validated with real fuselage in practice. This FEA
model serves as our ground truth to develop and validate the
AOSC method. Under the small deformation assumption, the
finite element model [17,18] for a composite part is shown in
Eq. (1). In Eq. (1), the total stiffness matrix K and gravity-induced
load Fg can be exported from the Ansys Workbench software.
Notice that compared to the proposed FEA-based method, building
a surrogate model, in this case, is time-consuming since many FEA
replications need to be conducted. Moreover, the more potential
number of actuator locations the more FEA replications are required
to build an accurate surrogate model. By using this FEA model, we
will validate our proposed AOSC algorithm in Sec. 3.1 and further
demonstrate that the Cautious AOSC method outperforms the
AOSC method when there exist uncertainties in the stiffness
matrix K in Sec. 3.2. The difference in control performance by
using linear and nonlinear models is elaborated in Sec. 3.3.

3.1 Case Study Result With the AOSC Method. In this
section, five fuselages with different initial shape deviations are
used to test the performance of the AOSC algorithm. The perfor-
mance is measured in terms of maximum deviation among all
nodes on the two edges of a fuselage that are shown in Fig. 3.
For ease of exposition, we first define the set of nodes on two

edges as E= {i1, …il} where l is the total number of nodes on
those two edges. The nodal linear displacement of nodes on those
two edges can be extracted as

U∗
E = A(U∗ + U∗

0 − UT )

where A is a diagonal matrix in which the mesh nodes on those two
edges are 1 and all other nodes are 0. U∗

E has the following form:

U∗
E = [ui1x , u

i1
y , u

i1
z , . . . , u

il
x , u

il
y , u

il
z ]

We further define the magnitude of the linear displacement vector
on the ith node as ‖v∗i ‖ = ‖[uix, uiy, uiz]T‖2. Then, the magnitude of
the linear displacement vector of nodes on those two edges is
[‖v∗i1‖2, . . . , ‖v∗il‖2]T . Finally, the maximum deviation can be
defined as

U∗
max = ‖[‖v∗i1‖2, . . . , ‖v∗il‖2]T‖∞
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By using this definition, the U∗
max reflects the maximum devia-

tion among all mesh nodes interested. After applying these actuators
on the incoming half fuselage with different initial dimensions, we
can obtain after-control maximum deviation of all points interested
(MD-API) evaluated by linear and nonlinear models, respectively.

3.1.1 Control Performance Comparison Between the Industrial
Practice and the AOSC Algorithm. In the current half fuselage
assembly process, the industrial practice is that engineers use eight
actuators to manually push or pull the fuselages to the target shape.
Figure 4 shows the locations of the fixed fixture locating points
and the locations of actuators based on the real fixture design and
the actuators setup in the assembly station. To show the superiority
of our algorithm, we conduct the following two comparisons on
one incoming fuselage with the initial MD-API 14.45 in.:

(1) Comparison between control performance of current actua-
tor locations and optimized actuator locations by the AOSC
framework with the same number of actuators.

In this comparison study, we will first use the current actu-
ator locations and optimize the actuator forces to achieve its
best achievable control performance, which mimics the
current industrial practice. Then, we adopt the same fixture
locations and the same number of actuators but use the
AOSC algorithm to find the optimal location and force of

each actuator. The result is shown in Table 1. By using the
same number of actuators (e.g., eight actuators in this
study), the best performance of using current actuator loca-
tions is 1.99 in., while our AOSC algorithm can reduce the
MD-API to 0.068 in.

(2) Comparison between control performance of optimized actu-
ator locations by the AOSC framework with more actuators

In this study, we adopt the same fixture locations while
further relax the number of actuators allowed in the AOSC
algorithm to find the optimal location and force of each actu-
ator. The results are shown in Table 1, which shows that we
can further reduce the MD-API to 0.034 in. by using 14
actuators.

The actuator locations of each case study above are shown
in Fig. 5. Figure 5(a) shows the current actuator locations of
eight actuators in industrial practice, Fig. 5(b) shows the
AOSC optimal location of eight actuators, and Fig. 5(c)
shows the AOSC optimal location of 14 actuators. The actu-
ator locations given by AOSC are selected from the boundary
and optimized by considering initial shape distortion. This
makes full use of each actuator and thus leads to better
control performance.

3.1.2 AOSC Control Performance Evaluation. In this section,
we will apply the AOSC algorithm to five incoming fuselages

Fig. 3 Two edges (in red color) of a half fuselage

Fig. 4 Fixed fixture and actuator locations in current industrial practice
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with different initial deviations. In the following discussions, the
fixture locations are determined by the optimal fixture design algo-
rithm in Ref. [19]. The comparison results between with control and
without control are shown in Fig. 6. In Fig. 6, the x-axis represents
the serial number of incoming fuselages, and y-axis represents the
MD-API of the fuselage. The result of with/without control is
marked as black/gray, respectively. From Fig. 6, we can see that
with reasonable amounts of actuators, the proposed AOSC algo-
rithm can significantly reduce the MD-API from larger than 1 in.
to smaller than 0.07 in.

3.2 Case Study Using Cautious AOSC. In the AOSC algo-
rithm, the stiffness matrix K is obtained from the designed fuselage.
However, there are always some uncertainties in the stiffness matrix
K in the real part due to the variation in initial shape deviation as
well as the change of material properties of the fuselage. Thus,
the stiffness matrix K will be different for each incoming fuselage.
To address this challenge, we propose the cautious automatic
optimal shape control (cautious AOSC) algorithm. The effective-
ness of this algorithm will be validated in this subsection.
In this study, we first load 20 stiffness matrices from 20 different

fuselages with different initial deviations. Then, we calculate

E[(K*)−1A(K*)−1] and E[(K*)−1] from these 20 stiffness matrices,
i.e.,

E[(K∗)−1A(K∗)−1] =
1
20

∑20
i=1

(K∗
i )

−1A(K∗
i )

−1

E[(K∗)−1] =
1
20

∑20
i=1

(K∗
i )

−1

where K∗
i is the stiffness matrix of the ith fuselage.

Finally, we control these 20 fuselages by solving the optimization
problem (Eq. (5)). The control results of these 20 fuselages are
shown in Fig. 7.
In Fig. 7(a), the x-axis represents the serial number of fuselages,

while the y-axis shows the MD-API of the fuselages. The black bars
represent the MD-API after applying the AOSC control strategy,
while the gray bars show the MD-API generated by the Cautious
AOSC controller. The mean MD-API of these 20 fuselages for
the AOSC algorithm is 0.1192 in. However, by applying the Cau-
tious AOSC algorithm, the mean MD-API can be reduced to
0.0950 in., and the improvement rate is 20.30%. From Fig. 7(b),
we find both the AOSC and the Cautious AOSC can significantly
reduce the MD-API. On average, compared to the AOSC, the Cau-
tious AOSC will generate better control results.
To show the effectiveness of the proposed Cautious AOSC

method, we also record the after-control optimization index (Eq.
(4′)) in Table 2. It indicates the variance of after-control deviations
of nodes on those two edges and is approximated by

∑20
i=1 (U

∗
i + U∗

0,i − UT )
TA(U∗

i + U∗
0,i − UT )

20

Table 1 Initial MD-API and control result comparison using
industrial practice and AOSC algorithm

Initial
MD-API

Industrial
practice

AOSC with 8
actuators

AOSC with 14
actuators

MD-API (in2) 14.45 1.99 0.068 0.034

Fig. 5 The current and AOSC optimal actuator locations: (a) current location of eight actuators, (b) AOSC optimal location of
eight actuators, and (c) AOSC optimal location of 14 actuators
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where U∗
i is the deviation induced by gravity load and actuators

forces derived from the control strategy of the ith fuselage, and
U∗

0,i is the initial shape deviation of the ith fuselage. U∗
i + U∗

0,i −
UT is the after-control shape deviation. As is shown in Table 2,
compared to the AOSC method, by adopting the Cautious AOSC
method, we can achieve a 26.30% variation reduction in the after-
control deviation of nodes on those two edges, i.e.,
|Cautious AOSC result − AOSC result|/AOSC result = 26.30%.

3.3 Comparison Between Linear and Nonlinear Models. In
this section, we show the nonlinear control results of the aforemen-
tioned 20 fuselages. The comparison result between linear and non-
linear models is shown in Fig. 8. In Fig. 8(a), the nonlinear control
results generated by the AOSC controller and the Cautious AOSC
controller are shown by black and gray bars, respectively. Evaluated
by the nonlinear model, the mean MD-API of the AOSC and the
Cautious AOSC are 0.1234 in. and 0.1036 in., respectively. The
improvement rate of Cautious AOSC over AOSC is 16.05%. As
shown in Table 2, compared to the AOSC method, the Cautious
AOSC method can achieve 30.30% variation reduction in the after-
control deviation of nodes on those two edges, i.e.,

|CautiousAOSCresult−AOSCresult|/AOSCresult=30.30%. This
indicates the Cautious AOSC still outperforms the AOSC when
evaluated by the nonlinear model.
To quantitatively evaluate the difference between linear and non-

linear models, we define a new metric called improved MD-API,
which is ‖U∗

max,in − U∗
max,ac‖2F/‖U∗

max,in‖2F × 100%. Here, U∗
max,in

represents the MD-API of the initial incoming fuselage, and
U∗

max,ac represents the after-control MD-API. As shown in Table 3,
the mean improved MD-API of the AOSC controller is 88.98% for
the linear model and 89.07% for the nonlinear model, respectively,
while the mean improved MD-API of the Cautious AOSC controller
is 90.97% for the linear model and 91.56% for the nonlinear model,

Fig. 6 Control results for five incoming fuselages

Fig. 7 Control performance comparison between the Cautious AOSC and the AOSC algorithm: (a) bar charts and (b) box plots

Table 2 Comparison between the AOSC and the Cautious
AOSC controller on the after-control optimization index

AOSC
Cautious
AOSC

Variance
reduction

Linear model result (in2) 0.1129 0.0832 26.30%
Nonlinear model result (in2) 0.1196 0.0833 30.30%
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respectively. This indicates that the linear model is a good approxi-
mation of the nonlinear model, and our derivation of the optimization
problem based on the linear model is reasonable.

4 Conclusion
Composite fuselage assembly is one of the critical tasks in an air-

craft manufacturing process. To compensate for the dimensional
variabilities in composite parts, actuators are adopted to adjust
their shape to achieve high-precision assembly. Existing methods
are proposed to derive the control strategy (actuator forces and loca-
tions) based on a surrogate model that mimics the mechanical beha-
vior of real fuselages. To train such a surrogated model, the training
data are collected from a large number of FEA replications with
various boundary conditions, i.e., different numbers of actuators
and different forces on each actuator, which is time-consuming
and not scalable to a large number of potential actuator locations.
This paper proposes a novel FEAmodel-based AOSCmethod for

the shape control of half fuselage assembly processes. Different
from the surrogated model method, the proposed method directly
utilizes the FEA model in deriving the control strategy, which is
more efficient and optimal. In this method, the critical parameters
(e.g., the stiffness matrix and load vector) of a fuselage will be
exported from the FEA simulation platform. Based on these critical
parameters, a convex optimization problem is formulated, which
provides the optimal location and corresponding force for each
actuator for the shape adjustment of the fuselage. Moreover, we
further propose a Cautions AOSC algorithm that takes model uncer-
tainty into consideration. A set of case studies show that our pro-
posed algorithm outperforms the existing methods.
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Nomenclature
E = the set of nodes on those two edges, which is defined

as {i1, …il}, where l is the total number of nodes on
those two edges.

N = total number of mesh nodes of the given fuselage
A = diagonal matrix with ones and all other elements are

zeros
K = stiffness matrix
U = nodal displacement vector of all mesh nodes defined

as [u1;…;uN]
na = number of actuators
fgi = gravity-induced load vector on the ith mesh node

defined as uik = the linear displacement of the ith
mesh node in direction k, where k= x, y, z

f gi = [ f igx, f
i
gy, f

i
gz, τ

i
gx, τ

i
gx, τ

i
gz]

T , i ∈ {1, .., N}
fri = gravity-induced load vector on the ith mesh node

defined as
f ri = [ f irx, f

i
ry, f

i
rz, τ

i
rx, τ

i
ry, τ

i
rz]

T , i ∈ {1, .., N}
ui = nodal displacement vector on the ith mesh node

defined as [uix, u
i
y, u

i
z, ω

i
x, ω

i
y, ω

i
z]
T , i ∈ {1, .., N}

BU = the tolerance of the MD-API determined by
engineering specification

FrUB = upper bound of the actuator forces from engineering
safety specification

N1 = the number of fixture locating points
Fg = gravity-induced load vector of all mesh nodes defined

as [ fg1;…;fgN].
Fr = fixture locating points and actuators induced load of

all mesh nodes defined as [ fr1;…;frN]
f igk = gravity-induced force on the ith mesh node in

direction k, where k= x, y, z
f irk = fixture locating points and actuators induced force on

the ith mesh node in direction k, where k= x, y, z
f ∗i = actuators induced 3D force vector on the ith mesh

node defined as [ f 1rx, f
1
ry, f

1
rz]

T , i ∈ {1, . . . , N∗}
f ∗ri = actuators induced load vector on the ith mesh node

defined as f ∗ri = [ f ∗i ; τ
∗
i ], i ∈ {1, . . . , N∗}

v∗i = the linear displacement vector on the ith node which
is defined as [uix, u

i
y, u

i
z]
T

F∗
g = gravity-induced load vector of all mesh nodes after

removing the corresponding rows of fixture locating
points

Fig. 8 Nonlinear control performance comparison between the Cautious AOSC and the AOSC algorithms: (a) bar charts and
(b) box plots

Table 3 Comparison between the linear and nonlinear results of
the AOSC and the Cautious AOSC controller

AOSC Controller Cautious AOSC controller

Linear model result 88.98% 90.97%
Nonlinear model result 89.07% 91.56%
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F∗
r = actuators induced load vector of all mesh nodes

defined as [ f ∗r1; . . . ; f
∗
rN∗ ]

K∗
i = K* of the ith fuselage

U∗
i = the deviation induced by gravity load and actuators

forces derived from the control strategy of the ith
fuselage

U∗
0 = initial shape deviation

U∗
0,i = the initial shape deviation of the ith fuselage
U∗

E = the nodal linear displacement of nodes on those two
edges

U∗
T = target shape

N∗ = N−N1

K* = stiffness matrix removing the corresponding rows
and columns of fixture locating points

U∗
a(U

∗
b) = the deviation induced by gravity load and actuators

forces for fuselage a (b)
U∗

0,a(U
∗
0,b) = the initial shape deviation of fuselage a (b)
δ2 = total deviation
τ∗i = actuators induced 3D torque vector on the ith mesh

node defined as [τirx, τ
i
ry, τ

i
rz]

T , i ∈ {1, . . . , N∗}
τigk = gravity-induced torque on the ith mesh node in

direction k, where k= x, y, z
τirk = fixture locating points and actuators induced torque

on the ith mesh node in direction k, where k= x, y, z
ωi
k = the angular displacement of the ith mesh node in

direction k, where k= x, y, z
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