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Abstract-This paper aims to offer a lightweight design method 
of the missile engine support structure based on the topology 
optimization by taking advantage of the computer numerical 
simulation and 3D printing technology. Taking use of 3D 
printing in the shape of heterogeneous structures and 
personalized manufacturing advantages, a design process is 
proposed including a computer modeling, numerical 
simulation, 3D printing and engineering verification of the 
missile engine lightweight structure. Based on the finite 
element method, a topology optimization algorithm based on 
the minimum potential energy of structure is proposed. The 
design methodology has the following aspects: first, the design 
object needs to complete three-dimensional modeling by a 
computer aided design (CAD) software (UG); then, the 
topology optimization model was established by a computer 
aided analysis (CAE) software (HyperWorks); finally, the 
topology optimization results are fed back into the design for 
the final lightweight design model and 3D printing. In terms of 
analytical verification, the stress and displacement results of 
the topology optimization model are examined by numerical 
simulation; this paper uses HyperWorks for thermodynamic 
numerical simulation; the maximum bearing capacity of the 
structure is analyzed by engineering test. The experimental 
results show that this study can achieve the purpose of 
lightweight in the case of certain constraints, while weight loss 
effect can reach 11.06%. In addition, 3D printing technology 
combined with numerical simulation can shorten the 
development cycle and improve the design efficiency. 

Keywords-numerical simulation; 3D printing; topology 
optimization; thermodynamic analysis; missile engine support 
structure 

I.  INTRODUCTION 
3D printing technology is subordinate to the scope of 

non-traditional processing technology. The technology 
includes electromechanical, optical, computer, control and 
materials and other disciplines. 3D printing technology is an 
innovation in the world's advanced manufacturing. Different 
from the reduced material manufacturing, 3D printing 
technology can make liquid polymers, powder and other 
sheet, filamentous discrete materials pile up in the way of 
layer by layer. The final model is formed in a one-shot 
fabrication. 3D printing technology in the design of the 
model need to use computer aided design (CAD) software 

for rapid modeling. This is in line with modern and future 
manufacturing trends, with the increasing demand for the 
product personalization [1]. At present 3D printing 
technology has the growing demand in the level of designing 
with an increasingly close integration via CAD and computer 
aided engineering (CAE). 

3D printing technology combined with computer 
technology will inevitably bring the advantages of the 
lightweight. Specifically, 3D printing mainly adopts four 
ways in the structural design to achieve lightweight: the 
hollow sandwich / thin-walled reinforced structure, the 
lattice structure, the realization of integrated structure, the 
topology optimization structure [2]. 

Topology optimization technology is the redistribution of 
the original parts of the material, which can be able to 
achieve functional requirements based on the weight 
reduction. The topology approach aims to achieve an optimal 
material distribution within a defined design domain through 
setting the boundary conditions, the pre-tension and the load 
as constraints [3]. It can use the topology optimization to 
determine and remove those parts that do not affect the 
rigidity of the material, and ultimately achieve lightweight. 
From the current domestic and international research status, 
researchers are increasingly aware of the advantages of the 
lightweight from topology optimization technology when 
UG, HyperWorks and other computer aided softwares have 
been applied largely into the industrial design[4]~[9]. 
However in the feedback phase after the computer numerical 
simulation, researchers often need to complete the re-design 
by CAD softwares. After the re-design, the result parameters 
will produce more or less errors, which reduce the accuracy 
of the parts after the topology optimization. However with 
the continuous development of 3D printing technology, 
HyperWorks and other CAE softwares can export the 
topology-optimized files directly into the default STL format 
for the 3D printer. It can be re-fed back to the design 
software for the proper repairing, and finally 3D printing. In 
summary, this process will minimize the loss of the accuracy 
of simulation results. 

This paper focuses on 3D printing is combined with 
CAD and CAE. After the topology optimization of the 
heterogeneous structure through simulation analysis to 
complete the final modeling, these designs are often unable 
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to process through the traditional processing, and through 3D 
printing can be achieved. 

II. THEORETICAL BASIS AND ALGORITHM 
DERIVATION 

In the missile structure (Figure 1), the engine support 
structure is an essential component. In the missile launching 
state, its support structure will withstand a greater thrust 
from the engine. Due to the relatively large working load and 
high temperature, there will be buckling, stress damage, 
excessive deformation and other potential failure modes [10]. 
In the practical engineering, the design scheme of the 
structure is based on empirical design and simplified 
calculation, which is lack of accurate analysis and is not the 
optimal scheme. 

 
Figure 1. The missile engine support structure. 

The support structure of the missile engine is combined 
with the topology optimization technology. Under the 
premise of satisfying the rigidity and strength requirements, 
when the displacement and load are set as the constraint, the 
topology optimization technology makes the weight of the 
structure lightest, which saves the material and improves the 
efficiency of missile launching. In this paper, the OptiStruct 
module is used to optimize the support structure of the 
missile engine in the numerical simulation software 
Hyperworks. 

A. Mathematical Model Based on OptiStruct Topology 
Optimization 
The design variables, objective function and constraints 

are the three elements of the topology optimization design 
[11]. In the missile engine support structure studied in this 
paper, a set of parameters which will be changed in the 
optimization process to improve the performance are taken 
as design variables, such as volume and other parameters. 
The objective function is taken as the optimal design 
performance index, which is a function of the design 
variables. Constraints are restrictions on the design variables, 
such as the displacement and load can be constrained. The 
mathematical model of the optimal design can be expressed 
as: 

Minimize： 

1 2( ) ( , ,..., )nf X f x x x=  
Subject To： 

( ) 0ig X ≤  1,...,j n=  

( ) 0kh X =  1,..., hk m=   
L U
i i ix x x≤ ≤  1,...,i n=  

1 2, ,..., nX x x x=  represent design variables; ( )f X  
represents the objective function; ( )g X  represents an 
inequality constraint function; ( )h X  represents an equality 
constraint function; the upper subscript L  indicates Lower 
Limit, the upper subscript U  indicates Upper Limit. 

After the completion of the mathematical model, 
OptiStruct mainly uses the local approximation method to 
solve the optimization problem, the main steps can be 
divided into: 

STEP1: The finite element method (FEM) is used to 
establish mathematical model; 

STEP2:After the iterative calculation, the difference of 
the target values is smaller than the given convergence 
tolerance, and the convergence of the problem is solved; 

STEP3: To design a sensitivity analysis, which indicates 
the partial derivative of the design response to the 
optimization variable; 

STEP4: The fitting analysis was performed according to 
the sensitivity design and the approximate methods can be 
divided into: the linear simulation, the inverse simulation and 
the convex simulation [12]; 

B. FEM based on the Minimum Structural Potential 
Energy 
According to domestic and foreign literatures on the 

topology optimization algorithm [13]~[16], this paper 
presents a finite element method based on the principle of the 
minimization of potential energy, which is based on the 
topological optimization design of the missile engine support 
structure. It can be explained that the potential energy of the 
structure is minimized under the constraint of displacement 
through the change of the load on the node. 

In the FEM analysis, the basic idea is to discretize the 
continuous structure into a finite number of units, and set a 
limited number of nodes in each unit. Then, the continuum is 
regarded as a group of unit aggregates which are continuous 
only at the node, and the node value of the selected field 
function is selected as the unknown quantity, and an 
interpolating function is assumed in the first unit, to 
represent the distribution of the field functions in the unit. 
Finally, the field functions on units and even the entire 
collection are determined by node values and the 
interpolation function. The analytical method based on the 
minimum principle of potential energy is deduced as follows: 

Firstly, it is necessary to define the field function of the 
potential energy. According to the principle of the 
minimization of potential energy in the plane stress, the 
equation (1) is available: 

 0δ ∏ =  (1) 

And the field function ∏  is: 

{ } [ ]{ } { } { } { } { }1
2

T T TD hd u p d u T d
σ

ε ε
Ω Ω Γ

∏ = Ω− Ω− Γ∫ ∫ ∫  (2) 

96

Advances in Computer Science Research, (ACSR), volume 52



{ } [ ]Tu u v= ------ A force point in the nodal element 
produces both horizontal displacements u and vertical 
displacements v .  

{ }

0

0
x

y

x
u
vy

y x

ε
ε ε

γ

 ∂
 
∂  
   ∂ = =    ∂        ∂ ∂
 ∂ ∂ 

------ xε / yε  represents the line strain 

in the horizontal and vertical directions, respectively; γ  
indicates a shear strain. Any point in the plane has three 
strain components and this equation is the relationship 
between the strain and the displacement. 

[ ] 2

1 0
1 0
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2

u
ED u
u

u

 
 
 

=  −  −
 
 

------ According to (3), the elastic matrix 

[ ]D  in the plane state can be deduced.  

 { } [ ]{ }Dσ ε=
 (3) 

{ } { }T

x yp p p=  ------ It represents the unit area load 

in the planeΩ  . 

{ } { }T

x yT t t=  ------ It represents the unit length load 

on the plane force boundary σΓ  . 
In conclusion, the first term expresses the total strain 

potential in (1). The latter two terms in (1) show the potential 
energy of the distributed load, which can be regarded as the 
external force. 

Secondly after the definite field function, the analytical 
method is to achieve the minimum potential energy of the 
structure according to the change of the node load under the 
constraint of the displacement. It is necessary to make the 
amount of displacement in the boundary not exceed a certain 

amount of displacement { }u  . Displacement { }u  needs to 

satisfy (4) in the displacement boundary domain. 

 { } { }u u=  (4) 

Third place, the interpolating function can simplify the 
problem. The displacements within the element can be 
expressed as an interpolation function (5) for the 
displacements of the element node. [ ]N  is the matrix of the 
element shape function 

 { } [ ]{ }u N δ=   (5) 

According to extremal condition (1) based on the 
principle of minimum potential energy and combining the 
mechanical equilibrium equation (6),  

 [ ]{ } { }K Pδ =   (6) 

the field function is derived from the multivariate 
function for the displacement of the node (7). 

 0( 1,2,..., )
i

i N
δ

∂∏
= =

∂
 (7) 

Finally, the expression of the structure potential energy 
is： 

 { } [ ]{ } { } { }1
2

T TK Pδ δ δ∏ = −  (8) 

Notes: { }Tδ  ------ It means the node displacement at the 
boundary. 

Through the mathematical derivation process, a finite 
element analysis method based on the minimum potential 
energy of the structure can be concluded. 

C. A Volume Topological Optimization Algorithm for the 
Minimum Structure Potential Energy 
In the last section, this paper derives the minimum 

structural potential energy derivation process, the ultimate 
goal of which is to achieve the volume optimization under 
the topology optimization. After the description of this 
algorithm, in order to ensure that the engine support structure 
must meet the mechanical properties, the model can achieve 
the smallest size and achieve the purpose of lightweight. The 
minimum structural potential topology optimization 
algorithm for volume is shown: 

Input: a finite element mesh model of the missile engine 
support structure 

Output: a volume optimization model for the missile 
engine support structure 

STEP1: The initial volume parameter V  and the 
maximum allowable stress value maxσ  of the material are 
determined. According to the equation (2), the minimum 
structural potential energy under the load and displacement 
constraints is calculated; 

STEP2: To start to optimize the volume, each 
optimization of the volume of iV  needs to calculate the 

corresponding structural potential energy i∏  and the 

maximum stress maxiσ  of the internal structure; 

STEP3: When the maximum stress value maxiσ  under 

the structural potential i∏  is less than the maximum 

allowable stress maxσ  of the material, the initial volume V  
can be reduced; 
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STEP4: When the maximum stress value maxiσ  under 

the structural potential i∏  is equal to maxσ , the volume is 

no longer reduced and the optimal volume minV . 
STEP5: Return to the STEP1. 

D. Thermodynamic Analysis  
According to the principle of the plane thermal stress, 

when the object temperature changes, its geometry will be 
the corresponding changes [17]. A divided grid cell is 
considered as a plane, and when it is heated and the 
temperature is changed, each point in the plane has a certain 
displacement. The strain at this time should be the sum of the 
elastic strain { }E

ε  and the thermal strain { }T
ε  , as shown 

in the equation (9). 

 { } { } { }E T
ε ε ε= +  (9) 

T∆  represents the temperature rise and α  represents 
the isotropic linear expansion coefficient, as shown in 
equation (10). 

 { } [ ]0 T

T
T Tε α α= ∆ ∆  (10) 

 By the equation (3), the relationship between the stress 
and the total strain can be obtained, as shown in the 
equation (11). 

 { } [ ] { } { }( )T
Dσ ε ε= −  (11) 

III. NUMERICAL SIMULATIONS AND TOPOLOGY 
OPTIMIZATION DESIGN 

A. Topology Representation Based on the Unit Density 
Topological optimization of the material based on 

OptiStruct will take the unit density as a design variable in 
the design domain of the finite element model. The unit 
density has a functional relationship of the elastic 
modulus E  of the material, as shown in Figure 2. 

 
Figure 2. The relationship between the unit density and elastic modulus of 

the material. 

As shown in Fig. 3, the inner red region of the U-shaped 
fixture is subjected to a force according to the force cloud 
pattern (a). When the relationship of Eρ −  curve in Fig. 2 
is given, the result of optimization shows that the material of 
the red region (the unit density close to 1) forms the 
transmission path which needs to be retained in the design, 
while the blue region (the unit density close to 0 ) can be 
removed. 

  
(a) the force cloud pattern (b) Optimization Results 

Figure 3. Topology representation. 

B. Optimization Design Based on OptiStruct 
In this paper, the prototype of the product is designed by 

UG, and meshed by HyperMesh. The whole parts are made 
of the rare earth magnesium alloy and its constitutive 
relationship is the linear elasticity, and the elastic modulus 
is 45E GPa= , the Poisson's ratio is 0.35µ = , the 

density is 31.8 3 /e kg m+ . As the topology optimization 
can not take the stress or strain as a constraint or target, so 
the whole part of the stiffness can be optimized as the goal 
and the maximum displacement is less than 1[18]. 

Fig. 4 is a finite element model for the topology 
optimization. The support structure at the bottom of the 
missile is set by six degrees of freedom constraints and the 
thrust load acts evenly on the annular front face of the engine. 
Because the load of the missile engine support structure is 
the surface load, the surface load is applied to the center of a 
unit grid. Each load is set to 10N and the model is divided 
into 1253 nodes altogether, so the thrust load of the annular 
front face is 12530N. 

 

Figure 4. The topological optimization finite element model. 

OptiStruct is used to optimize the support structure of the 
missile engine. The optimization iteration is converged after 
6 steps, the constraints are all satisfied and the target is 
minimized. The overall optimization trend is shown in 
Figure 5. 

12530N Constraints 

1 
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According to the topological optimization algorithm with 
the minimum potential energy, the displacement response 
and stress variation are taken as references. The results of the 
last iteration show that the maximum displacement at the 
annular section is 5.442e-1 and less than the design 

constraint, and the maximum stress at the optimization is 
6.831N. In the optizamation model, the circular weight-
reducing holes become long holes with wide in the center 
and narrow at both ends, as shown in Fig.6 and Fig.7. 

 
 

 
Figure 5. The topological optimization results. 

  
Figure 6. The displacement cloud pattern Figure 7. The force cloud pattern 

 

IV. EXPERIMENT AND DISCUSSION 

A. Thermodynamic Analysis Based on RADIOSS 
After the topology optimization, it is necessary to carry 

out appropriate experiments on the missile engine support 
structure. The working environment of the missile engine 
support structure is high temperature and high pressure, so a 
proper thermodynamic analysis is necessary. The 
thermodynamic analysis of the finite element model after the 
topology optimization is carried out by RADIOSS module in 
HyperWorks. The purpose is to compare the thermodynamic 
properties of the original model and the optimized model, 
and to provide some reference values for the feedback design. 

Therefore, RADIOSS uses the displacement and the stress 
cloud patterns to carry on the analysis contrast, as shown in 
Fig.8 and Fig.9. 

The force of the connection between the weight-reducing 
holes increases after the topology optimization, as shown in 
Fig.8 ; the displacement of the annular end face increases 
after the topology optimization, as shown in Fig.9.  

Therefore, the analysis results can be fed back to the 
design, the annular end face is designed to be thickened to a 
certain extent on the basis of the topology optimization. The 
redesign can be appropriate to reduce the size of holes, so as 
to increase the area of the connecting portion, thereby 
forming a final model. 

  
(a) The original model (b) The optimization model 

Figure 8. The thermal cloud pattern 
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(a) The original model (b) The optimization model 

Figure 9. The thermal displacement cloud pattern

 

B. Manufacturing Process and Engineering Verification 
This experiment uses SPS300 laser light solidification 

rapid prototyping machine and the printing material is the 
photosensitive resin. The 3D printing model is shown in 
Fig.10. 

 
Figure 10. 3D printing model 

This engineering verification uses a spiral force test 
bench and the corresponding data acquisition software to 
test the 3D printing model for mechanical properties, as 
shown in Fig.11. 

 
Figure 11. Model stress testing. 

The test mainly tests the maximum tolerance for the 
original model and the optimized model before the failure. 

First of all, it is necessary to select the appropriate pressure 
head to apply the vertical load to the annular end face, then 
to shake the turntable and gradually compact the model. 
Through the data acquisition software which is matched 
with the test bench, the data is extracted and the 
corresponding data is reduced. Fig.12 shows the 
relationship between the time and pressure. The maximum 
pressure that the original structure can bear is in the range 
of 155 ~ 158N, and the optimization model is between 142 
~ 144N. It can be seen that the variation of the maximum 
stress of the optimization model is controlled within 10% 
of the original model. After the weight comparison, the 
weight of the original model is 15.5366g and the 
optimized model weight is 13.8182g, while the weight loss 
reaches 11.06% of the original model, as shown in Fig.13. 

 
Figure 12. The stress test chart. 

  
Figure 13. Weight comparison. 
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V. CONCLUSIONS AND FUTURE POSSIBILITIES 
This paper presents a lightweight method for the model 

of the missile engine support structure using 3D printing.  
A complete lightweight design system with the 

computer modeling, numerical simulation, 3D printing and 
the engineering verification was built.  

Based on the FEM of the minimum potential energy, a 
topology optimization algorithm based on the minimum 
potential energy of structure is proposed.  

Combined with the corresponding computer software, 
this paper fully utilizes the advantages of CAD and CAE 
in the process of 3D printing. 

The experiments show that this research achieves the 
aim of lightweight design under the condition of satisfying 
certain constraints. At the same time, 3D printing 
technology combined with numerical simulation can 
shorten the development cycle and improve the design 
efficiency. 

The future research will optimize and improve the 
topology optimization algorithm while improving the 
accuracy of the topology optimization model into the 3D 
printing model. In addition, the method is extended to the 
general model of the lightweight. 
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