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Composite lattice ring structures are known for 
their lightweight and high efficiency, which have 
a strong attraction in the aeronautical and aero
space industries. The general manufacturing pro
cess for such structures is to use wet filament wind
ing technology. Due to the anisotropic pro perties of 
continuous fibers, the filament winding trajectory 
determines the mechanical pro perties of the com
posite lattice ring structures. In this work, a topolo
gy optimization method is proposed to generate the 
efficient filament winding trajectory, which follows 
the load transfer path of the composite part and can 
offer higher mechanical strengths. To satisfy the 
periodicity requirement of the structure, the design 
space is divided into a prescribed number of iden
tical substructures during the topology optimiza
tion process. In order to verify the effectiveness and 
capability of the proposed approach, the topological 
design of ring structures with the different number of 
substructures, the ratio of outer to inner radius and 
the loading case is investigated. The results reflect 
that the optimal topology shape strongly depends 
on the substructure numbers, radius ratio and load
ing case. Moreover, the compliance of the optimized 
structures increases with the total number of sub
structures, while the structu ral efficiency of the opti
mized structures decreases with the radius ratio. 
Finally, taking the specified topolo gical structure as 
the object, the concep tual design of a robotic fila
ment winding system for manufacturing the compo
site lattice ring structure is presented. In particular, 
the forming tooling, integrated deposition system, 
winding trajectory and manufacturing process are 
carefully defined, which can provide valuable refe
rences for practical production in the future
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1. Introduction

Fiber-reinforced composite materials are widely used 
in weapon equipment, automobiles, construction and other 
fields due to their high specific strength, high specific mo-
dulus, fatigue resistance, corrosion resistance and other 
excellent properties. For example, more than 50 % of the 
structural weight of Airbus A350 XWB is composed of 
composite materials [1]. The fiber-reinforced composite ma-
terials can be utilized to produce lattice structures to obtain 
extraordinary strong and light structural parts, such as space 
laun chers [2], aircraft fuselage sections [3] and so on. The 
composite lattice structures were first developed and pro-
duced by the Russian Central Research Institute for Special 
Machinery (CRISM) in the 1980s to reduce the weight of 
rockets [4]. In 2011, the EU FP7 WASIS project [5, 6] was 
started to solve some problems related to the application of 

composite lattice structures in commercial aircrafts. It can 
be seen that the composite lattice structures offer a great 
potential to replace traditional metal structures. 

The flat lattice ring structure is one of the composite lat-
tice structures, and a typical composite lattice ring structure 
was reported in [7]. The lattice ring structure is composed 
of several substructures with the same configuration and is 
widely used in engineering, such as load-bearing fuselage 
rings. It has the characteristics of cyclic symmetry and good 
designability. The performance of lattice structures depends 
not only on the lattice pattern but also on the number of 
substructures. In the conventional composite lattice ring 
structures design, the unidirectional spiral, circumferential, 
and axial ribs are the main elements of this kind of structure, 
and the width and thickness of ribs, and helical angle are often 
used as the design parameters. The pattern of lattice struc-
tures is often defined as regular, such as rectangle, diamond,  
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triangle, etc. However, due to the simple use of traditional lat-
tice patterns as design principles, the potential of composite 
lattice ring structures has not been fully exploited. With the 
development of aeronautical and aerospace fields, researchers 
are constantly pursuing aerospace structures with lighter 
weight and better performance. Exploring innovative and 
efficient structural forms has become a key step in promoting 
the development of aeronautical and aerospace technology.

In order to make better use of the anisotropic properties 
of composite materials, the fibers should be placed along the 
direction of load transfer in the parts to obtain higher me-
chanical properties [8]. As one of the most potential structu-
ral design methods, the topology optimization me thod is 
often used in the conceptual design stage of engineering 
structures. In recent years, with the rapid development of 
topology optimization in theoretical research and practical 
application, the topology optimization method has become 
an effective technique for weight reduction and perfor-
mance design, especially in the aircraft and aerospace indus-
try [9–11]. Under the given boundary conditions and design 
constraints, the optimal material layout corresponding to 
the most effective load transfer path in the design space can 
be obtained by the topology optimization method. Hence, 
through the topology optimization method to determine the 
rib arrangements of the composite lattice ring structures, an 
innovative and efficient structure form can be obtained.

2. Literature review and problem statement

For a complex axisymmetric shape composite part, the 
work [12] proposed an approach to obtain filament winding 
trajectory by using the principal stress field of the structure. 
In this approach, assuming that the part was isotropic, the 
principal stress field was obtained by initial finite element 
analysis. However, for the optimization engineering struc-
ture with the specific goal of lightweight or stiffness maxi-
mization, the application of topology optimization is more 
conducive to the optimization design. In order to overcome 
this shortcoming, the authors of [13, 14] developed a method 
combining topology design and fiber placement path based on 
load transfer path for 3D printing of carbon fiber-reinforced 
composite parts. The results showed that the optimized 
structure could effectively reduce the weight of the structure 
while meeting the requirements of mechanical properties. 
But the anisotropic behavior of continuous fiber-reinforced 
composites during topology optimization was not considered. 
In fact, it is complicated and challenging to consider both 
fiber angle and structural topology. The main reason for this 
is that the design variable of fiber orientation easily falls into 
local optima. In [15], a new load-dependent path planning 
approach was proposed to generate the 3D-printing path of 
continuous fiber-reinforced plastics. A topological optimiza-
tion method called Solid Orthotropic Material with Penali-
zation (SOMP) [16] was used to optimize the fiber angle and 
structure topology simultaneously. This method can accurate-
ly follow the load transfer path of parts and provide higher 
mechanical properties. But now the 3D printing still faces 
some manufacturing limitations, such as: resin materials are 
limited to thermoplastic resins; compared to filament winding 
technology, the production cost of using 3D printing techno-
logy to manufacture composite structures is extremely high; 
the 3D printing technology of continuous fiber-reinforced 
composites is not yet mature, some typical shortcomings, such 

as the poor adhesion bet ween fibers and matrix, void forma-
tion, nozzle blockage, etc., need to be resolved [17]. 

As a common automated production technology of com-
posite parts, filament winding has experienced considerable 
evolution over time. The traditional filament winding tech-
nology is mainly used to manufacture axisymmetric geo metry 
parts, such as tubes, vessels, pressure tanks, grid-stiffened shell 
structures, etc. However, the traditional filament winding 
machine has obvious limitations in the production of com-
posite products with asymmetric structure or novel complex 
shape. This need, the development of robot filament winding 
technology is promoted. Because the robot has the advantages 
of flexibility and controllability, so robotic filament winding is 
the most efficient and suitable way for manufacturing complex 
shape products. Moreover, the robotic filament winding has 
obvious advantages in process control, product quality, repeat-
ability and production time. To date, some researchers used 
robotic filament winding technology to manufacture compo-
site structures. For instance, the paper [18] introduced new 
robotic filament winding equipment for the manufacturing of 
anisogrid cylinder structures made of composites, and a novel  
deposition head for the sake of fibers stratification was also  
designed. Through the geometric and structural tests of com-
posite structures, the parts made by robotic filament winding 
have better quality compared with the hand-made parts. After-
ward, the work [19] proposed a design method for fabricating 
a fork part by robotic filament winding technology, and the 
feed deposition head invented by [20] was adopted. The results 
verified the potential of innovative robotic filament winding 
equipment for manufacturing complex shape composite parts. 
Unfortunately, to the authors’ best knowledge, studies on 
composite lattice ring structures of robot filament winding are 
still lacking. Therefore, all this suggests that it is advisable to 
conduct a study on how to use the topology optimization me-
thod to obtain the optimal filament winding path and design 
the corresponding robot filament winding equipment.

3. The aim and objectives of the study

The aim of the study is to provide an innovative fiber 
trajectory design approach to obtain a continuous winding 
trajectory for composite lattice ring structures with maxi-
mum stiffness.

To achieve this aim, the following tasks are accomplished:
– the optimal filament winding trajectory corresponding 

to the most effective load transfer path in the design space is 
obtained by the topology optimization method. To verify the 
robustness of the proposed design method and illustrate the 
influence mechanism, some different substructure numbers, 
loading cases, and radius ratios are compared and analyzed;

– in order to verify the manufacturability of the opti-
mized topologies, the conceptual design of a new robotic 
filament winding system for composite lattice ring structures 
is presented. 

4. Materials and method

4. 1. Topology optimization method
Topology optimization is a mathematical method to op-

timize the distribution of materials in a given design space  
to achieve the most effective design or minimum weight 
structure. Therefore, in order to eliminate the sections with 
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low stresses or hardly affected by load transfer, the topology 
optimization method is applied to obtain the load transfer 
path of the composite structure. For simplicity, the objec-
tive of the present topology optimization problem is limited 
to compliance minimization (stiffness maximization). The 
volume retention fraction of the material is defined as the 
volume-controlled constraint, and the element pseudo den-
sity value varying from 0 (void) to 1 (solid) for determining 
the optimal material layout is regarded as the design variable. 
A typical 2D ring structure shown in Fig. 1 is studied. The 
inner and outer radiuses of the ring structure are denoted 
by R1 and R2, respectively. The thickness of the inner skin is 
denoted by t. The design space is marked in gray color. Here, 
the inner hole is completely fixed and the tangential force F 
is applied on the outer contour.
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e

Fig.	1.	A	2D	ring	structure	with	m	substructures

The composite lattice ring structure is basically com-
posed of several repeated substructures, which are assembled 
into a continuous structure by rotating replication. Hence, 
the composite lattice ring structure can be regarded as a kind 
of periodic structures. To fulfill the periodic constraint, the 
whole design space is circumferentially partitioned into 
m identical substructures, and all substructures should be 
meshed consistently. Hence, the density variables of each 
substructure at the same position remain the same, i. e., 
ρ ρ ρ ρe e

j
e
m

e
1 = ⋅⋅⋅ = ⋅⋅⋅ = , where j represents the substructure num-

ber and e denotes the element number within one substructure.  
Assuming the material is isotropic, the mathematical model 
of topology optimization can be written as:
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where C represents the structure compliance, K is the global 
stiffness matrix, U is the displacement field; ρ is the density 
variable vector of one substructure. Here, ρmin = 0.001 is to 
avoid stiffness matrix singularity; g is the volume fraction 
of the whole design domain; V0 denotes the volume of the 
whole design domain; ve

j  is the volume of the eth element 
in the jth substructure; m represents substructure numbers;  
ne represents element numbers in one substructure; ρe

j  is the 
density variable of the eth element in the j th substructure.

Here, the SIMP (Solid Isotropic Material with Penaliza-
tion) interpolation model [5] is introduced to describe the 
corresponding relationship between material properties and 
density variables. So we have:

k ke e
p

e= ρ 0,  (2)

where ke denotes the stiffness matrix of element e, ke
0  rep-

resents the stiffness matrix of solid element, p is the penal-
ty factor. Then the sensitivity of the objective function with 
respect to the variable ρe can be easily obtained:
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where ce
j is the strain energy of element e in the jth substructure.

4. 2. Robotic filament winding technology
In order to design the special robotic filament winding 

equipment, three fundamental steps need to be followed. First 
of all, based on the geometry of optimized composite lattice ring 
structures, the fiber placement tooling must be designed. The 
basic principles of the design are: the stability of the tape and 
the correct fiber compaction must be ensured in the process of 
winding and curing; ensure that the cured composite parts can 
be easily removed from the mold at the end of the molding pro-
cess; due to the rotation range of robot joint is limited, a mold 
rotation mechanism is considered necessary to improve the pro-
duction efficiency. Then, the integrated deposition system must 
be designed. Some design criteria should be met, such as process 
parameters of fiber tension, fiber deposition speed and winding 
trajectory can be controlled. Moreover, it should be easy to adapt 
to various robots, and easy to maintain and update. Finally, the 
winding trajectory must be determined to ensure that the fiber 
band is not loose and the continuous and harmonious movement 
of the deposition head, so as to obtain a high-quality process. 

5. Results of topology optimization and robotic filament 
winding system design

5. 1. Topology result
In Fig. 1, let R1 = 340 mm, R2 = 500 mm, t = 5, and F = 500 N. 

The thickness of the ring structure is 10 mm. The material 
pro perties used in the topology optimization process are: 
E = 70 GPa, υ = 0.3, ρ = 2,700 kg/m3. The volume fraction g = 0.3. 
The topology optimization process is operated in the commer-
cial software, namely Altair-Inspire. The influence of various  
substructure numbers, the ratio of outer to inner radius, and 
loading case on the optimal topology shape and stiffness per-
formance are considered, respectively.

5. 1. 1. Influence analysis of substructure numbers
In this subsection, eight cases for m = 10, 16, 20, 24, 28, 

32, 36, and 40 are studied and compared. The optimized 
topologies for the various partitions are shown in Fig. 2. The 
variation of structural compliance with the number of sub-
structures is given in Fig. 3.

As shown in Fig. 2, the legible shapes of optimized struc-
tures can be obtained. Moreover, the intersection points 
along the radial direction of the optimized topology increase 
with substructure numbers. As the substructure number 
increases, the compliance of the structures increases accord-
ingly, as indicated in Fig. 3.
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Fig.	2.	Optimized	topologies	for	the	various	partitions	m :  
a	–	10;	b	–	16;	c	–	20;	d	–	24;	e	–	28;		

f	–	32;	g	–	36;	h	–	40
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Fig.	3.	Variation	of	structural	compliance	with	the	number		

of	substructures,	m

5. 1. 2. Influence analysis of radius ratio
In this subsection, m = 20 and R3 = 500 mm are fixed, the 

ratio of outer to inner radius μ = R2/R1 = 1.5, 2, 2.5, 3, 4, and 5 
is studied and compared. In order to compare the structural 
stiffness performance with different material contents, the 
unit mass stiffness defined by δ = 1/CM is used as the evalu-
ation index of structural efficiency, where C and M represent 
the structure compliance and mass, respectively. The opti-
mized topologies for the different radius ratios μ are shown 
in Fig. 4. The unit mass stiffness δ of the optimized topology 
with various radius ratios μ is given in Fig. 5.

 
 

 

 
 

 

                     a                          b                          c

                     d                          e                          f

Fig.	4.	Optimized	topologies	for	the	various	radius	ratio	μ:	
a	–	1.5;	b	–	2;	c	–	2.5;	d	–	3;	e	–	4;	f	–	5
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Fig.	5.	Variation	of	unit	mass	stiffness	against		

the	radius	ratio	μ

It can be seen from Fig. 4 that all optimized topologies 
have legible shapes and the value of μ affects the configu-
rations of the ribs. As μ increases, the structural efficiency  
of the optimized topology decreases accordingly, as shown 
in Fig. 5.

5. 1. 3. Multiple-load-case design
In this subsection, the topology optimization design 

of the ring structure under multiple-load-case is studied. 
Two normal forces F1 = 500 N and F3 = 500 N, and two tan-
gential forces F2 = 500 N and F4 = 500 N are applied on the 
outer contour, as shown in Fig. 6, a. The fixed constraint 
acts on the inner hole. Other parameters are defined as:  
R1 = 340 mm, R2 = 500 mm, t = 5, m = 20. The optimal topology 
is shown in Fig. 6, b.

F3

R1

R2 t

F1

F2

F4

                          a                                                 b

Fig.	6.	Multiple-load-case	design:		
a	–	geometry	and	loading	conditions;	b	–	optimal	topology

It can be observed that the obtained optimal topology 
has a clear pattern including an outer skin and ribs, and the 
topological shape highly depends on the loading case.

5. 2. Conceptual design of robotic filament winding 
system and planning of manufacturing process

For simplicity, the topology configuration of the sub-
structure number m = 24 (Fig. 2, d) is taken as an example; 
the conceptual design of the robotic filament winding system 
and planning of the manufacturing process is developed in  
this section. The impregnated carbon fiber material is selec ted 
to produce the composite lattice ring structure. The thick-
ness of each layer of fiber band is assumed to be 0.135 mm.  
The thickness and width of the ribs are 10 mm and 5 mm, 
respectively. To manufacture the composite lattice ring struc-
ture, 74 layers of 5 mm wide fiber band are necessary.
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5. 2. 1. Conceptual design of robotic filament winding 
system

In order to ensure the flexibility of the robot, reduce the 
collision probability between the fiber placement tooling and 
the integrated deposition system, and improve the control 
accuracy and repeatability of the process parameters, the 
design of the robotic filament winding system should con-
sider these compactness, structural lightness, stiffness, and 
functionality principles. As shown in Fig. 7, the robotic fila-
ment winding equipment is mainly composed of five systems: 
integrated deposition system, fiber placement tooling, robot, 
servo motor and support bracket.

 Integrated deposition system

Robot

Fiber placement 
tooling

Support bracket

Servo motor

 
Fig.	7.	Conceptual	design	of	the	robotic	filament		

winding	equipment

The integrated deposition system is equipped at the ro-
bot end-effector. In order to reduce programming effort and 
improve fiber throughput, the fiber placement tooling can 
be rotated around the center, and the servo motor is used to 
provide rotating power and control the amount of rotation 
accurately by programming. The support bracket is used to 
support the fiber placement tooling and servo motor.

5. 2. 2. Conceptual design of fiber placement tooling
The design of fiber placement tooling is one of the critical 

problems for manufacturing composite lattice ring structures. 
In particular, the mold structure needs to be carefully defined 
to ensure that the cured composite parts can be easily extrac-
ted from the mold at the end of the forming process. As shown 
in Fig. 8, the fiber placement tooling for the composite lattice 
ring structures can be subdivided into three main elements: 

1) Mold, which determines the geometry shape of the final 
product. Fig. 9 shows the schematic of fiber placement inside 
the rib groove. The thickness and width of the grooves are the 
same as the ribs. The mold is dismountable and composed of 
many mold parts. For the convenience of the operator to take 
out the cured composite part, the outer ring and inner ring con-
sist of two half rings mold parts, respectively, and all mold parts 
can be fixed with the baseplate by bolts. The silicone rubber is 
selected as the material of the mold due to its low cost and sim-
plicity of manufacture. Moreover, due to the high coefficient of 
thermal expansion of silicone rubber, it provides the rib with 
good lateral compaction during the curing process of composite 
parts. In order to manufacture silicone mold by using the cast-
ing technique, a 3D printed master model will be developed.

2) Attachment frame, which is the transition connector 
bet ween fuselage and composite lattice ring structure. Its func-
tion is to ensure the smoothness of the contact surface and the 
reliability of the connection, and aid the ring structure to sup-
port axial loads. The cross section of the attachment is L-shaped. 

Stainless steel is selected as the material of the attachment 
frame, and the roll bending process will be used to manufacture 
the attachment frame mainly because of the low cost.

3) Baseplate, which supports and drives the mold to rotate 
around the center. The baseplate will be made of stainless steel. 

BaseplateMold part

Attachment 
frame

Fig.	8.	Conceptual	design	of	fiber	displacement	tooling

Mold

Fiber bandBaseplate

5mm

10
 m

m

 
Fig.	9.	Schematic	of	fiber	placement	inside	the	rib	groove

5. 2. 3. Integrated deposition system
The function of the integrated deposition system is to 

perform the winding trajectory. In order to guarantee the 
high flexibility of the robot and controllability of winding 
tension, an innovative integrated deposition system is adop-
ted in this paper [17], as shown in Fig. 10. 

Main frameFiber tensioner

Fiber 
guide system

Fiber 
deposition tool

Mounting flange

Fiber spool

Tightening 
handle

Spool 
shift system

 

Fig.	10.	The	structure	of	the	integrated	deposition	system

The system is a modular structure, which consists of 
some critical subsystems: main frame, spool shift system, fiber 
tensioner system, fiber guide system, fiber spool, mounting 
flange and fiber deposition tool. The main frame is a structure 
to assemble other subsystems together. The fiber tensioner 
and tightening handle can set the wanted value of the force 
squeezing the fiber on the winding mold during winding. 
The fiber guide system is a component that controls the di-
rection of the fiber from the spool to the deposition system. 
The mounting flange is used to realize the connection with 
the robot end-effector. The fiber deposition tool is used to fill 
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the impregnated fibers into the rib grooves. The fiber spool 
can be extracted and replaced by unscrewing the tightening 
handle. Due to the requirements of lightweight design, the 
anticorodal aluminum alloy is chosen to build the structure.

5. 2. 4. Design of winding trajectory
In order to guarantee the forming accuracy of composite 

parts, three basic rules need to be considered in the designing of 
winding trajectory: the winding trajectory is continuous; each 
rib groove must not be crossed more than once for each layer; 
ensure that the fiber is evenly covered with the rib grooves of 
the winding mold. The scheme of the winding trajectories for 
the composite lattice ring structure is shown in Fig. 11, and the 
complete fiber winding steps for one layer are given in Table 1. 
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Fig.	11.	The	scheme	of	the	winding	trajectories

Table	1

The	complete	fiber	winding	steps	for	one	layer

Step Trajec-
tory Step Trajec-

tory Step Trajec-
tory Step Trajec-

tory Step Trajec-
tory

1 1–2 21 21–22 41 17–60 61 50–51 81 41–10

2 2–30 22 22–70 42 60–61 62 51–15 82 10–11
3 30–31 23 70–71 43 61–20 63 15–16 83 11–48
4 31–5 24 71–1 44 20–21 64 16–58 84 48–49
5 5–6 25 1–28 45 21–68 65 58–59 85 49–14
6 6–38 26 28–29 46 68–69 66 59–19 86 14–15
7 38–39 27 29–4 47 69–24 67 19–20 87 15–56
8 39–9 28 4–5 48 24–26 68 20–66 88 56–57
9 9–10 29 5–36 49 26–27 69 66–67 89 57–18

10 10–46 30 36–37 50 27–3 70 67–23 90 18–19
11 46–47 31 37–8 51 3–4 71 23–72 91 19–64
12 47–13 32 8–9 52 4–34 72 72–25 92 64–65
13 13–14 33 9–44 53 34–35 73 25–2 93 65–22
14 14–54 34 44–45 54 35–7 74 2–3 94 22–23
15 54–55 35 45–12 55 7–8 75 3–32 95 23–24
16 55–17 36 12–13 56 8–42 76 32–33 96 24–1
17 17–18 37 13–52 57 42–43 77 33–6 – –
18 18–62 38 52–53 58 43–11 78 6–7 – –
19 62–63 39 53–16 59 11–12 79 7–40 – –
20 63–21 40 16–17 60 12–50 80 40–41 – –

The point «1» is the starting point of filament winding, and 
the winding direction is always oriented toward clockwise.  
The whole operation is cyclical, and it will be repeated as many 
times as the number of layers to be implemented.

5. 2. 5. Planning of manufacturing process 
The manufacturing process consists of the following  

main phases:
1. Installation and debugging of the robotic filament 

winding equipment.
2. Programming of the robot movement according to the 

predefined winding trajectory.
3. The release agent is applied on the surface of the base-

plate and rib grooves for easy removal of the composite parts. 
The adhesive is applied on the surface of the attachment frame 
to make the attachment frame and ribs have strong adhesion 
and reliable connection. Then the impregnated fibers are 
filled in the rib grooves by using the robotic filament wind-
ing equipment. It is worth noting that in order to facilitate 
continuous winding, it becomes unavoidable that no fibers in 
some areas, so the epoxy resin is used to fill these areas.

4. After the filament winding process, the mold with the 
composite part is moved to a separate room where the com-
posite part is cured in an autoclave or at room temperature.

5. After the curing process, disassemble the mold and take 
out the final components. Then the dimensional inspection 
and mechanical processing (where required) are performed. 
Moreover, the defects such as delamination, unsticking, in-
clusion and porosity are checked by nondestructive testing.

The 3D model of the final component of the composite 
lattice ring structure is shown in Fig. 12.

 
Fig.	12.	The	3D	model	of	the	final	component		

of	the	composite	lattice	ring	structure

It can be seen that the final component of the composite 
lattice ring structure consists of two parts: fiber structures 
and attachment frame. They are marked in black and gray 
color, respectively. 

6. Discussion of the results of the study  
of topology optimization and robotic filament winding 

system design

In this paper, the topological optimization methodology 
is applied for the innovative design of composite lattice ring 
structures. The influence analysis of substructure numbers, 
loading cases, and radius ratios on topologic shapes and me-
chanical performance has revealed the following:

– all obtained topologies have clear patterns including an 
outer skin and stiffeners, and the topological shapes highly 
depend on the substructure numbers, radius ratio of the ring 
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and loading cases, as shown in Fig. 2, 4, 6. It can be seen 
from Fig. 3 that the compliance of the topological structures 
increases with the substructure numbers. The reason is that 
with the increase of the number of substructures, the design 
space of substructures decreases, and the influence of perio dic 
constraints on searching for the optimal solution increases; 

– it can be seen from Fig. 5 that the structural efficiency 
of the topological structures decreases with the increase of 
the radius ratio value. The reason is that the stress at the 
fixed position of the inner ring increases with the decreasing 
inner diameter. Furthermore, a large number of materials are 
piled up in the fixed position, resulting in the low efficiency 
of material use. 

According to the principles of structural lightness, com-
pactness, efficiency and functionality, the conceptual design 
of robotic filament winding equipment for manufacturing 
the optimized composite lattice ring structure is developed.  
In particular, the forming tooling, integrated deposition sys-
tem, winding trajectory and manufacturing process are care-
fully defined to verify the manufacturability of the optimized 
topologies.

Compared with the traditional composite structure de-
sign method, such as sizing and shape optimizations, the 
advantage of the proposed method is that the structural form 
with maximum stiffness can be designed according to the 
predetermined geometric constraints and load conditions.

As an innovative methodology, the topological method is 
proposed to design the composite lattice ring structures. The 
first limitation of this work is that the anisotropic behavior of 
composites during topology optimization is not considered, 
for potential further structure weight reduction, which can 
be considered in further research. Moreover, the proposed 
design method and robotic filament winding system are only 
applicable for two-dimensional composite structures, and 
further research is needed for complex three-dimensional 
composite structures.

The disadvantage of the study is that we cannot carry out 
the production and testing of composite lattice ring structure 
specimens due to the lack of sufficient experimental conditions 
at this stage. Hence, experimental investigations and manufac-
turing applications should be carried out in the future.

7. Conclusions

1. Based on the density method and SIMP interpolation 
scheme, the topology optimization model of periodical ring 
structures was established to aim at maximum stiffness. Then 
the optimal filament winding trajectory corresponding to the 
most effective load transfer path in the design space was ob-
tained based on the topological results. Numerical examples 
with different substructure numbers, radius ratios and load-
ing cases were designed to verify the effectiveness of the pro-
posed method. The topological results revealed the optimized 
structures were mainly composed of inner and outer skin, and 
ribs connecting the inner and outer skin. The substructure 
numbers, radius ratio, and loading case greatly influence the 
topological shape and mechanical property. The structural 
stiffness becomes weaker when the total number of substruc-
tures increases, and the structural efficiency decreases with 
the increase of radius ratio. Using topology optimization as  
a design tool, the optimized lattice layout is different from 
that of conventional composite lattice design. This work pro-
vides valuable insights for the more efficient use of composite 
materials in the novel composite structure design. 

2. In order to manufacture the optimized composite lattice 
ring structures, the concept design of a new robotic filament 
winding system was proposed. The forming tooling, integra-
ted deposition system, winding trajectory and manufacturing 
process were carefully designed, so as to provide valuable 
references for practical production in the future. Because the 
system is a modular structure, it can realize the manufactur-
ing of different composite parts with complex shapes only by 
replacing the fiber placement tooling. Moreover, the system 
combines the fiber winding technology with the industrial 
robotic equipment, which improves the development prospect 
and automation degree of the traditional winding technology.
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