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Abstract: It is the goal that the aerospace industry has been continuously pursuing to meet the lightweight design with 

excellent mechanical properties. A structure-material integrated design framework is proposed to enhance the load-bearing rate 

of a spacecraft rib significantly, based on the optimization design theory. The structure-material integrated design framework is 

realized in two steps by commercial software Altair Solidthinking Inspire. The first step is that topology optimization is 

performed to a spacecraft rib at the macroscopic scale, with the minimum mass and the constraints of the additive manufacturing 

process and stress; while the second step is to optimally infill the lattice structure at the microscopic scale by minimizing the 

mass and constraining the additive manufacturing process and stress. Representative samples for the optimal rib structure are 

then fabricated by the additive manufacturing technique, and the tensile test is finally carried out to obtained the load-bearing rate 

for the different samples. The results show that the spacecraft rib's load-bearing rate is increased by 122.73% by the proposed 

structure-material integrated design framework compared to the traditional one; moreover, it is significantly more efficient than 

the direct topology optimization and lattice optimization design. The structure-material integrated design framework shown in 

this study can provide an efficient way to aerospace structures with lightweight and superior mechanical properties. 

Keywords: Spacecraft Rib, Structure-Material Integrated Design Framework, Load-Bearing Rate, Topology Optimization, 

Lattice Optimization Design 

 

1. Introduction 

Since aerospace equipment's weight is directly related to 

energy consumption and endurance, the lightweight design 

has always been an eternal pursuit. Besides, the operating 

environment of aerospace equipment is often very harsh, so 

the high mechanical properties of key structures are also the 

pursuit goals of this field to meet its high-reliability service 

requirements. Among them, the ratio of the bearing capacity 

to its quality, namely the load-bearing rate, is one of the 

critical evaluation indicators and is also the focus of this 

work. 

Continuum topology optimization method provides an 

effective means for designing aerospace equipment structures 

with high load-bearing ratio [1]. Topology optimization 

refers to the process of achieving the best structural 

performance by reducing or adding materials under specific 

boundary conditions and loads and meeting specified 

constraints. This method has developed rapidly in the past 

thirty years, and forms such as the homogenization method 

[2], the solid isotropic material with penalization (SIMP) 

method [3], the evolutionary structural optimization (ESO) 

method [4, 5], level set methods [6], bubble method [7], 

moving morphable component method [8]. In addition, 

taking the rapid development of additive manufacturing as an 

opportunity, topology optimization has gradually played a 

vital role in the aerospace field in recent years. For example, 

the Su-57 recently launched a topology optimization design 

program, whose properties in terms of thrust-to-weight ratio, 

manoeuvrability, and super patrol, have been greatly 

improved [9]. Besides, the porous material structure 

represented by the lattice structure has excellent properties 

such as high specific modulus, high specific stiffness, 

adequate energy absorption capacity, good heat dissipation 

ability, etc. [10-15]. Comprehensively considering the 

characteristics of the aforementioned topology optimization 

technology and the porous material structures, the 

structure-material integrated design method is given birth to 

[16-19]. The method has dramatically exerted the potential of 
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materials and has excellent application prospects in 

aerospace lightweight structure design. 

On the macro scale, Remouchamps et al. [20] proposed a 

two-layer optimization scheme that combines topology 

optimization and geometric optimization and applied it to 

aircraft hangers' lightweight design. Wong et al. [21] 

optimized the design of aircraft landing gear components 

based on considering the dynamic load. Felix et al. [22] 

proposed a topology optimization method considering the 

weight of the structure and applied it to design the wing's 

internal structure. In terms of the structure-material integrated 

design, Liu et al. [23] designed an aircraft spoiler infilled by 

3D Kagome lattice sandwich structure with high specific 

stiffness. Wu et al. [24] proposed a novel method to optimize 

the outer shell and the inner filling porous simultaneously. Yu 

et al. [25] conducted a topology optimization design for a 

structure with a shell on the outer layer and a filled lattice, 

which effectively alleviated the stress concentration 

phenomenon. Qiu et al. [26] proposed a structure-material 

integrated design approach in the ESO framework. However, 

most of the existing researches are limited to the pursuit of 

structural rigidity maximization under volume constraints, and 

there are few researches on engineering issues such as additive 

manufacturing processes and maximum structural tensile 

strength ratio under stress constraints. 

The study aims to use optimization methods to improve its 

load-bearing rate of a specific spacecraft rib. The spacecraft 

ribs are in a stretched state under regular operation, so the 

optimization goal is the tensile strength ratio. Based on 

optimization design theory, the commercial software Altair 

Solidthinking Inspire is used, and the structure-material 

integrated design is realized in two steps. The first step is to 

use the additive manufacturing process and stress as 

constraints to conduct the minimum mass topology 

optimization design of the spacecraft rib; the second step is to 

carry out the lattice structure optimization by pursuing the 

minimum mass, and with the additive manufacturing process 

and stress as the constraints. Finally, the optimal rib structure 

samples are fabricated by 3D printing, and the tensile tests 

are conducted to quantify the load-bearing rate of the 

optimized spacecraft rib. The paper is organized as follows. 

After the introduction, Section 2 describes the 

structure-material integrated design theory. Section 3 shows 

the design of the spacecraft rib. Experimental studies are 

performed in Section 4. The manuscript is closed with 

conclusions in Section 5. 

2. The Structure-Material Integrated 

Design Theory 

2.1. Topology Optimization of the Stress-Constrained Mass 

Minimum 

The variable density method represented by the SIMP 

method is currently the most used and most mature topology 

optimization method [3]. The design domain is divided into 

elements, and the design variable is the density of each 

element. Based on SIMP model, Young's modulus can be 

expressed as, 
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where V is the total volume of the structure; )( ixV
 
is the 

volume of the i-th element; N is the total number of elements; 

σ (xi) is the stress at the center of the i-th element; ][σ
 
is the 

allowable stress; K is the global stiffness matrix; U is the 

global Displacement array; F is the load array; xmin is the 

minimum relative density, and its value is slightly greater than 

0 to avoid the singularity of the stiffness matrix. 

For solving (2), the finite element (FE) method is used to 

calculate the objective function and sensitivity information at 

each iteration. The optimization criterion method or the 

method of moving asymptotes [27-30], combined with the 

sensitivity information to update the design variables until the 

convergence condition is met. Through the topological 

optimization design of the minimum mass under stress 

constraints, the material in the non-critical areas of the 

spacecraft rib can be reduced, and its load-bearing rate can be 

improved to a certain extent. 

2.2. Lattice Optimization of the Stress-Constrained Mass 

Minimum 

The lattice structure is employed to infill the design area, 

and the cross-sectional area of the bars in the lattice structure 

is used as the design variable to obtain the optimal structure 

driven by mechanical properties. Lattice optimization of 

stress-constrained mass minimum problem can be defined as, 
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where iA
 
is the cross-sectional area of the i-th bar; l  is the 
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length of the bar; Nl is the total number of bars; iσ
 
is the axial 

stress of the i-th bar cross-section; lσ][
 
is the allowable stress 

of the bar; LA
 
and UA  are the minimum and the maximum 

value of the cross-sectional area of the bar, respectively. 

In lattice optimization, the design area is first infilled with 

lattice structures, and the responses of the objective and 

constraints are calculated using the FE method. The sensitivity 

analysis is conducted to update the bar design variables until 

the convergence conditions are satisfied. Through the lattice 

optimization, the non-critical area materials of the optimized 

structure obtained from the macro-scale topology 

optimization are replaced with the lattice structures, further 

significantly improving the load-bearing rate. 

3. Structure-Material Integrated Design 

of a Spacecraft Rib 

Altair Solidthinking Inspire software is employed to 

optimize a spacecraft rib based on the aforementioned 

optimization design theory. The optimization flowchart is 

shown in Figure 1. 

 

Figure 1. Optimization flow chart. 

3.1. Design Problem 

The thickness of the main body and both ends of a 

spacecraft ribs are 6mm and 2mm, respectively. The other 

geometric parameters are shown in Figure 2(a), and the unit is 

mm. The upper part and the lower part are respectively 

provided with 4 and 3 through holes to connect with the 

fixture through pins. The upper and lower fixtures are 

subjected to loads in opposite directions and equal in 

magnitude, as shown in Figure 2(b). Due to the precision limit 

of the 3D printer, the additive manufacturing constraint that 

neither the wall thickness nor the bar diameter is less than 

0.5mm must be met during the optimization design process. 

The optimized structure sample was manufactured by a 

light-curing 3D printer using photosensitive resin, and 

Young's modulus, Poisson's ratio, density and tensile strength 

of the material were 1.1 GPa, 0.4, 1.18 g/cm³ and 23 MPa, 

respectively. 

3.2. Macro-scale Topology Optimization Design 

Considering the additive manufacturing process and 

installation and assembly requirements with the minimum 

wall thickness of the structure not less than 0.5mm, the initial 

design domain is divided into two parts, i.e. design domain 

and non-design domain, shown in Figure 3(a). Metal materials 

are used for fixtures and pins, and Young's modulus, Poisson's 

ratio, density and yield stress are 195GPa, 0.29, 8g/cm³ and 

215MPa, respectively; the aforementioned photosensitive 

resin materials are used for the spacecraft rib. To enhance the 

connectivity of the optimized structure at the non-stretched 

end, fixed constraints are added to the contact surface between 

the two ends of the spacecraft and the middle part, as shown in 

Figure 3(b). The final layout of the spacecraft rib is shown in 

Figure 3(c). Furthermore, the PloyNURBS geometric 

reconstruction is carried out, as depicted in Figure 3(d), 

further applied to the lattice optimization in the succeeding 
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paragraph. 

 

Figure 2. Schematic diagram of a spacecraft rib: (a) geometric parameter; (b) boundary and loading conditions. 

 

Figure 3. Topology optimization design at the macro scale: (a) design domain and non-design domain; (b) boundary and loading conditions; (c) final layout; (d) 

reconstructing the CAD model. 
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3.3. Optimal Design of Micro-scale Lattice Structure 

Set the non-critical area of the final layout obtained by the 

topology optimization as the design domain of lattice 

optimization, as shown in Figure 4(d). Except for the fixed 

constraints imposed by considering the connectivity of the 

non-stretched ends of the structure, the material properties and 

other boundary conditions of the lattice optimization are the 

identical to those at the macro scale, as shown in Figure 4(e). 

The length of the bar is 5mm, and a constraint is posed to 

ensure the bar's diameter is not less than 0.5mm, i.e. between 

0.5mm and 1.5mm. The final layout obtained from the lattice 

optimization shown in Figure 4(f). 

For ease of description, the original spacecraft rib, the final 

layout obtained by topology optimization, and final layout 

obtained by the structure-material integrated design 

framework are called the original structure (OS), topology 

optimized structure (TOS) and topology-lattice (non-critical 

area) optimized structure (TLNOS), respectively. In addition, 

based on the topology optimization design, two other 

structures are produced, namely, lattice optimization of the 

overall structure and direct infilling the non-critical areas with 

lattice structures. They are called topology-lattice optimized 

structure (TLOS) and topology-lattice (non-critical area) 

infilling structure (TLNIS), respectively, which will be 

comparatively studied in experimental studies. 

 

Figure 4. Lattice optimization design at micro scale: (a) design domain and non-design domain of topology optimization; (b) boundary conditions and loading of 

topology optimization; (c) final layout from topology optimization; (d) design domain and non-design domain of lattice optimization; (e) boundary conditions 

and loading of lattice optimization; (f) final layout from lattice optimization. 

4. Experimental Study 

Utilizing a light-curing 3D printer (Formlabs Form2) and 

an electronic tensile testing machine (MTSCMT4103), the 

above five structural samples were fabricated by an 

additive manufacturing method. The tensile 

force-displacement response curve is obtained through the 

tensile test to determine the maximum load, F, of each 

structure, further obtaining the load-bearing rate, R=F/m, 

where m is the structural mass. The tensile test setup is 

shown in Figure 5(f), where samples for the five structures 

are depicted in Figure 5(a)~(e). Three sets of tests are 

performed on each structure, and the force-displacement 

curve obtained is shown in Figure 6. The mass of each 

structure and the corresponding load-bearing rate are 

shown in Table 1. In order to achieve a more intuitive 

comparison effect, Figure 7 also gives the load-bearing rate 

histogram. 

It can be seen from Table 1 and Figure 7 that the average 

loading-bearing rates of the five structures are 33.30N/g, 

60.93N/g, 74.17N/g, 35.89N/g and 71.34N/g, respectively. 

Compared with the OS, the load-bearing rate of TOS is 

increased by 82.97%; compared to the TOS, the load-bearing 

rate of TLNOS is enlarged by 21.73%. Therefore, the 

proposed structure-material integrated design framework 

enhances the spacecraft rib's load-bearing rate by 122.73%. It 

shows that both the topology optimization and lattice 

optimization can improve the spacecraft rib's load-bearing rate 

to a certain extent, and the proposed design framework has a 

significantly better effect. Besides, compared to OS, the 

load-bearing rate of TLOS has been increased by 7.78%, 

while the load-bearing rate of the TLNIS has increased by 

114.23%, which is less than 122.73%, indicating that it can 

improve the load-bearing ratio of the ribs but has a relatively 

weak effect than the proposed design framework, and the 

lattice optimization of the whole structure directly cannot 

improve the tensile strength ratio. In the existing research, the 

lattice structure is mainly to improve the buckling strength 

ratio of the structure [31], which further illustrates the 

importance of proposing a structure-material integrated design 

framework that can increase the tensile strength ratio of the 

spacecraft rib. 
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Figure 5. (a~e) Representative samples for the optimal rib structure: (a) OS; (b) TOS; (c) TLNOS; (d) TLOS; (e) TLNIS; and (f) tensile test setup. 

 

Figure 6. Force-displacement curve of tensile tests: (a) OS; (b) TOS; (c) TLNOS; (d) TLOS; (e) TLNIS. 
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Table 1. Tensile test results of different samples. 

OS Group 1 Group 2 Group 3 

Mass (m/g) 34.91 34.73 34.86 

Maximum load (F/N) 1129 1152 1199 

Load-bearing rate (R / (N/g)) 32.34 33.17 34.39 

Average loading-bearing rate (Ra (N/g)) 33.3 

TOS Group 1 Group 2 Group 3 

Mass (m/g) 19.18 19.15 19.06 

Maximum load (F/N) 1171 1165 1161 

Load-bearing rate (R / (N/g)) 61.05 60.84 60.91 

Average loading-bearing rate (Ra (N/g)) 60.93 

TLNOS Group 1 Group 2 Group 3 

Mass (m/g) 14.32 14.89 14.79 

Maximum load (F/N) 1072 1097 1094 

Load-bearing rate (R / (N/g)) 74.86 73.67 73.97 

Average loading-bearing rate (Ra (N/g)) 74.17 

TLOS Group 1 Group 2 Group 3 

Mass (m/g) 10.69 10.5 11.45 

Maximum load (F/N) 386 391 393 

Load-bearing rate (R / (N/g)) 36.11 37.24 34.32 

Average loading-bearing rate (Ra (N/g)) 35.89 

TLNIS Group 1 Group 2 Group 3 

Mass (m/g) 14.93 15 15.06 

Maximum load (F/N) 1058 1027 1125 

Load-bearing rate (R / (N/g)) 70.86 68.47 74.7 

Average loading-bearing rate (Ra (N/g)) 71.34 

 

 

Figure 7. Bar chart of load-bearing capacity. 1: OS; 2: TOS; 3: TLNOS; 4: 

TLOS; 5: TLNIS. 

5. Conclusions 

To improve the load-bearing rate of the spacecraft rib, a 

structure-material integrated design framework has been 

proposed. The framework is based on the structure-material 

integrated design theory and is achieved using the 

commercial software Altair Solidthinking Inspire. Five 

types of optimized structures are fabricated by 3D printing 

and followed the tensile tests to obtained the 

loading-bearing rate. Results show that the 

structure-material integrated design framework can 

enhance the spacecraft rib's load-bearing rate by 122.73%. 

TOS and TLNOS can increase the load-bearing rate by 

82.97% and 21.73%, respectively, compared with OS; 

while TLOS and TLNIS have increased the load-bearing 

rate by 7.78% and 114.23% respectively. These four 

structures are all less than 122.73%, demonstrating the 

structure-material integrated design framework's 

effectiveness when designing the spacecraft rib. However, 

considering the aircraft's actual service situation, when 

designing the spacecraft rib, it is necessary to consider 

further the constraints of fatigue, aerodynamic load, and 

uncertainty [32-34] in the future study. 
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