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Abstract： 

Carbon fiber reinforced composite is considered as a potential substitutes in the lightweight of 

automotive engineering. Nevertheless, the high price and complicated manufacturing process remain 

challenges for the large-scale application of conventional carbon fibers. In this study, a novel plane 

isotropic composite reinforced by long carbon fiber non-woven is introduced, and a multi-scale 

optimization method is proposed to realize the performance optimization and lightweight design of 

composite components. The linear elastic properties of long carbon fiber non-woven composite 

(LCFNC) were studied experimentally and analytically. The predictions of homogenization theory 

were similar to the experimental results within an interval of volume fraction. Then the relationship 

between microstructure and material performance was evaluated. The results showed that there is a 

critical point for the influence of aspect ratio to the material properties. The thickness of LCFNC at 

macro scales and the fiber parameters at micro scales were simultaneously optimized by 

Non-dominated sorting genetic algorithm-II (NSGA- II) to enforce multi-objective optimization 

design. Finally, the lightweight design of automobile hood was performed by the LCFNC and the 

proposed method. The results showed that the weight of automobile hood was reduced by 37%, 

while exhibiting better stiffness and strength performance compared with the conventional steel. 
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1. Introduction 

The demand for lightweight of vehicle is increasing due to the enactment of more stringent 

regulations of environmental pollution. In addition, the weight reduction of vehicle reduces running 

costs and fuel consumption, which can also satisfy the demand of fuel-efficient vehicle for 

consumers. The lightweight design of vehicle can be achieved by the extensively usage of vehicle 

structural optimization nowadays, and the move would be towards using more alternative materials, 

such as plastics and aluminum to help in weight reduction.  

The use of lightweight materials is one of the most direct and effective means of achieving 

lightweight [1]. Compared with the metallic materials, the lightness and high specific strength of 

carbon fiber composite provides great opportunity to enhance structural performance and reduce the 

weight of automobile parts.[2-4]. Many automotive companies and carbon fiber producers have 

developed the carbon fiber composites to automotive parts, which enables vehicle body-weight 

reductions of an about 35-65 percent compared to competing materials. In 2015, BMW launched the 

7 series of all-carbon body, which greatly reduced the weight of the body while improving the 

torsional stiffness of the cab. The i8 model also adopted a large number of high-strength and 

light-weight carbon fiber composites, making the weight of the vehicle less than 1.5 tons. In 2016, 

the roadster developed by KDX-Roding European R&D Center used a carbon fiber composite body, 

which is lighter in weight and better in performance than traditional cars. However, due to its high 

cost and complicated process, carbon fiber composites are currently only employed in high-end cars 

and racing cars, and it is difficult to develop them on a large scale [5, 6]. Relatively speaking, the raw 

yarn of long carbon fiber non-woven can be extracted from the asphalt base, making the cost of it 

much cheaper than traditional carbon fibers. Besides, the rapid manufacturing of long carbon fiber 
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non-woven is realizable, but its mechanical properties are relatively poor. The long carbon fiber 

non-woven provides a good balance between structural performance and cost. It is an ideal 

alternative for lightweight design of automotive parts with low performance requirements. Therefore, 

it is very meaningful and necessary to study the properties and applications of these novel plane 

isotropic composites.  

Many scholars have systematically studied the mechanical properties of discontinuous fiber 

reinforced composite through theoretical, experimental and numerical simulation methods[7, 8]. The 

mean field inclusion method[9, 10] or the micromechanical method [11, 12] was adopted to predict 

the elastic modulus of discontinuous fiber reinforced composites. Hashimoto et al. [13] accurately 

predicted the tensile strength of discontinuous fiber reinforced composites by using multi-scale finite 

element method. Hartl et al.[14] studied the orientation dependence of tensile and compressive 

properties of short glass fiber reinforced polypropylene. Based on integrating up the orientation 

distribution function, Giordano[15] analyzed the effect of orientation on the elastic properties of 

composites by using Mori-Tanaka method. Berkache et al. [16-18] studied the mechanical properties 

of plane isotropic materials. In the present analytical models, the Mori-Tanaka (MT) mean field 

method and Eshelby's equivalent inclusion method have great utility to predict the mechanical 

properties of composites [19]. So far, researchers have conducted several studies on the properties 

prediction of fiber reinforced composite, but most of them focused on injection short fibers and 

woven composites, and there are very limited reports available on LCFNC. Moreover, the accuracy of 

model may be biased due to the different microstructures but few articles discuss the scope of the 

model.  

On the other hand, structural optimization design is another method to achieve mass reduction of 
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vehicle and has become very popular research topic among some scholars. Kc et al. [20] used taguchi 

method to optimize the molding parameters of fiber reinforced composites in order to reduce 

warping. Ghiasi et al. [21, 22] studied the optimization of lamination sequence of composites from 

the perspective of variable stiffness design and constant stiffness design. Blasques and Stolpe [23] 

achieved maximum stiffness and lightweight design by optimizing the angle and thickness of 

continuous fibers. Huang et al. [24] optimized the microstructure of the composite to maximize the 

stiffness of the output macrostructure. Belingardi et al. [25] found the best geometric parameters of 

the structure while meeting the design requirements. Based on the method of mathematical 

programming, Bruyneel [26] realized the optimization design of composite structures with thickness 

and direction as design variables. However, the above-mentioned optimization design of carbon fiber 

reinforced composites was mostly carried out unilaterally. The potential of mechanical properties and 

lightweight of materials and structures have not been fully exploited. How to fully consider the 

interaction between macro-structure design and micro-fiber parameters and establish a systematic 

two-scale concurrent optimization design model is still insufficient. 

In this study, a novel plane isotropic composite was introduced, which makes it possible for 

carbon fiber to be widely employed in automotive parts with low strength requirements. In view of 

the shortcomings of the current research on LCFNC, the tensile properties of non-woven fabrics were 

predicted based on the homogenization theory and compared with the experimental results. In 

addition, the effects of key micro-parameters on properties of LCFNC were studied in detail and the 

scope of high-precision models was discussed. Then, on the basis of this novel plane isotropic 

composite, the coupling of macro-structure and micro-parameters was fully considered to realize the 

lightweight design of automotive hood. The finite element results showed that the hood met the basic 
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performance requirements, while the hood mass was reduced by 37% compared to conventional steel. 

The current work provides technical guidance for LCFNC application in industry, and is of great 

significance for the process of promoting lightweight design. 

2. Characteristics of long carbon fiber nonwoven  

Due to the lightness and high specific strength, carbon fiber composites have obtained more 

focus in industry and academia. However, the high prices of these materials are serious obstacles to 

the large-scale application in manufacturing and the sophisticate fabrication processes and long 

production cycles (Fig.1) pose a huge challenge to mass production of traditional carbon fiber 

composites. In general, long carbon fiber non-woven has the advantages of simple process and 

preparation efficiency. As shown in Fig.1, the pitch-based are directly netted while being spun into 

fibers, and then carbonized or graphitized to form long carbon fiber non-woven fabrics after 

pre-oxidation. In addition, asphalt-based raw materials greatly reduce the cost of long carbon fiber 

nonwovens. The low cost and rapid manufacturing of long carbon fiber non-woven make it an ideal 

alternative to mass production of automotive parts[27]. 

 

Fig. 1. Comparison of woven carbon fiber and non-woven molding process 

Another characteristic of the long carbon fiber non-woven can be seen from the electron 
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micrograph of Fig. 2. An electron micrograph of carbon fiber at 500um magnification is shown in 

Fig. 2 (a) and fibers with a certain curvature but approximately straight state are observed. In the 

appropriate volume fraction range, it can be seen from Fig. 2 (b) - (d) that different fibers are 

randomly crossed, and the overall distribution is disordered and uniform. This random fiber 

distribution in a two-dimensional plane results in a similar tensile strength of the LCFNC in all 

directions of the plane, which can be considered as a good in-plane isotropic composite. Besides, the 

fiber length of long carbon fiber non-woven is much longer than that of staple fibers, generally 

distributed in the 3-5cm range. 

- 
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Fig. 2. Electron micrograph of different magnification of long carbon fiber non-woven  

2.1Experiment and Analysis 

In order to quantitatively verify the plane isotropy of LCFNC, the tensile samples with different 

orientations of 0
o
, 30

o
, 60

o
, 90

o
 (Fig. 3(a)) and different volume fractions were selected for tensile 

tests. 



7 
 

  

(a) (b) 

Fig. 3. Tensile specimens in different directions (a) schematic diagram; (b) experimental sample 

Tensile test refers to the experimental method of measuring the material performance parameters 

under the axial tensile force. In this work, the tensile tests of LCFNC were conducted using an 

INSTRON-3382 electronic universal testing machine (Fig. 4(a)). The LCFNC specimens are 4 mm in 

thickness and 180 mm in length, and the specific size in details is shown in Fig. 4(c). The tensile 

modulus was measured by an extensometer (Fig. 4(b)) and the maximum stress in the test is 

considered as the tensile strength. The loading rate is set at 10 mm / min. For tensile test of LCFNC 

with different volume fraction, each test shall not be less than 5 groups of effective data, and the 

average values of mechanical properties shall be taken as the final test result. Tensile fracture was cut 

off for gold spray treatment, and the micro morphology of the fracture was observed by scanning 

electron microscope for subsequent analysis. 
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Fig.4.The uniaxial tensile test (a), the position of extensometer(b) and sample (c) 

The tensile tests of composite samples with volume fraction of 0.2 and 0.3 were carried out, and 

the test results in different directions are shown in Figure 5 (a). The tensile strength of LCFNC in 

different directions is almost identical, which indicates that the material has a very good plane 

isotropic characteristic. It is worth noting that this isotropic material performance can only be shown 

when the volume fraction of the composite is appropriate. When the fiber content is lower or higher, 

the matrix-rich region or the fiber-dense region is prone to occur, resulting in a large difference in 

tensile strength, unstable mechanical properties, and anisotropic characteristics. Similarly, for 

composites with volume fractions of 0.1 and 0.5, tensile specimens from different angles were 

selected for testing and the results were obtained as shown in Fig.5 (b). The tensile strength is 

random at different angles resulting in large performance deviation and tends to be anisotropic.  
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(a) (b) 

Fig. 5. Comparison of tensile strength of samples with different volume fractions in 0o, 30o, 60o, 90o directions 

The fracture section of the LCFNC with different volume fractions are shown in Fig. 6. In Fig.6 

(a)–(d), the fibers are sufficiently impregnated and the resin and fiber are better bonded. However, 

with the further increase of fiber content, fiber bundles begin to agglomerate, which makes it difficult 

for the resin to infiltrate. The electron microscopy (Fig.6 (e)-(f)) shows that the fiber and matrix are 

poorly bonded and the presence of local voids will lead to instability of composite properties. 

Based on experiment, it can be concluded that the properties of materials in different directions are si

milar and composite reinforced by LCFNC has shown a very good plane isotropy when the volume 

fraction is in the range of 0.2-0.4. 
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Fig. 6. Fracture surface of tensile specimens with different volume fractions and magnifications  

(a-b) 30% volume fractions, (c-d) 40% volume fractions, (e-f) 50% volume fractions 

According to the above analysis, composites molded by LCFNC show superior advantages in 

cost and process fabrication, compared with those molded by the traditional carbon fibers. LCFNC 

provides a good compromise between performance and cost, which is an ideal substitute for 

lightweight design of automotive parts. The transverse isotropy of long carbon fiber nonwoven fabric 

makes material have good mechanical properties in all directions of the plane, which enables the 

material to withstand complicated external force. In order to better realize the application and design 

of LCFNC, it is necessary to study and accurately express its performance. 

3. Simulations  

3.1 Homogenization theory 

Homogenization is a procedure for calculating the elastic-plastic response of inhomogeneous 

materials by averaging the local field. Homogenization method is an effective method for analyzing 
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the mechanical properties of fiber reinforced composites. It can predict the macro and micro 

mechanical properties of composites and guarantee an acceptable accuracy. The representative 

volume element (RVE), which is smaller than the structural size, but large enough to represent the 

microstructure [28] are firstly employed to describe the mechanical properties of LCFNC. By means 

of mean field homogenization (MFH) satisfying Hill-Mandel condition, the macroscopic 

performance parameters of RVE can be obtained by calculating the volume average of corresponding 

micro-quantities[29]. Different MFH methods will give different approximate descriptions of 

microscopic behavior. In this study, the Voigt and the Mori-Tanaka models[30], which are commonly 

used for discontinuous randomly oriented fiber-reinforced composites, are adopted to analyze the 

properties of materials. 

In the modelling of a RVE   with two-phase composite materials, which consists of the matrix 

0x  (phase 0) with the volume fraction of 0v  and the inclusions 1x  (phase 1) having a volume 

fraction of 1v ,the relationship between the average value of the RVE, the matrix phase, and the fiber 

phase can be expressed as follows by the rule of homogenization method. 

 0 0 1 1 1 0 1 11f v f v f v f v f                (1) 

where f represents micro-stress/strain field on RVE, subscript ‘0’ and ‘1’ are the matrix and 

inclusion property, respectively; 

Under the boundary condition of linear displacement, the relationship between macro strain and 

the average strain of per phase can be expressed by strain concentration tensor T [31]. 
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where I designates the 4
th

 order symmetric identity tensor. For different homogenization models, 
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tensor T has a different description, but the equivalent stiffness matrix of the composite material can 

always be written as: 

   
1

1 1 1 0 1 1: 1 : 1v v v v


            C C T C T I  (3) 

where 1
C is uniform stiffness of inclusion and 0C is uniform stiffness of matrix. 

The Mori-Tanaka model [31] relates the strain of inclusions to the uniform strain of the far field 

action [32]; 

0 1 1( ) ( , , ) :   x x    H I C C  (4) 


H is the fiber strain tensor can be expressed as, 

1 1

0 1 0 1( , , ) { :[ : ]}    H I C C I S C C I  (5) 

where S represents Eshelby’s tensor. For the M–T model [10, 19] the tensor T is equal to the 

fiber strain tensor 

0 1( , , )T H I C C  (6) 

Substituting Eqs. (5) and (6) into Eq. (3), the equivalent stiffness matrix C can be obtained. 

In the Voigt model, it is based on the assumptions that the strain of the composite is equal to the 

average strain of the single-phase material [33]  

0 1 0 11 1(1 )v v                        (7) 

Substituting Eq. (7) into Eq.(2), it can find      , and then the effective stiffness tensor of the 

composite can be expressed as 

1 1 1 0(1 )v v    C C C  (8) 

LCFNC consists of a matrix material and carbon fiber filaments. The purpose of MFH is to find 

an equivalent composite whose elastic modulus and the relationship of stress-strain are the same as 

the composite in a certain direction. The mechanical properties of LCFNC can be replaced by this 
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homogeneous material. By establishing a mesoscopic fiber homogenization RVE model, the 

macroscopic mechanical response of the fiber reinforced composite can be effectively predicted.  

3.2 Component properties and micro models 

In this paper, the matrix material which has excellent heat resistance and corrosion resistance is 

composed of vinyl resin and unsaturated epoxy resin. We made the matrix material into a dumbbell 

shape for uniaxial tensile test. Since the tensile strain at break of the matrix material far exceeds the 

composite, the maximum strain of the substrate is set at 4%. Based on the J2-plastic model [34] , the 

experimental results of the stress-strain curve of the matrix were fitted and the model parameters 

were used in the simulation analysis of the composite. 

 
Fig. 7 Comparison of stress-strain curves of matrix materials 

The stress-strain response of the matrix is shown in Fig 7 and the experimental curve fits well 

with the curve calculated based on J2-plastic model. When the stress exceeds the threshold of yield 

stress, the material shows nonlinear behavior. Carbon fiber t700 was used as the inclusion to improve 

the mechanical properties of composites. The performance parameters of carbon fiber and the model 

parameters for fitting stress-strain curves of matrix materials were obtained as shown in Table 1. 
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Table 1 performance parameters for numerical computations 

 Young’s Modulus (GPa) Poission’s ratio Density (g/cm
2
) Length (mm) Elongation (%) 

Inclusion 230 0.31 1.8 30-50 2.0 

 Young’s Modulus (GPa) Poission’s ratio Density (g/cm
2
) Yield stress(MPa) Harding modulus (MPa) 

Matrix 3.34 0.4 1.1 16 54 

Because the compression process of composites causes fiber overflow, the 
fV of LCFNC is 

measured after molding. The actual fV of the composite is determined by measuring the overall V

of the composite and the weight of 
cM  by burning the resin. 

c  is the density of non-woven 

carbon fiber used in the material. The following equation is employed to calculate: 

/c c
f

M
V

V


  (9) 

At the same time, we also determined the aspect ratio of carbon fiber filaments. For carbon fiber 

nonwovens, 500 units were obtained, and the length distribution was statistically calculated. The 

aspect ratio can be obtained by the following simple equation: 

c

l
F

d
  (10) 

where
cF represents the aspect ratio of carbon fiber, l  and d  are the fiber length and diameter, 

respectively. In this study, periodic boundary conditions are used for the RVE analysis, which is 

implemented by a series of constraint equations to connect the nodes on a plane with the 

corresponding nodes on the opposite plane. The displacement field u is described as follows [35]: 

( ) ( )    u x L u x x x V       (11) 

where  denotes the strain field, L is the dimension of RVE. By integrating the node 

displacement distribution, the average displacement of RVE can be obtained. 
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The modelling of periodic RVEs reinforced by the inclusions is conducted to predict the 

effective elastic constants of LCFNC. The properties of the composite are directly related to the 

microscopic parameters. In the process of modeling, the model parameters such as volume fraction, 

fiber orientation and aspect ratio, should be set to fit the real microstructure. Two-layer RVE models 

with different volume fractions and their corresponding inclusions are shown in Fig. 8. The size of 

RVE is L L t  , and its specific size is calculated automatically by the finite element software 

according to the microstructure definition of LCFNC. The portion of the resulting fiber that 

transcends the RVE boundary will be cut and transferred to the respective opposite sides, which is 

prerequisite for the RVEs to apply periodic boundary condition analysis. The orientation of the fibers 

is set to Random 2D, which is randomly oriented in the plane to ensure the plane isotropy of the 

material. In order to show the distribution of fibers clearly, the matrix of RVEs was blurred. The blue 

cylinder represents the first layer of fibers and the second layer of fibers is red, which is uniformly 

distributed as a whole. Uniaxial strain loading is applied to the RVE boundary and the initial strain 

and peak strain are set to 0 and 0.03 respectively. The analysis terminates when the peak value is 

reached. The structural components and data measured in these analyses were adopted for simulation 

based on Mori-Tanaka model and Voigt model. The multi-scale homogenization software Digimat 

was used for calculation in this study.  
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(a) (b) (c) 

Fig.8. RVE model with different volume fractions.  

(a) 20% volume fraction, (b) 25% volume fraction, (c) 30% volume fraction 

3.3 result and comparison 

Similarly, tensile tests were carried out on the composites with the corresponding volume 

fraction to verify the accuracy of the homogenization model. The stress-strain curves obtained from 

the experimental and simulation results are shown in Fig. 9. Two sets of data of LCFNC with volume 

fractions of 20% and 30% were compared. The results indicated that simulated stress-strain curves 

show considerable agreement with those generated from the experiments and both of them show 

good linearity. The main difference is that the simulation curve is generally higher than the 

experimental curve. 

  

(a) (b) 

Fig.9. Stress-strain curves of the experiment and simulation results with different volume fraction: (a) 20%; (b) 30%. 

To further verify the reliability of simulation results based on homogenization method, the 

experimental and simulation results of the in-plane Young's modulus and maximum tensile strength 

before the final rupture occurs were compared, as shown in Fig.10. The simulation results and 

experimental results show a good consistency overall within the range of 0.2 to 0.4 volume fraction. 

There are some deviations that the simulation results are usually slightly higher than the 
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experimental values, but the deviations are within acceptable error range. Besides, the Young's 

modulus and tensile strength increase with the increase of fiber volume fraction, which is typical for 

this novel plane isotropic composite because the performance of carbon fiber is much higher than 

that of the matrix. It is worth noting that when the volume fraction exceeds 0.4, the experimental 

results of tensile strength and Young's modulus begin to decline. However, the results of the 

simulation prediction continue to rise, and the deviation between the simulation and the experimental 

results increases. This anomaly is mainly due to the difficulty of impregnation of fibers at high 

volume fractions, which is easy to form voids. Besides, the fiber is prone to uneven distribution 

under the condition of low volume fraction. These abnormal states make the properties of LCFNC 

tend to be unstable and weakened, making it difficult to predict.  

  

(a) (b) 

Fig.10. Comparison of mechanical properties with different volume fractions between test and simulation,  

(a) Young's modulus, (b)Tensile strength 

Based on numerical simulation and experiment, it can be concluded that the elastic properties of 

LCFNC obtained by the homogenization analysis method can be well matched with the experimental 

results and the model has shown very good accuracy when the volume fraction is between 0.2 and 

0.4. It also indicates the homogenization method is capable to predict the elastic properties of LCFNC. 
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Therefore, it is feasible to apply the elastic parameters of LCFNC predicted from the microscopic 

scale to mesoscale analysis. 

3.4 Microscopic parameters and mechanical properties 

It has been found that the microstructure of composite affects the mechanical properties of 

fiber-reinforced composites [36-38]. In order to better realize the optimal design and application of 

LCFNC, it is necessary to quantitatively analyze the microscopic parameters that affect the elastic 

constant. According to the above analysis, the fiber homogenization of composite with different 

components was carried out, and the influence of fiber aspect ratio and fiber content on the 

mechanical properties of LCFNC was studied in detail based on the simulation results.  

The simulation based on the homogenization model was conducted by using of periodic 

boundary conditions and applying 3% peak strain to the RVE. Within the valid range of the model, 

the influence of fiber aspect ratio on the mechanical properties of composites was analyzed by 

keeping the fiber content constant. The results have been obtained and shown in Fig. 11 (a-b). The 

subscript 1 represents in-plane performance parameters and subscript 2 represents out-of-plane 

performance parameters. The following is the same unless otherwise specified. 

Both the E1 (in-plane Young's modulus) and G1 (in-plane shear modulus) improve with 

increasing aspect ratio. Specifically, E1 and G1 show the same trend that they are shown as quadratic 

functions of variable when the aspect ratio of the fibers is low, and then gradually become stable. 

One thing worth noting is that the aspect ratio of the fiber has a critical value for the gain of the 

in-plane performance parameter of the LCFNC, and this critical point hardly changes for different 

volume fraction composites. When the aspect ratio of the fiber exceeds 200, the in-plane properties 

of the composite will not change as the aspect ratio increases further. It can also be seen that the 
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aspect ratio of the composite has little effect on the out-of-plane performance parameters. 

  

(a) (b) 

Fig. 11. Effects of fiber aspect ratio on the Young's modulus (a), and shear modulus (b) 

In order to study the effect of volume fraction on the out of plane effective modulus and 

Poisson's ratio of LCFNC, the simulation with the same aspect ratio and different values of volume 

fraction were performed. The results are shown in Fig. 12. The relationship between the out-of-plane 

performance parameters and volume fraction is the same as that of the plane (Fig. 10). It can be 

concluded that the tensile and shear stiffness of composites in all directions can be improved by 

increasing the volume fraction. Regarding the Poisson’s ratio, with the increase of volume fraction, 

u2 (out-of-plane Poisson’s ratio) decreases gradually and then tends to be stable. However, the 

variation tendency of u1 (in-plane Poisson’s ratio) is almost not affected by the change of volume 

fraction. Through Fig.10 and Fig.12, it is found that the tensile properties of in-plane are much 

higher than those of out-of-plane and the difference between in-plane Young's modulus and 

out-of-plane Young's modulus increases with the increase of volume fraction. 
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(a)  (b) Poisson’s ratio 

Fig. 12. Effects of volume fraction on the Effective Moduli (a), and Poisson’s Ratio (b) 

4. Multi-scale optimization design of composite  

The structural optimization can fully exploit material properties while reducing costs, which 

plays an increasingly important role in the design process of components. The ideal design of a 

component should satisfy both the optimum macro-topological optimization and the optimum 

micro-parameters. Therefore, the coupling of macro-structure and microscopic parameters should be 

fully considered in the optimization design.  

On the basis of theoretical study of material properties, the LCFNC was applied to the 

optimization design of automobile parts, and multi-objective optimization algorithm was employed 

to achieve lightweight while maximizing stiffness. For different composite auto parts, the 

macroscopic structure of components and the microscopic parameters of single-phase materials 

ultimately determine the overall performance of components. The multi-scale and multi-objective 

optimization design can be achieved as shown in Fig. 13. 
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Fig.13. Multi-target and multi-scale design of automotive parts 

For different parameters study, the reasonable selection of sampling points through Design of 

Experimental (DOE) method is fundamental to ensure the ultimate optimization effect and efficient 

implementation of the optimization process. Among many DOE, Optimal Latin hypercube sampling 

(OLHS) is often adopted to study multi-factor problems [39, 40]. It can generate sampling points 

randomly and evenly while maintaining high efficiency. Besides, Non-dominated sorting genetic 

algorithm (NSGA-II)[41] was applied to perform deterministic optimization in this study. NSGA-II 

is a genetic algorithm for multi-objective optimization in a non-dominated form, which is efficient 

and fast, and the Pareto non-inferior solution is closer to the ideal frontier. At present, NSGA-II 

algorithm has been widely adopted in many field[42, 43], and has achieved good optimization 

results. 

In this study, the thickness of components and the volume fraction of LCFNC were adopted as 

design variables and the objective of optimization is to reduce the mass of components and improve 

the lateral stiffness on the premise of guaranteeing the basic performance requirements. Stiffness and 

modal are the main performance indexes of automotive parts and it should be controlled within the 

corresponding target value. The final optimization equation of multi-scale and multi-objective are 

obtained as follows:   
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where m is the total mass of the component and    is displacement of the loading point during 

lateral stiffness analysis. 1c is torsional stiffness.  is the first order mode     is the displacement of 

the loading point during bending stiffness analysis.
fV is the volume fraction of the composite. 

lV

and 
uV  are the upper and lower bounds of the volume fraction, respectively. ih  is the thickness of 

parts. lh  and uh are the upper and lower bounds of thickness, respectively. 1N , 2N , R are the 

critical value of performance requirements for each working condition. The n is the number of 

optimized parts. In this work, the automobile hood is taken as the study object. From the 

micro-structure to macro-scale, combined with the optimal Latin hypercube sampling (OLHS) and 

non-dominant sequencing genetic algorithm-II, multi-objective optimization design was carried out 

and the design process is shown in Fig.14. 
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Fig. 14. Flowchart of optimization design process 

4.1 Numerical implementation 

The automobile hood is one of the important auto parts, which is currently formed mainly by 

stamping steel plates. It is usually a member made up of parts such as inner, outer plates and 

reinforcements. The fiber reinforced composites have become the choice for lightweight vehicles and 

have been favored by car companies all over the world. In this study, LCFNC was applied to the 

optimal design of engine cover, and the performance of carbon fiber composite engine cover was 

studied by finite element simulation.  

The software of Hyperworks was utilized to model and assemble the hood. A quadrilateral shell 

element with a basic size of 10 10mm mm was adopted for the element, and the local refinement of 

the element was carried out for the key positions. Besides, considering the calculation time and 
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accuracy of the model, the minimum element size is set to be greater than 3mm. Gauss integration is 

adopted for the integration of elements. The finite element model of automobile engine hood and 

some parts is shown in Fig. 15. The number of elements and nodes of the engine hood is 58456 and 

62426, respectively.   

 

 

Hinge 

Lock 

hook 

 

Reinforcement plate 
Inner plate 

Connecting accessories 

Outer plate 

 
Fig. 15 The Finite element model of hood 

In this work, the torsional stiffness, bending stiffness, lateral stiffness and first-order mode of the 

engine hood were analyzed by finite element method to meet the basic performance requirements of 

the engine hood. For different working conditions, loads and constraints need to be applied at 

corresponding nodes and regions. The boundary conditions for torsional stiffness analysis are shown 

in Fig 16 (a): a force of 100N in the z-axis direction is applied to the 50 50mm mm  region of the 

outer plate corresponding to the buffer block. RBE2 element was used to simulate the bolt, and all 

the degrees-of-freedom of the center node were fixed. Marks 1, 2 and 3 respectively indicate that the 

translation degrees of freedom along the x, y and z directions are fixed. Marks 4, 5 and 6 respectively 
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indicate that the rotation degrees of freedom along the x, y and z directions are limited. For the 

analysis of bending stiffness and lateral stiffness, a force of 180N in the z-axis direction is applied to 

the front inflection point and a force of 196.2N in the z-axis direction is applied at the lock core node, 

respectively. The details of constraints and loads are shown in Fig 16(b)-(c). For the first-order modal 

analysis, no constraints and loads are imposed on the components. Through finite element analysis, 

the feasibility of replacing the steel parts with LCFNC parts was investigated and the lightweight 

effect was tested.  

      

(a) 

  

 

 

(b) (c) 

Fig. 16 Schematic diagram of constraints and loads under different analysis conditions 

(a) Torsional Stiffness, (b) Lateral stiffness, (c) bending stiffness 

4.2 Variables and Constraints 

In general, the main components of the engine cover are outer plate, inner plate and 
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reinforcement plate, which are selected for the design field (Fig. 17). The volume fraction of 

composite and thickness of the components are defined as design variables. 

  
(a) (b) 

 
 

(c) (d) 

Fig. 17. The engine cover (a) and key components, reinforcement plate (b), outer plate(c), 

inner plate (d) 

In the lightweight design of vehicles, the effective approach is to adopt new materials and new 

structures [44]. From these two perspectives, the substitution of materials can be achieved indirectly 

by changing micro-parameters. We set the volume fraction range from 0.2 to 0.4. In this interval, the 

LCFNC has a good plane isotropy. The macro structure of the component is adjusted by thickness 

which is set as a continuous variable. The design variables are shown in Table 2. 

Table2 design variables and value interval. 

Sign Design variable Type Original value Minimum Maximum 

1V  Volume fraction of outer plate discrete / 0.2 0.4 

2V  Volume fraction of inner plate discrete / 0.2 0.4 

3V  Volume fraction of reinforcement discrete / 0.2 0.4 

1h  Thickness of outer plate continuous 0.7 1.0 2.0 

2h  Thickness of inner plate continuous 0.65 1.0 2.0 
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3h  Thickness of reinforcement continuous 0.7 0.8 1.5 

In the optimization design process, it is necessary to ensure the basic performance requirements 

of components, such as stiffness and hardness. According to the idea of the equivalent generation 

design, the original steel hood was adopted as the reference standard. The performance indexes are 

required not to be lower than the corresponding reference values. For the hood, the values of 
1N ,

2N and R are 150N·m/deg, 0.98mm and 25 respectively. Besides, there are boundary constraints for 

the design variables, namely the thickness of components and the fiber volume fraction of material 

(Table 2).  

4.3 Results and discussion 

OLHS was employed to generate sample points containing different volume fractions and part 

thicknesses. 180 sample points were created to perform finite element analysis. The average 

calculation time of one cycle of optimization model is about 32 minutes. Non-dominated sorting 

genetic algorithm (NSGA-II) were applied to search the optimal solution and the relevant parameters 

of the algorithm are shown in Table 3. Depending on the optimization model, the multidisciplinary 

optimization software isight was used for deterministic optimization in this work. 

Table3 The parameters in the non-dominated sorting genetic algorithm 

Parameter Value 

Population size 24 

Number of generations 30 

Crossover probability 0.9 

Crossover distribution index 15 

Mutation distribution index 20 

The number of iteration during optimization process is 720, and the number of the feasible 

solutions within the design objectives is 680. The optimization results are shown in Table 4 

Table 4 Comparison of initial and optimization parameters 

  Sign Original value  Optimization value 
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Design variable 

 

1V  / 0.38 

2V  / 0.36 

3V  /   0.38 

1h  0.7 1.8 

2h  0.65 1.6 

3h  0.7 1.0 

Constraint 

condition 

  26 30 

1c  270 195 

2u  0.75 0.74 

Objective 

output 

1u  0.97 0.88 

m  20.58 12.94 

As shown in Table 4, the optimized carbon fiber hood is 7.64kg lighter, reducing the overall 

weight by 37%. The lightweight effect is obvious, which plays an important role in effectively 

reducing fuel consumption and reducing emissions without compromising the vehicle safety. At the 

same time, the displacement of optimized lateral stiffness is 0.88, which means the later stiffness is 9% 

higher than the original value. For other mechanical properties, both torsional stiffness and 

first-order modal performance have been improved, while bending stiffness performance has been 

reduced but still within the safe range. The performance comparison before and after optimization of 

some working conditions is shown in Fig 18. 

  

(a) 
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(b) 

    
(c) 

Fig. 18. Comparison of mechanical properties between engine made with composite(right) and engine made with 

steel(left) : bending stiffness (a), torsional stiffness (b) and lateral stiffness (c) 

Generally speaking, by optimizing the micro-material parameters and thickness of the carbon 

fiber hood, the lightweight can be achieved while improving performance on the premise of the 

safety. The advantages are very obvious. 

5. Conclusions 

Aiming at weakening the application obstacles of carbon fibers caused by high cost and 

manufacturing process, a novel plane isotropic composite reinforced by long carbon fiber nonwoven 

is introduced. The tensile properties of material were studied experimentally and analytically. 

Analytical results predicted by homogenization method show considerable agreement with those 

generated from the experiments within the volume fraction range of 0.2-0.4. The lower or higher 
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volume fraction makes the properties of LCFNC tend to be unstable and weakened. The effects of the 

aspect ratio of fibers on the tensile properties of materials were investigated in detail, and a critical 

value was found based on the predictions. 

Considering the coupling of microscopic parameters and macroscopic dimensions of materials, a 

multi-scale optimization method is proposed to achieve lightweight design and maximum 

mechanical properties of composites. Finally, the long carbon fiber non-woven composite (LCFNC) 

and multi-scale optimization method were applied to the multi-objective optimization design of 

engine hood. The finite element simulations show that the weight of composite hood was reduced by 

37%, while exhibiting better later stiffness and torsional stiffness in comparison with the 

conventional steel. The bending stiffness performance has been reduced but still within the safe 

range. 
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