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Abstract: Biological structures have excellent mechanical performances including lightweight,
high stiffness, etc. However, these are difficult to apply directly to some given complex structures,
such as automobile frame, control arm, etc. In this study, a novel bionic design method for
skeleton structures with complex features is proposed by the bio-inspired idea of “main-branch and
sub-branch”. The envelope model of a given part is established by analyzing the structural functions
and working conditions, and the load path is extracted by the load-transferred law as the structural
main-branch. Then, the selection criterion of bionic prototype is established from three aspects:
load similarity, structural similarity and manufacturability. The cross-sections with high similarities
are selected as the structural sub-branch. Finally, the multi-objective size optimization is carried out
and a new model is established. The bionic design of a control arm is carried out by the method:
structural main-branch is obtained by the load path analysis and structural sub-branch is occupied by
the fish-bone structure. The design result shows that the structural stiffness is increased by 62.3%,
while the weight is reduced by 24.75%. The method can also be used for other fields including
automobile, aerospace and civil engineering.

Keywords: bionic design; lightweight; load path; skeleton structures; control arm

1. Introduction

The skeleton structures have been widely used in vehicles, aerospace, aviation and civil engineering
because of their universality and foundation. As the lightweight is becoming an inevitable trend in
these fields, the skeleton structures can usually be designed as thin-walled structures, including thin
plates, shells and slender members [1,2]. Biological structures have excellent mechanical performance
after hundreds of millions of years of evolution, which provided structural engineers with a lot
of creative ideas for addressing the lightweight demands, such as bamboo, honeycomb, waterlily,
bone and so on [3,4]. If the biological characteristics are transferred to the engineering structures in the
design stage, a lot of creative ideas for structural engineers will be provided to solve the lightweight
demand. Therefore, structural bionic lightweight design has become a research hotspot [5,6].

In recent years, many achievements applying biological structures to engineering equipment
to achieve lightweight have been carried out [7]. Wang et al. [8] designed an anti-collision beam
vehicle with functional gradient features according to the human tibia porous gradient with good
bearing and impact resistance, which effectively improved the crashworthiness and energy absorption
performance of the anti-collision beam. Zhao et al. [9] applied the growth law of the waterlily
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and cactus to the cross beam of gantry machining center by analyzing the distribution law of the
main and sub branch veins. The advantages of the bionic model were verified by simulation and
experiment. Kim et al. [10] applied sandwich structure to the layout of ribs for micro-EDM machine
tool, which improved structural bearing performance. These achievements are based on the full
understanding of the functions and working conditions of parts and then the bionic prototypes
with high similarity in structure are selected by human intuition and transferred to engineering
structures [11]. However, for those complex structures, especially the skeleton structures, such as
automobile frame, steering knuckle, aircraft landing gear, control arm etc., it is difficult to find a
bionic prototype with high similarity in structure. For example, the car frame requires high collision
resistance [12], but it is a typical multi-branch skeleton structure with multiple load paths, and it is
difficult to find a bionic prototype with similar features.

In order to expand the application of bionic design, some scholars [13–15] took natural branching
systems as bionic objects to study the optimum morphology and growth mechanism. A bio-adaptive
growth algorithm is proposed and the growth law of stiffeners is obtained by numerical calculation,
which skillfully avoids the selection of bionic prototype. However, it is only suitable for the layout
optimization of stiffeners in the box structures. Some scholars [16–18] combined the theory of the
solution of inventive problems (TRIZ) with bionic design and used the conflict matrix to guide the
selection of bionic prototype, which improves the efficiency to a certain extent. But it is still limited to
parts with similar structures or functions to bionic prototypes. In addition, some scholars try to guide the
bionic design by topology optimization. Emmelmann et al. [19] used the topology optimization to get
the load transfer skeleton of the aircraft bracket and then applied the porous structure to the load transfer
skeleton, the lightweight aircraft bracket is obtained by additive manufacturing (AM). Maier et al. [20]
applied the porous structure of biological microstructure to the bionic design and introduced the
topology optimization to solve the boundary problem of the bionic model. Although topology
optimization can reduce human subjectivity, its calculation process is relatively complex and the
obtained load transfer skeleton often has many branches and holes [21,22], which makes selection of
bionic prototypes more difficult. In addition, the combination of topology optimization and porous
structure of biological micro-structure makes the manufacturing process of these hollow structures
very poor. It is difficult to manufacture directly by traditional mechanical processing, which restricts
the engineering application of bionic design. The development of AM promotes the manufacturability
of this kind of difficult-to-process structures to a certain extent [23,24]. However, due to its long
processing time, high material cost and process defects, the performance of parts is lower than that
of traditional manufacturing technology, which leads to some difficulties in engineering application.
Therefore, in the process of bionic design, if we can fully consider the manufacturing process and make
the model adopt the traditional manufacturing method as far as possible, it will greatly improve the
engineering application.

Based on the above background, it is known that new bionic design methods are needed to
improve the efficiency and effectiveness of bionic design, especially for complex structures such as
vehicle components. The difficulties in selecting bionic prototypes for the whole structure could be
avoid if the main load-transferred skeleton is extracted as the bionic main-branch and the bionic
prototype is then selected for each sub-branch based on the specific load-transferred features. In this
way, the efficiency of bionic design would be significantly improved.

In this study, a novel bionic design method based on load path analysis is proposed by the
bio-inspired design idea of main-branch and sub-branch to address the above-mentioned problems for
the skeleton structures. The sections are organized as follows: the bionic design method is elaborated
on in detail in Section 2. Taking the control arm of automobile suspension system as an example,
the bionic design is carried out in Section 3. Section 4 verifies the effectiveness of bionic design followed
by the conclusion in Section 5.
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2. Methodology

The bionic design method proposed in this paper is shown in Figure 1, which is divided into the
following five steps.

Figure 1. Bionic design method based on the idea of main-branch and sub-branch.

(1) The structure, function and working condition of a given part is analyzed and the corresponding
envelope model is established.

(2) The main load path of the envelope model is extracted by the load path analysis as the main-branch
of the new structure.

(3) According to the load-bearing characteristics of the main-branch, the bionic prototype is selected
from three aspects: load similarity, structural similarity and manufacturability, which transform
the whole bionics into local bionics.

(4) The cross-sectional characteristics of the bionic prototype are analyzed and the bionic sub-branch
is designed.

(5) Based on the idea of main-branch and sub-branch, the bionic parametric model is established and
the final bionic lightweight model is obtained by the multi-objective size optimization. Finally,
the mechanical performances of the bionic model are verified by finite element analysis (FEA).

2.1. Establish the Envelope Model

It is necessary to abandon the structural features designed by traditional design methods that
may interfere with the extraction of load path in next step. This method firstly analyzes the working
conditions and structural characteristics of research objects, fills the internal holes and then establishes
the envelope model. Taking a cantilever bracket as an example, the process of establishing the envelope
model is introduced in detail as shown in Figure 2, and the basic criteria are as follows:

(1) The working conditions of the parts are analyzed to ensure that the constrained and loaded areas
remain unchanged. As shown in Figure 2b, the loaded and constrained areas of the bracket
represented by red lines remain unchanged.

(2) The internal structure and function of the parts are analyzed and the internal holes that do not
affect the regular work are filled. As shown in Figure 2c, the two lightening holes removed in the
middle of the bracket are denoted by green dotted lines.
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(3) The outer boundary of the parts is analyzed and the complex boundary is filled into the regular
boundary. As shown in blue lines in Figure 2d, the regular outline of the parts is finally obtained.

Figure 2. Establishing the envelope model. (a) a cantilever bracket, (b) the contrained and loaded areas
remain unchanged, (c) the lightening holes are removed, (d) the regular outline of the bracket.

2.2. Extract the Structural Main-Branch

In this paper, the main-branch of the new structure is extracted by the load path theory. In general,
it can give full play to the load-bearing performance and achieve lightweight at the source if the
materials are arranged along the main load path in the design stage. In recent years, more and more
researchers are interested in the load path visualization [25–28]. Among them, Takahashi et al. [29,30]
proposed a load path method, which holds that the load always transfers along the channel with the
largest relative stiffness in the structure according to a given working condition. Wang et al. [31,32]
applied this method to the structural design of automobile body and luggage rack, the main load path
is visualized and structural load-bearing performance is improved. Compared with other methods of
load path, this method has clear theoretical basis, physical significance and abundant application cases.
Therefore, the main load path is extracted by this method as the main-branch of the new structure.

The calculation process of the load path visualization based on the relative stiffness [33] is shown
in Figure 3. Firstly, the finite element model (FEM) of the envelope structure is established and the
strain energy is calculated. Secondly, one node is fixed in turn and the structural strain energy is
calculated again. Then, the stiffness between each node and the loading point is calculated according
to the strain energy coefficient. Finally, the main load path, i.e., the load transfer skeleton, is fitted
according to the strain energy coefficient cloud chart. The detailed calculation process is as follows:

Figure 3. Flow chart of the load path calculation.

The elastic structure is simplified to the model shown in Figure 4a, which includes loading point
A, supporting point B and an arbitrary point C. It is assumed that the three points are connected by
springs which represent the relative stiffness between any two points of the system.

Figure 4. Simplified model of an elastic structure: (a) original system; (b) constrained system.
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According to the concept of relative stiffness, which is the coupling stiffness between any two
points of the structure, the load-displacement relationship among points A, B and C can be expressed as:

PA

PB

PC

 =


KAA KAB KAC

KBA KBB KBC

KCA KCB KCC




dA

dB

dC

 (1)

where ki j(i, j = A,B,C) is the internal stiffness tensor, Pi(i = A,B,C) and di(i = A,B,C) represent the load and
the displacement vectors, respectively.

Applying load PA at point A produces displacement dA, the total strain energy U of the model
due to the external load is calculated according to the strain energy formula:

U =
1
2

PAdA (2)

Since point B is fixed (dB = 0), PA is calculated by Equation (1),

PA =KAAdA + KACdC (3)

So the total strain energy U is:

U =
1
2

PAdA =
1
2
(KAAdA + KACdC)dA (4)

In Figure 4b, any point C in the structure is fixed and the same displacement dA is produced by
applying load P′A at point A. The total strain energy U′ is:

U′ =
1
2

P′AdA =
1
2
(KAAdA)dA (5)

In order to express the stiffness relationship between an arbitrary point and the loading point in
the structure, the dimensionless coefficient U∗ is defined as:

U∗ =
U′ −U

U′
=

(
1−

2U
(KACdC)·dA

)−1

(6)

Equation (6) indicates that the U∗ only varies with KAC and U∗ can characterize the internal
stiffness between an arbitrary point and loading point of the structure.

In an elastic structure, the applied load is mainly transferred through the locations having the
strongest coupling stiffness with the loading point. Therefore, connecting nodes with the same stiffness
to form a cluster of stiffness contours, the line with the highest U∗ values which is the ridge line of the
U∗ distribution is the main load path. So, if a vector λ is introduced as:

λ= −grad U∗ (7)

Then, the successively traced line along the smallest λ value is the load path. In a simple case like
the structure shown in Figure 5, the main load path is fitted by the U∗ distribution.

Figure 5. The main load path for a sample structure.
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2.3. Select the Bionic Prototype of the Main-Branch

The structure is still very bulky if the material is laid directly on the structural main load path
obtained in Section 2.2. Therefore, it is necessary to establish a lightweight and efficient cross-section
on the main load path. Under the influence of heredity and evolution, organisms have gradually
formed their own unique cross sections, which provide a great deal of inspiration for the design of
structural sub-branch. For example, the plant branches are slender and long, but the fractal structure
of their veins can disperse the external loads, so that they can withstand larger bending moments in
complex external environment [34].

In this paper, the loads on a given structure are equivalent to the main-branch of bionic structure,
and the bionic prototype of each main-branch is selected respectively from three aspects: load similarity,
structural similarity and manufacturability, which changes the principle of selecting bionic prototype
from the similarity of whole structure or function to local. Besides, manufacturability needs to be
considered as shown in Figure 6. The specific principles for selecting bionic prototypes of main-branch
are as follows:

Figure 6. Selection of bionic prototype.

2.3.1. Load Similarity

It is the key of the bionic design to find a bionic prototype with similar load to the structural
main-branch. The main-branch of the bionic structure has been established in Section 2.2, which can
theoretically guarantee the mechanical performances. Therefore, the bionic prototype, which is similar
to the load mode of the local main-branch, can be selected. For example, the bone mainly bears tension
and pressure [35] and the plant stem mainly bears bending load [36].

2.3.2. Structural Similarity

Biological structures evolve by continuous self-optimization. The efficiency of bionic design
can be improved by choosing bionic prototype similar to the main-branch in structure. Therefore,
it is necessary to apply the cross-section of bionic prototype similar to the main-branch to the bionic
sub-branch when choosing bionic prototype.

2.3.3. Manufacturability

In nature, there are many organisms with superior mechanical properties that are suitable for
bionic design of hollow structures, such as bamboo, bone, etc. However, these structures are difficult
to manufacture by traditional technology. Even if it can be produced by the AM, the final products still
cannot be used in large quantities in engineering due to its process defects. Therefore, in the process of
selecting bionic prototypes, we try not to consider this kind of bionic prototype with a hollow structure.
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2.4. Design the Structural Sub-Branch

After the bionic prototype is determined, the features of cross-section will be applied to bionic
sub-branch to realize lightweight. The specific design principles are as follows:

(1) Analyze the growth law of biological structure. The section characteristics of the bionic prototype
are analyzed and mapped to the main-branch as the basic topology and shape.

(2) Local reinforcement. Structural reinforcement design is carried out in areas with large loads,
such as the application of reinforcement bars.

(3) Add lightening holes. The lightening holes are added in the areas with small load to achieve
further lightweight.

(4) Manufacturability. In the process of bionic design, the structure should not be too complex,
and the structural shape should not be too sharp or abrupt to avoid stress concentration.

2.5. Multi-Objective Size Optimization

After the bionic design of main-branch and sub-branch, the bionic model is established and the
structural lightweight is realized to a great extent. However, bionic design only provides lightweight
and efficient structural features in the conceptual design stage and cannot provide detailed size
parameters. Size optimization can optimize local parameters based on existing topological structure
and macro-size and then achieve secondary lightweight. Therefore, size optimization is carried out in
this paper.

The starting point of this paper is to achieve structural lightweight by bionic design. So,
the minimum weight, displacement and stress are set as optimization goals. In order to avoid the
problem of low calculation efficiency caused by too many dimensions, the size parameters which have
great influence on the structural weight, stiffness and strength are selected through the sensitivity
analysis [37]. So, the mass sensitivity, displacement sensitivity and stress sensitivity are calculated by
the direct derivation method in the Equation (8).

{αM,αd,ασ} =
{
∂M
∂xi

,
∂d
∂xi

,
∂σ
∂xi

}
(8)

where the M, d, σ are the mass, displacement and stress, respectively.αM,αd,ασ are the mass sensitivity,
displacement sensitivity and stress sensitivity. xi is the vector of design variables.

Besides, the size should be set in a certain range as the constraint condition and the mathematical
model of multi-objective size optimization is established as shown in Equation (9).

find xi (i = 1, 2, . . . , n)
min f (x) = min[M(xi), d j(xi), σ j(xi)]

T ( j = 1, 2, . . . , m)

s.t. xi ∈ [ri1, ri2]

(9)

where n denotes the number needed to be optimized and m denotes the number of working conditions.
xi is the design variable, ri1 and ri2 represent the upper and lower limits of xi. M(xi) is the structural
overall mass, while d j(xi) and σ j(xi) represent the maximum displacement and stress under the j-th
working condition.

3. Case Study

The control arm is a component for transferring and guiding loads in the vehicle suspension
system. Its performance directly affects the stability and reliability of the vehicle. In order to ensure
stable driving and sensitive steering, the control arm is required to be small enough in weight on the
basis of satisfying its stiffness and strength. In this paper, a control arm is taken as a case study to
validate the proposed method. The installation position of the control arm in the automobile is shown
in Figure 7 [38] and the structure and boundary conditions are shown in Figure 8.
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Figure 7. Suspension system diagram. (a) The schematic diagram of suspension system [38]; (b) the front
view of the suspension system.

Figure 8. The control arm and boundary conditions.

The material is aluminum alloy A356.1 and material properties are given in Table 1. The two
cylindrical holes (B and C) on the right side are directly connected with the vehicle frame, which can
be equivalent to fixed constraints, while the cylindrical hole A on the left side is connected with the
steering knuckle, which can be equivalent to pin load. During the driving process, the control arm
has several different working conditions, including hitting the side of road (Condition 1), vehicle side
slip and brake (Condition 2), left or right steering (Condition 3) and the fatigue life. Among these
conditions, the Condition 1 is the most extreme, while the force of Condition 2 and Condition 3 is
far less than Condition 1. Following the engineer’s experience, only the loading condition with the
positive load 3062.36N in x direction is considered in the process of bionic design. This case aims to
validate the proposed method, so the other working conditions will not be considered.

Table 1. Material properties.

Material Elastic Modulus (GPa) Poisson’s Ratio Density (kg·m−3) Yield Strength (MPa)

A356.1 72.4 0.33 2680 220

3.1. Envelope Model of the Control Arm

As the control arm in Figure 8 is designed by engineering experience, its topology structure is not
optimal. In order to eliminate the disturbance of the original topology structure to the bionic design,
the envelope model is established at first.

Three cylindrical holes (A, B and C) are the loaded and constrained areas, which must be
retained. Then, the interference of the original topological structure is removed by changing the
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optimizable region to a regular rectangle. In addition, in the suspension system, the active space of the
shock absorber should be set aside between the two constrained cylindrical holes (B and C). Finally,
the envelope model of the control arm is established, as shown in Figure 9.

Figure 9. The envelope model of the control arm.

3.2. Main-Branch of the Control Arm

The main load transfer skeleton of the envelope model is calculated by the load path theory in
Figure 3, which is used as the main-branch of control arm. The result is shown in Figure 10a and
two main load paths represented by black lines are fitted according to the contour of strain energy
coefficient U∗. The materials are arranged along two main load paths and the main-branch of the
control arm is established as shown in Figure 10b. If two main-branches are designed as circular or
other irregular sections, it will be very difficult to manufacture by traditional processing methods.
Therefore, the bionic main-branch is designed as a rectangular section.

Figure 10. The main-branch of the control arm: (a) load path visualization; (b) two main-branches.

3.3. Bionic Prototype of the Main-Branch

From Figure 8, it can be seen that the control arm mainly bears axial pressure along the x direction
in the extreme working condition, and it also have left and right bending loads along the z direction
while the car is in driving and has left and right steering. So, the axial pressure and tangential bending
loads will be applied to the main-branch of control arm, and the equivalent model is shown in Figure 11.
Therefore, the bionic prototypes bearing both the axial pressure and tangential bending loads are a
prerequisite for selection.
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Figure 11. The load equivalent diagram on one side main-branch.

Based on the load similarity principle on the local area of bionic main-branch, it can be easily
imagined that the behavior of fish is very similar to the load-bearing type of the bionic main-branch.
Therefore, this case chooses the cross-section of fish bone as the bionic sub-branch. It is well known that
the fish bone consists of main bones and secondary bones, as shown in Figure 12. If the cross-section
of fish bone is directly applied to the bionic sub-branch, the comprehensive mechanical properties
will not be brought into play because of the suspension of the secondary bone. Based on the above
considerations, we need to add a skin structure to the suspension ends on both sides of the fish bone.

Figure 12. The schematic diagram of fishbone model.

The similarity analysis between the main-branch of control arm and the fish bone is as follows:

3.3.1. Load Similarity

When fish swim freely in the water, they will be resisted by frontal water flow and their heads
will produce greater axial force. In addition, the swaying of the fish and the lateral impact of other
organisms on the fish will cause the fish to be subjected to lateral force, which is similar to the equivalent
load of the bionic main-branch of control arm.

3.3.2. Structural Similarity

Fish bone is composed of the main bone and the secondary bone, which is very similar to the
design idea of main-branch and sub-branch in this paper. Its structure is a slender structure with high
specific stiffness, and has good compressive and bending characteristics [39], which is similar to the
main-branch of the control arm. In addition, the main bone and the secondary bone of the fish bone
are connected at an appropriate angle, which has the characteristics of biological branching and can
give full play to the material bearing performance.

3.3.3. Manufacturability

The main and secondary skeleton of fish bone correspond to the main-branch and sub-branch of
the bionic structure respectively. By adding skins parallel to the main-branch at the suspended ends of
the secondary bone, the bionic structure avoids the hollow structure commonly used in the skeleton



Appl. Sci. 2020, 10, 8251 11 of 17

structure, which can be accomplished by traditional manufacturing process. Therefore, it is feasible to
select fish bone as bionic prototype, which is suitable for mass production and engineering application.

3.4. Sub-Branch of the Control Arm

After determining the bionic prototype, the bionic design of the sub-branch is carried out and the
design idea is shown in Figure 13.

Figure 13. The design idea of bionic sub-branch: (a) the main-branch of control arm; (b) the bionic
model with fish bone; (c) the bionic model with skin; (d) the final bionic model.

The fish bone structure is embedded in the bionic main-branch designed in Section 3.2 and the
main bone of the fish bone is taken as the central axis of the main-branch and the secondary bone
structure is added to both sides of the main bone, as shown in Figure 13b. It can be seen from Figure 12
that the angular of the main bone and the secondary bone is in the range of 30◦~60◦, 45◦ is selected as
the initial degree and the optimal degree will be obtained by the size optimization in the next step.
As the suspended secondary bone will not be able to exert the structural mechanical performance
of fish bone, the skin structure is added at the suspension ends of the secondary bone, as shown in
Figure 13c. Finally, the lightening round holes, which can be machined easily, are added to the upper
and lower plates and the final bionic model is shown in Figure 13d.

3.5. Multi-Objective Size Optimization

Based on the above design, the parametric model of control arm is established and the
multi-objective size optimization is carried out. This case takes the maximum structural stiffness and
strength and the minimum mass as optimization objective, and several important dimensions as design
variables are shown in Figure 14, including the diameter of lightening holes φ, the angle of bionic
stiffeners α, the thickness of the control arm h, the thickness of upper, middle and lower plate h1, h2, h3.

Figure 14. Parametric model of the control arm.

In order to improve the efficiency of size optimization, the sensitivity analysis is applied to obtain
the influence degree of these dimensions to the optimization objective by the Equation (8) in Section 2.5,
where, the xi is the vector of design variables xi = [h,α,φ, h1, h2, h3].
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The parametric model in Figure 14 is input in the commercial FEA software ANSYS 18.0, and the
sensitivity analysis is carried out. The result is shown in Figure 15. From the sensitivity analysis results,
the bionic structure is mainly sensitive to the plate thickness and the angle of the secondary bone.
Therefore, five parameters of α, h, h1, h2, h3 are selected as design variables.

Figure 15. The sensitivity analysis.

According to the design and installation requirements of the control arm, if the size is too large,
it will interfere with the control arm and other components and can not work normally. However,
if the size is too small, it will not guarantee enough stiffness, and it will also make it difficult to apply
biological characteristics to structural sub-branch. Therefore, the maximum and minimum values of
the five design variables are set near the initial values, and the specific ranges are shown in Table 2.

Table 2. Variation range and initial value of design variables.

Design Variables Initial Value Minimum Value Maximum Value

h (mm) 32.0 25 35
h1 (mm) 3.5 3 5
h2 (mm) 4.5 3 5
h3 (mm) 3.5 3 5
α(◦) 45.0 40 50

And the mathematical model of size optimization is established, as shown in Equation (10).
find h, h1, h2, h3,α
min f (x) = min[M, d1, σ1, d2, σ2]

s.t. h ∈ [25, 35]; h1 ∈ [3, 5]; h2 ∈ [3, 5]
h3 ∈ [3, 5]; α ∈ [40, 50]

(10)

The FEM of the bionic model of the control arm is established and the size optimization is carried
out. A set of optimum sizes are obtained and rounded, as shown in Table 3, the final bionic model
is established.

Table 3. The results of size optimization.

Parameters Initial Value Optimal Value Round Value

h (mm) 32.0 29.91 30.0
h1 (mm) 3.5 3.86 4.0
h2 (mm) 4.5 4.11 4.0
h3 (mm) 3.5 3.93 4.0
α(◦) 45.0 42.80 43.0
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In order to verify the manufacturability, the control arms are machined by numerical control
machine tool, as shown in Figure 16, the total weight of the control arm is reduced from 1.01 kg
to 0.76 kg.

Figure 16. The samples of the control arm: (a) initial model (1.01 kg); (b) bionic model (0.76 kg).

4. Results and Discussion

The FEM of both the initial model and the bionic model are established in commercial FEA
software ANSYS 18.0. The material properties shown in Table 1 are assigned, and the loads and
constraints shown in Figure 8 are applied to two model.

Because the bionic model is more complex than the initial model, the meshing convergence is
verified firstly by calculating the maximum displacement and stress with different element sizes.
The variation trends under 1~4.5 mm element size are shown in Figure 17. From Figure 17a,
the maximum displacements of the two models are constant under different element size, the value of
initial model is 0.0611 mm, while the value of bionic model is 0.0230 mm. However, the maximum
stress varies with the element size. The smaller the element size, the greater the local stress value
in Figure 17b. The main reason is that too small element size is easy to cause stress concentration.
However, the larger the element size, the lower the calculation accuracy. So, the convergence solutions
of the two models can be obtained when the element size is 3 mm, as shown in Figure 18.

Figure 17. Verification of meshing convergence: (a) maximum displacement; (b) maximum stress.
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Figure 18. The finite element model (FEM) of the initial model and bionic model: (a) initial model;
(b) bionic model.

Then, the FEA is carried out. The displacement and stress distribution are shown in Figures 19
and 20, and the comparisons of mechanical performance are shown in Table 4. It can be seen that the
maximum displacement (0.023 mm) of bionic model is significantly reduced compared with that of the
initial model (0.061 mm). The maximum stress (18.69 MPa) is far less than the material yield strength
(220 MPa). Although the maximum stress of the bionic model is slightly larger than that of the original
model, but the value is only one tenth of the yield strength of the material, that is, the safety factor of
the bionic model is 11.77, which shows that the structure is absolutely safe. In addition, it is difficult to
ensure the same stress when the structure is lighter. Under the design criteria, it is more reasonable to
deteriorate the whole stress and greatly improve the structural stiffness and weight. Besides, it can be
seen that the stress distribution of the bionic model is more uniform from Figures 19b and 20b.

Figure 19. The finite element analysis (FEA) results of the initial model: (a) displacement distribution;
(b) stress distribution.

Figure 20. The FEA results of the bionic model: (a) displacement distribution; (b) stress distribution.
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Table 4. Mechanical performances of the new control arm.

Max Displacement (mm) Max Stress (MPa) Mass (kg)

Initial model 0.061 17.42 1.01
Bionic model 0.023 18.69 0.76

Variation −62.3% +7.3% −24.75%

As the strength of the control arm is far less than the material yield strength, it is not considered
the main factor, while the stiffness directly affects the stability and sensitivity of the vehicle during
driving. Therefore, the high stiffness design of the control arm is the focus in this case, and more
materials should be distributed in the area of large load and deformation, rather than the area of stress
concentration. So, we can conclude that the material distribution of the bionic model is more reasonable
than the initial model. The stiffness is increased by 62.3% while the weight is reduced by 24.75%.

In this study, the new control arm is tested on a real vehicle to further verify the mechanical
performances. The sample is installed in a new formula car for vehicle testing, including two extreme
conditions: wheel side impact on the obstacle, vehicle side slip and brake, as illustrated in Figure 21.
The test results show that the control arm can meet the requirements of stiffness, strength and sensitivity
in a normal driving process.

Figure 21. Real vehicle test of the new control arm.

5. Conclusions

A novel bionic design method for the skeleton structures is proposed by the bio-inspired idea
of main-branch and sub-branch. The main-branch of the bionic structure is obtained by the load
path analysis, which can get a clear load transfer skeleton. The loads on a given structure are
equivalent to the main-branch of the bionic structure and the bionic prototype is selected from three
aspects: load similarity, structural similarity and manufacturability. The efficiency of selecting a bionic
prototype is improved by the local similarity of the main-branch instead of the whole similarity. Then,
the sub-branch of the bionic structure is established based on the cross-sectional characteristics of
a bionic prototype, and the size optimization provides detailed size value for each parameter that
achieve secondary lightweight.

Taking a control arm of automobile suspension system as a case, the results of bionic design
show that the material distribution of the bionic model is more reasonable than the initial model,
and structural stiffness is increased by 62.3%, while the weight is reduced by 24.75%. This method
combines the load path theory with biological feature, which can realize the lightweight design of
more complex structure compared with the traditional bionic method.

In addition, the selection of bionic prototype mainly focuses on load similarity and
then the structural similarity, which can expand the selection range of biological prototype.
The manufacturability is considered firstly in bionic design. Although the selected bionic prototype is
still subject to certain constraints in this study, in the future, the selection range of bionic prototype will
be further expanded under the development of additive manufacturing. For example, the cross-section
characteristics of bamboo, wheat straw and bone will also be used for the main-branch of the control
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arm. Therefore, this method can also be used for the skeleton structures of other fields including
automobile, aerospace and civil engineering.
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