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Abstract  
Bio-inspired mechanism not only needs to be able to reproduce the movement laws of creature, but also has its shape. In 

order to simplify the design process and improve the design efficiency of one degree of freedom (DOF) bio-inspired 

mechanism (especially six-bar or eight-bar mechanism), a design method based on layered constraint conditions is proposed 

in this paper. On the basis of the one DOF kinematic chain, the frame is selected and the links are added in turn. At the same 

time, the constraint conditions are given in layers in the form of inequalities. When a closed-loop is formed, the kinematic 

model needs to be established, and the positions of the target points or the attitudes of the target links can be represented by 

the driving angles or given angles. Thus, the feasible configurations and the ranges of the link lengths can be obtained. By 

cycling the above process, the target points can approach the reference points quickly and the design efficiency of the 

mechanism can be improved. The effect of the different basic kinematic chain, closed-loop forms and constraint conditions 

on configurations and design efficiency is analyzed in detail. It provides a reference for the design of other one DOF 

mechanisms with multiple constraint conditions. 
 
Keywords One DOF bio-inspired mechanism; design method; layered constraint conditions; design efficiency 

 

 

1 Introduction 

Bio-inspired mechanism can simulate the movement 

form of creature and has the similar shape characteristics [3, 

18, 27, 34]. How to improve the design efficiency of bio-

inspired mechanism on the premise of meeting the 

movement and shape requirements is one of the research 

focuses.  

The one degree of freedom (DOF) mechanism has the 

characteristics of simple control, and has been widely used 

in the bio-inspired robots. There are many researches on 

one DOF four-bar bio-inspired mechanism. In order to 

achieve more accurate trajectory and more stable dynamic 

characteristics, six-bar and eight-bar bio-inspired 

mechanism have also been studied. For the four-bar bio-

inspired mechanism, Li et al. [14] designed a bio-inspired 

jumping robot. On the basis of the original series 

mechanism, the auxiliary link is added, and the links and 

trunk of robot together form the four-bar mechanism. Such 

a design is not only for imitation of a real insect, but also 

reduces the chance of asymmetric thrust forces between 

two legs, as well as the destabilizing rotation during the 

flight phase. Besides, Suzuki et al. [25-26] and Zhang et al. 

[31] studied how to design a four-bar bio-inspired 

mechanism to meet the requirements of a specific trajectory. 

For the six-bar bio-inspired mechanism, Klann mechanism 

is used for the water-running robot designed by Kim et al. 

[11-12]. Because the lower part of the trajectory of six-bar 

mechanism is subparallel to the surface of water or the 

ground, the robot can walk stably. Zhang et al. [32] 

proposed a mechanism design method for bio-inspired 

locust robot with six-bar leg mechanism based on jumping 

stability, which includes kinematic and dynamic stability, 

to ensure that the robot would not turn over in the jumping 

process. Compared with four-bar or six-bar bio-inspired 

mechanism, there are not many studies on eight-bar bio-

inspired mechanism. The most typical one is the bio-
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inspired jumping robot designed by Duncan et al. [7]. This 

robot has good agility, high jumping frequency, and can 

achieve the established jumping trajectory. 

For the design method of one DOF mechanism, how to 

determine the link lengths to make the positions or attitudes 

of the output components meet the requirements is the focus 

of the research. For the four-bar mechanism, a lot of 

research results have been obtained in the generation of 3-

position [10, 22] and 4 or 5 position [8- 9, 29]. In order to 

further improve the accuracy of the generated trajectory, 

Plecnik et al. [21] presented a direct solution of the 

kinematic synthesis equations for Stephenson III six-bar 

function generators to achieve as many as 11 accuracy 

points. Mark et al. [19-20] also studied this problem and got 

a lot of feasible solutions. Considering that there may be 

more than one output component, Kiper [13] proposed the 

motion synthesis method for a Watt II mechanism with two 

end-effectors. Two pose synthesis can be carried out with 

nine parameters being selected freely and three pose 

synthesis can be carried out with four parameters being 

selected freely by dyad formulation being used. In terms of 

modeling methods, in order to simplify the dimensional 

synthesis process of different configurations, Bai et al. [2] 

proposed unified formulation of Stephenson linkages for 

motion generation, which is applicable to the three types of 

Stephenson linkages.  

Most of the above studies takes one or several 

configurations as the research objects and aims to achieve 

a specific trajectory. The research focuses on the efficiency 

of dimensional synthesis, and the accuracy of trajectory 

generation. In some cases, while determining the dimension, 

it is necessary to enumerate the possible configurations, or 

to make the configuration further meet the shape 

requirements [5]. Some researchers have also studied the 

integrated design method of type and dimension. For 

example, Shen et al. [23] integrated type and dimensional 

synthesis to design one DOF linkages consisting of only 

revolute joints with multiple output joints for compact 

exoskeletons. The feasibility of the method is proved by 

two examples, which include a 10-bar-13-joint finger 

exoskeleton and an 8-bar-10-joint leg exoskeleton. 

Wobrecht et al. [28] studied the design of the eight-bar 

finger exoskeleton under multiple constraint conditions. 

Funke et al. [6] presented a general method to perform 

simultaneous topological and dimensional synthesis for 

planar rigid-body morphing mechanisms. The matching 

error and required actuating moment are used as 

optimization objectives, and a multi-objective GA is used 

to search the design space and find mechanisms. This 

method has the advantages of the generality to handle 

different types of morphing chains, and to search for 

mechanisms with different DOFs. Besides, Zhao et al. [35], 

Oliva et al. [17] and Li et al. [15] also studied this problem. 

The analysis above shows that the researchers have taken 

into account the differences of different configurations in 

dimensional synthesis. However, optimization methods are 

still commonly used [4, 24]. In particular, for bio-inspired 

mechanism, the shape characteristics cannot be ignored. 

How to make the one DOF mechanism meet the movement 

requirements and reproduce the shape characteristics at the 

same time with high design efficiency and simple design 

process is a problem to be solved.  

In this paper, the design method of one DOF bio-inspired 

mechanism based on layered constraint conditions is 

proposed. In the process of adding links, the constraint 

conditions are given in layers. Thus, the preliminary 

configuration and the feasible ranges of the link lengths can 

be obtained quickly. The above process can be repeated to 

make the target points close to the reference points quickly, 

and the final configuration and dimension parameters are 

easily obtained. 

2 Mechanism design method 

2.1 Design method overview 

The one DOF mechanism is taken as the research object 

in this paper, which has the characteristic of easy control. 

Compared with four-bar mechanism, the six-bar or eight-

bar bio-inspired mechanism can realize more complex 

motion. In order to simplify the design difficulty and 

improve the design efficiency for six-bar or eight-bar bio-

inspired mechanism, design method based on layered 

constraint conditions is proposed.  

Mechanism design process based on layered constraint 

conditions is shown in Fig. 1. First, the suitable kinematic 

chain (six-bar mechanism has two basic kinematic chains 

and eight-bar mechanism has sixteen basic kinematic 

chains [1]) is selected, and the frame link is determined. The 

frame link can be two-pair link or three-pair link. Then a 

fixed coordinate system is established, and the attitude of 

the frame link in the fixed coordinate system is determined. 

In particular, the selection of the initial link should be 

combined with the characteristics of the imitated object 

[33]. Then the adjacent links are added to the frame, and the 

constraint conditions are given at the same time in the form 

of inequalities. The constraint conditions include 

movement feasibility and shape constraint conditions. The 

former ensures that the target points or links meet the 

position or attitude requirements, and the latter can make 

the mechanism have bionic characteristics in shape. When 

the first closed-loop mechanism is formed, the kinematic 

model is established, and the relationship between driving 
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angle and other angles is obtained. Repeat the above 

process, and the constraint conditions are given in layers. A 

set of feasible solutions can be obtained easily. By cycling 

the above process, multiple sets of feasible link lengths can 

be obtained. In particular, the different constraint 

conditions may involve the same variable. The intersection 

of parameter ranges obtained by different constraint 

conditions is considered as feasible range. If there is no 

intersection, the values that approximately meet the above 

constraint conditions can be taken as a reference according 

to the optimization algorithm. Through the above process, 

the configuration of the one DOF bio-inspired mechanism 

is preliminarily determined and the feasible ranges of the 

link lengths are obtained at the same time. On this basis, the 

more accurate feasible ranges of the link lengths can be 

obtained by gradually reducing the constraint ranges in the 

cycle process.  

 

Fig. 1  Mechanism design process based on layered constraint 

conditions 

2.2 Mechanism design process 

In order to further explain the mechanism design method 

proposed in this paper, armadillo is taken as the imitated 

object, and the bio-armadillo mechanism is designed. 

Armadillo is a mammal with a bony covering. When it is in 

danger, its bony armor bends from the middle to both sides 

until it curls up into a ball. It is the only animal that relies 

on gravity to form a ball and roll [16]. The open and folded 

state of bony armor of armadillo is shown in Fig. 2. It is of 

great significance to design a robot which can switch 

between crawling motion and spherical rolling motion, the 

efficient motion and fast escape can be realized. The design 

principle of bio-armadillo mechanism is as follows. (a) 

Movement requirement. Bio-armadillo mechanism should 

meet the requirements of motion continuity, and the end 

point should meet the requirements of trajectory. (b) Shape 

requirement. The mechanism should have a large length/ 

width ratio, approximately simulating the bony armor of 

armadillo. And it approximates a semicircle at the folded 

state. (c) Requirement for the number of links. Because the 

one-DOF four-bar mechanism is difficult to meet the 

movement and shape requirements at the same time, the one 

DOF six-bar mechanism is taken as an example to study in 

this paper. Based on the above principles, the mechanism 

design process is as follows. 

Open state

 Folded state

 

Fig. 2  Deformation process of bony armor of armadillo 

(1) Selection of kinematic chain, frame and end point. 

The kinematic chain of one DOF six-bar mechanism 

includes Watt-type and Stephenson-type. For these two 

kinematic chains, both two-pair and three-pair link can be 

selected as frame. Then the end point should be determined. 

The number of hinge points included between the end point 

and the nearest hinge point of the frame should be no less 

than one. Two adjacent hinges in three-pair link can only be 

counted as one. This constraint condition can be written as 

Num 1iP                                     (1) 

Eq. (1) is shape constraint condition. If eq. (1) is not 

satisfied, it means that the link where the end point is 

located is directly connected with the frame. At this time, 

this link rotates on a fixed axis, and the mechanism cannot 

approximately reproduce the shape characteristics of bony 

armor of armadillo in the motion process. The possible end 

point selection is shown in Fig. 3. For the Watt-type six-bar 

mechanism, Links EF and AF can be selected as the frame. 

For the former, it can be seen from Fig. 3(a) and Fig. 3(b) 

that point B or point C can be selected as end point. At least 

one other hinge point is included between points B or C and 

the nearest hinge point of the frame. For the latter, Fig. 3(c) 

shows that only point C can be selected as end point. For 

the Stephenson-type six-bar mechanism, it can be seen in 

Fig. 3(d)-Fig. 3(i) that links AB (three-pair link), DE, CD  
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Fig. 3  Feasible end points with different links as frame 

(three-pair link) and BC can all be selected as frame, and 

there are six possible choices of end points. 

In the following analysis, take Watt-type as the basic 

kinematic chain, link EF as the frame, and B as end point to 

analyze. The length of link EF is l1. The coordinate origin 

of the fixed coordinate system is at the center of link EF, 

which can be seen in Fig. 4(a). At the same time, the attitude 

angle between the vector FE and the positive direction of 

y-axis is defined as φ. 

(2) Adjacent links are added and the first closed-loop is 

formed. On the basis of the frame, the adjacent link ED is 

added, which can be seen in Fig. 4(b). The angle θ1 between 

the link ED and link EF is defined as the driving angle. The 

constraint conditions can be expressed as 

 

     

1 1 1

2 2
1, ,

u l

Di Dri Di Dri Dx x y y r i n

  



    

    (2) 

where, θ1u and θ1l are the upper and lower limits of the 

driving angle θ1. (xDi, yDi) and (xDri, yDri) are the actual and 

reference coordinates of point D when the mechanism is in 

different states. rD is the given reference value. The first 

formula in eq. (2) is movement feasibility constraint 

condition. It means that the bio-inspired mechanism should 

be able to achieve continuous motion within the driving 

angle range. The second inequality in eq. (2) is shape 

constraint condition. It indicates that the shape 

characteristics of the mechanism can be ensured by limiting 

the distance between the actual coordinate and the reference 

coordinate of point D. 

The coordinates of point D can be expressed as 

 

 

4 1 1

4 1 1

1
sin sin

2

1
cos cos

2

D

D

x l l

y l l

  

  


     


       


                (3) 

where, l4 is the length of link DE. A feasible solution of l4 

can be preliminarily determined according to the constraint 

conditions shown in eq. (2).  

When the links FG and DG are added, the first closed-

loop four-bar mechanism EDGF is formed, which can be 

seen in Fig. 4(c). The constraint conditions include the 

attitude change of link DG and the position of point G, 

which can be expressed as 

   

0

2 2

DG DG

Gi Di Gi Di Gx x y y r

    



   

               (4) 

where, βDG is the attitude angle of the link DG from the 

initial state (open state) to the end state, and βDG-0 is a given 

reference value. (xGi, yGi) is the coordinate of point G. rG is 

the given reference value. The first inequality in eq. (4) 

belongs to the movement feasibility constraint condition. 

βDG should have a large rotation angle, which provides the 

basis for the position realization of the end point B. The 

second inequality is shape constraint condition. It limits the 

distance between point G and point D, so that the 

configuration can meet the shape requirement.  

In eq. (4), the coordinates of point G can be written as 

 

 

2 2 1

2 2 1

1
sin sin

2

1
cos cos

2

G

G

x l l

y l l

  

  


     


       


                (5) 

where, θ2 is the angle between the link EF and link FG. l2 

is the length of link FG. Since EFGD is a four-bar 

mechanism, θ2 can be represented by θ1. The vector 

equation of four-bar mechanism can be written as 

   ED DG GF FE 0                         (6) 

Eq. (6) can be written as two scalar equations 
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2

2 3 1 1

3

2 3 1

4

cos cos cos

sin sin sin 0

l
l

l

l

  

  

 
    

          

               (7) 

where, l3 is the length of link DG, and θ3 is the angle 

between the link EF and link DG. According to eq. (7), θ2 

can be represented by θ1 

 2 2 2

1 1 1 1

2

1 1

2arctan
A A B C

B C


   
 
  
 

              (8) 

where, 

1 2 4 12 sinA l l      , 
1 2 4 1 1 22 cos 2B l l l l        ,  

2 2 2 2

1 1 2 4 3 1 4 12 cosC l l l l l l         . 

θ3 can also be represented by θ1 

 2 2 2

2 2 2 2

3

2 2

2arctan
A A B C

B C


   
 
  
 

             (9) 

where, 

2 3 4 12 sinA l l      , 2 3 4 1 1 32 cos 2B l l l l        , 

2 2 2 2

2 1 3 4 2 1 4 12 cosC l l l l l l         . 

In eq. (4), The attitude angle of link DG can be expressed 

as 

3DG                  (10) 

A set of feasible solution of l2 and l3 can be preliminarily 

determined according to the constraint conditions shown in 

eq. (4). 

In particular, the constraint conditions shown in eq. (4) 

can also be replaced by limiting the lengths of the links FG 

and DG, which can be written as 

2 2 2 3 3 3u l u ll l l and l l l                   (11) 

where, lju and ljl (j=2, 3) are the upper and lower limits of l2 

and l3. It plays the same role as eq. (4), which can be used 

as the movement feasibility constraint condition and shape 

constraint condition at the same time. Although the length 

limit is simple, it depends more on experience.  

(3) On the basis of the four-bar mechanism EFGD, the 

links DC, GC, GA and FA are added to form two three-pair 

links, which can be seen in Fig. 4(d). At this time, the 

constraint conditions can be written as 

   

   

2 2

2 2

Ai Gi Ai Gi A

Ci Di Ci Di C

x x y y r

x x y y r

    

    

  (i=1,…,n)      (12) 

where, (xAi, yAi) and (xCi, yCi) are the coordinate of point A 

and point C, respectively. The inequalities in eq. (12) limit 

the positions of point A and point C to ensure that the 

configuration meets the shape characteristics. It is shape 

constraint condition. 

The coordinates of point A and point C can be expressed 

as 

 

 

10 3 2 1

10 3 2 1

1
sin sin

2

1
cos cos

2

A

A

x l l

y l l

   

   


       


        


          (13) 

   

   

2 2 5 1 3 1

2 2 5 1 3 1

1
sin sin sin

2

1
cos cos cos

2

C

C

x l l l

y l l l

     

     


        


          


 

(14) 

where, α1 is the angle between DG and DC, and it is the 

inside angle of the three-pair link DGC. α3 is the angle 

between FG and FA, and it is the inside angle of the three-

pair link FGA. l5 is the length of link GC, and l10 is the 

length of link AF. A set of feasible solution of l5, l8, l9 and 

l10 can be preliminarily determined according to the 

constraint conditions shown in eq. (12). Among them, l8 and 

l9 are the length of links AG and CD, and they are included 

in the solving process of the internal angles of three-pair 

links.  

Similarly, the position limits of the coordinate points can 

be replaced by the link lengths limits, which can be 

expressed as 

iu i ill l l      (i=5, 8, 9, 10)                  (15) 

where, liu and lil (i=5, 8, 9, 10) are the upper and lower limits 

of corresponding links.   

(4) Links BC and AB are added, and the second closed-

loop is formed, which can be seen in Fig. 4(e). The 

constraint condition can be written as 

   
2 2

Bi Bri Bi Bri Bx x y y r     (i=1, 2,…, n)     (16) 

where, (xBi, yBi) and (xBri, yBri) are the actual coordinate and 

reference coordinate of point B. This inequality indicates 

that the distance between point B and reference points 

should be within the given range. rB is the given reference 

value. The inequality in eq. (16) limits the trajectory of 

point B, and it belongs to the movement feasibility 

constraint conditions.   

According to the kinematic analysis, the coordinates of 

point B can be written as 
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Fig. 4  Adding process of links in mechanism design with Watt-type as basic kinematic chain 
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     (17) 

where, l6 is the length of link BC. θ4 is the angle between 

link AG and link BC, and θ6 is the angle between link AG 

and link GC. With θ6 as the input angle, all angles in the 

closed-loop ABCG can be expressed with θ6. For the closed-

loop ABCG, the vector equation can be written as 

   AB BC CG GA 0                       (18) 

Eq. (18) can be written as two scalar equations  

5

6 4 5 8

6

6 4 5

7

cos cos cos

sin sin sin 0

l
l

l

l

  

  

 
    

          

             (19) 

where, l7 is the length of link AB, and θ5 is the angle 

between link AG and link AB. According to eq. (19), θ4 can 

be represented by θ6 

 2 2 2

3 3 3 3

4

3 3

2arctan
A A B C

B C


   
 
  
 

            (20) 

where,  

3 5 6 62 sinA l l     , 3 5 6 6 6 82 cos 2B l l l l       ,  

2 2 2 2

3 5 6 8 7 5 8 62 cosC l l l l l l         .  

θ5 can also be represented by θ6 

 2 2 2

4 4 4 4

5

4 4

2arctan
A A B C

B C


   
 
  
 

            (21) 

where, 

4 5 7 62 sinA l l     , 4 5 7 6 7 82 cos 2B l l l l        , 

2 2 2 2

4 5 7 8 6 5 8 62 cosC l l l l l l         . 

When the four-bar mechanism EFGD is determined, θ6 

can be represented by the driving angle, which can be 

written as 

6 3 2 1 2                                 (22) 

where, α2 is the angle between FG and GA, and it is the 

inside angle of the three-pair link FGA. At this time, the 

coordinates of point B can be represented by the driving 

angle. A set of feasible solution of l6 and l7 can be 

preliminarily determined according to the constraint 

conditions shown in eq. (16). They can also be obtained by 

constraining the link lengths. 

In the above analysis, constraint conditions include eq. 

(1), eq. (2), eq. (4) (or eq. (11)), eq. (12) (or eq. (15)) and 

eq. (16). The above inequalities are not solved in 

combination, but in layers. First, the is selected by eq. (1), 

and, the length l1 of frame is determined. For eq. (2), the 

constraint conditions involve variables l4, and it can be used 

as the known value for the next analysis. βDG and (xG-E, yG-

E) in eq. (4) are functions of l2 and l3, and they can be 

determined when l4 is known. They can also be determined 

by eq. (11). According to eq. (12) (or eq. (15)), l5, l8, l9 and 

l10 can be determined. Finally, the length of l6 and l7 are 

determined according to eq. (16). Through the above 

method, the parameters determined in the previous step can 

be used as the known values in the next step. This makes 

each step of the analysis involve few unknown values. 

Compared with solving all inequalities together, the layered 

solution method can improve the solution speed, so as to 

quickly obtain the preliminary configuration and a set of 

feasible solutions.  

(5) Solving the feasible ranges of link lengths. Since the 

constraint conditions are given in the form of inequalities, 

the feasible ranges of the link lengths can be easily obtained 

by cycling the processes (1)-(4).  
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Table 1  Initial conditions of mechanism design with Watt-type as basic kinematic chain 

Initial range of link lengths / mm Constraint ranges / mm 

l3/ l8/ l9 l2/ l5/ l6 l4/ l7/ l10 rD rG rA rC rB 

[5, 25] [25, 50] [50, 75] 25 15 20 20 10 

Coordinates of reference points / mm Reference angles / º 

Point B1 Point B2 Point B3 Point D1 Point D2 Point D3 θ1-u θ1-l βDG-0 

(105, -10) (80,-60) (0,-83) (43.3, 17.2) (48.6,-1.6) (40.6,-31.1) 102° 40° 50° 

(6) The process of the target points approaching the 

reference points. Based on the above method, the constraint 

ranges (βDG-0, rD, rG, rA, rC, rB) can be set in layers so that 

the target points are closer to the reference points. In the 

first step, the constraint ranges can be large, and the feasible 

ranges of link lengths can be obtained preliminarily. Then 

the feasible ranges obtained in the above step can be used 

as the input condition for the next step. The smaller ranges 

of link lengths can be obtained by reducing the constraint 

ranges. Through the above process, more accurate ranges 

of link lengths can be obtained, which provides a reference 

for the final optimization. 

For the above process, the setting method of constraint 

conditions is not unique. Besides, when the different 

kinematic chains, frames and end points are selected, the 

constraint conditions of each step may be the same or 

different, which needs to be judged according to the actual 

situation.  

2.3 Example 

(1) Determination of initial configuration and ranges of 

link lengths. Eq. (1), eq. (2), eq. (4), eq. (12) and eq. (16) 

are selected as the constraint conditions. The initial 

conditions are shown in Table 1. In order to reduce the 

effect of human intervention on mechanism design, the link 

lengths are divided into three categories. In the mechanism 

design process, suppose l1= 10 mm, and φ=20º. MATLAB 

is used for programming, and random search algorithm is 

adopted. The parameters of the computer are 48 cores and 

128 G memory.  

The average operation time of 1000 runs is about 18.7 

second. Thus, the ranges of the link lengths can be obtained. 

A feasible configuration at the different states is shown in 

Fig. 5(a), and its corresponding link lengths are shown in 

Table 2. It can be seen from Fig. 5(a) that the configuration 

can realize the switch of open state and folded state, and its 

shape is approximately a semicircle in the end state. The 

reference trajectories and actual trajectories corresponding 

to points B and D are shown in Fig. 5(b). The differences 

between the actual and the reference trajectories are within 

the given range, which shows the correctness of the 

calculation results. The configuration meets design 

requirements.  

Table 2  A set of feasible solutions with Watt-type as basic 

kinematic chain 

l1/ mm l2 / mm l3 / mm l4 / mm l5 / mm 

10 47.62 14.13 52.76 26.36 

l6 / mm l7 / mm l8 / mm l9 / mm l10 / mm 

48.29 57.01 13.22 24.98 57.89 

A
B

C
D

E

F G

Initial state

Intermediate 
state

End state

 

(a) 

x axis/mm

y 
a
x
is

/m
m

Reference trajectory 
of point D

Actual trajectory of 
point D

Reference trajectory of 
point B

Actual trajectory of 
point B

Constraint region 
of point D

Constraint region 
of point B

 

(b) 

Fig. 5  Feasible configuration with Watt-type as basic kinematic 

chain and trajectories of target points. (a) Diagram of feasible 

configuration; (b) Actual and reference trajectories of points B 

and D.  



Journal of the Brazilian Society of Mechanical Sciences and Engineering 

 8 / 16 

 

(2) The process of the target points approaching the 

reference points. The change of constraint ranges is shown 

in Table 3. Under the given initial ranges of the link lengths 

(initial ranges are shown in Table 1), according to eqs. (1)-

(22), the feasible ranges of the link lengths can be obtained. 

The second step is to take these feasible ranges as input, so 

as to make the target points approach the reference points. 

After the first step, the new ranges of link lengths can be 

obtained, which can be seen in Fig. 6. ‘L’ means the initial 

ranges for the first step. Fig. 6 shows that there are obvious 

changes in the ranges of the link lengths. For the second 

step, the average operation time of 1000 runs is about 35.5 

second. So the total running time is about 54.2 second. The 

target points can approach the reference points in a very 

short time. A set of solutions is chosen from the final results. 

The link lengths are shown in Table 4. Take points B and 

D as example. The changes of positions of points B and D 

corresponding to the results of the first step (‘B-1’ and ‘D-

1’) and the second step (‘B-2’ and ‘D-2’) are shown in Fig. 

7. It can be seen from Fig. 7 that points B and D are closer 

to the reference points after the second step, and the 

distance between them is within the constraint ranges. This 

proves the correctness of the calculation results. 

Table 3  Change of the constraint ranges 

 rD rG rA rC rB 

First step 10 15 20 20 10 

Second step 5 15 20 20 2 

Table 4  A set of feasible solutions after the second step 

l1/ mm l2 / mm l3 / mm l4 / mm l5 / mm 

10 47.06 14.14 50.41 25.81 

l6 / mm l7 / mm l8 / mm l9 / mm l10 / mm 

47.36 51.60 13.05 24.69 58.02 

L
l3

l8

l9

L
l2

l5

l6

L
l4

l7

l10

 

Fig. 6  Ranges of link lengths after the first step 
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y
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x
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/m
m

B-1

B-2

D-1

D-2

Constraint range for 
the first step

Constraint range for 
the second step

 
(a) 

D
is

ta
n

ce
/m

m
θ1/°  

(b) 

Fig. 7  Changes of positions of target points after first and 

second step. (a) Changes of coordinate positions of points B and 

D; (b) Distances between actual coordinates and reference 

coordinates for points B and D. 

If the initial ranges of link lengths are taken as the input, 

and the constraint ranges are directly set to more accurate 

values (the constraint ranges corresponding to the second 

step shown in Table 3), the average operation time of 100 

runs is about 2.87×104 second. That is to say, when the 

distances between the target points and the reference points 

are directly set to small values, running time increases 

significantly. This shows that on the basis of obtaining the 

feasible ranges of the link lengths through the layered 

constraint conditions, further setting the constraint range in 

layers can make the target points quickly approach the 

reference points. It proves the feasibility of the method 

proposed in this paper. 

3 Influencing factors of mechanism 

design 

3.1 Differences in basic kinematic chains 

When the Stephenson-type is chosen as the basic 

kinematic chain, the same method can be used for 

mechanism design. Take the frame and end point selection 

results shown in Fig. 3 (d) as an example for analysis (three-

pair link ABG are selected as the frame, and point D is 
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selected as the end point). The adding process of links is 

shown in Fig. 8. On the basis of the frame ABG, the links 

are added gradually, and the first closed-loop four-bar 

mechanism AGFC is formed. Then the links FD and CD are 

added, and the three-pair link is formed. Finally, links AE 

and ED are added, and closed-loop five-bar mechanism 

ABCDE is formed. Similarly, the addition of links and the 

setting of constraint conditions are performed alternately.  

The same constraint conditions are chosen as the 

example in section 2.3. Suppose φ=0º, and the upper and 

lower limits of driving angle are 110º and 55º, respectively. 

The initial ranges of links CF, AB and AG are [5 mm, 25 

mm], the ranges of links GF and AE are [25 mm, 50 mm], 

and the ranges of links DE, CD, BC and DF are [50 mm, 75 

mm]. The length of frame is 10 mm. A set of feasible 

solution after the first step (constraint ranges for the first 

step is shown in Table 3) is shown in Table 5. The diagram 

of the configuration can be seen in Fig. 9(a).  

In particular, different configurations can be obtained by 

changing the attitude of the frame. For the configuration 

shown in Fig. 9(a), BG coincides with the y-axis. If AB 

coincides with the y-axis, a set of feasible link lengths after 

the first step is shown in Table 5, and the configuration is 

shown in Fig. 9(b). The differences of configurations and 

link lengths are not large. 
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Fig. 8  Adding process of links in mechanism design with 

Stephenson-type as basic kinematic chain 
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Initial state

Intermediate state
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A
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C D

E

F
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(b) 

Fig. 9  Feasible configuration with Stephenson-type as basic 

kinematic chain. (a) BG in three-pair link ABG coincides with the 

y-axis; (b) AB in three-pair link ABG coincides with the y-axis. 

Table 5  A set of feasible solutions with Stephenson-type as 

basic kinematic chain 

 
l1 (BG)/ 

mm 

l2 (GF)/ 

mm 

l3 (CF)/ 

mm 

l4 (BC)/ 

mm 

l5 (AB)/ 

mm 

Initial ranges - [25, 50] [5, 25] [50, 75] [5, 25] 

BG coincides with 
the y-axis 

10 49.87 9.29 52.09 13.86 

AB coincides with 
the y-axis 

10 44.01 9.33 51.76 8.99 

 
l6 (AE)/ 

mm 

l7 (DE)/ 

mm 

l8 (CD)/ 

mm 

l9 (DF)/ 

mm 

l10 (AG)/ 

mm 

Initial ranges [25, 50] [50, 75] [50, 75] [50, 75] [5, 25] 

BG coincides with 
the y-axis 

43.03 56.32 57.33 53.99 12.98 

AB coincides with 
the y-axis 

49.6 54.47 53.75 51.89 7.51 

3.2 Differences in closed-loop forms 

(1) Differences in forward or reverse four-bar 

mechanism. For the example shown in section 2.3, the 

reverse four-bar mechanism EFGD is the first closed-loop 

to be formed. However, the closed-loop EFGD may also be 

a forward four-bar mechanism. This will lead to the 

differences in final configuration. Suppose φ=0º, and the 

upper and lower limits of driving angle are 11º and -40º, 

respectively. Other constraint conditions and initial 

parameters are the same as those in section 2.3, which can 

be seen in Table 1 (only the first step is analyzed). The 

initial ranges of links DG, CG, AG and CD are [5 mm, 25 

mm], the ranges of link AF is [25 mm, 50 mm], and the 

ranges of links DE, GF, BC and AB are [50 mm, 75 mm]. 

The length of frame is also 10 mm. 
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According to eqs. (1)-(22), a set of feasible solution can 

be seen in Table 6, and the corresponding configuration is 

shown in Fig. 10. Fig. 10 shows that the configuration 

basically meets the movement feasibility and shape 

requirements. Compared with the configuration shown in 

Fig. 5(a), The most obvious difference is that the three-pair 

link DGC rotate anticlockwise from the initial state to the 

end state, which leads to the sharp point (point D) in the 

initial state. This will cause the upper surface of the robot 

to be uneven, and it is not a good choice in shape.  

Table 6  A set of feasible solutions with EFGD being a forward 

four-bar mechanism 

EF/ mm DE/ mm DG/ mm GF/ mm CG/ mm 

10 55.71 5.59 52.89 10.47 

BC/ mm AB/ mm AG/ mm CD/ mm AF/ mm 

61.02 55.88 15.62 16.01 44.32 

A B

C

E

F

G

Initial state

Intermediate state

End state

D

 

Fig. 10  Diagram of a feasible configuration with EFGD being 

forward four-bar mechanism 

 (2) Five-bar closed-loop is formed first. Watt-type six-

bar mechanism contains two closed-loops, and they are 

four-bar mechanisms. Therefore, the coordinate of each 

hinge point and attitudes of target links can be represented 

by the driving angle in the link adding process. For the 

Stephenson-type mechanism, it contains a five-bar closed-

loop mechanism and a four-bar closed-loop mechanism. 

The four-bar closed-loop mechanism is formed first for the 

link adding process shown in section 3.1. If the five-bar 

closed-loop mechanism is formed first, the coordinate of 

each hinge point and attitudes of target links cannot be 

directly represented as a function of driving angle. At this 

time, the range of another angle of the five-bar mechanism 

can be given as a known value to establish kinematic model. 

The dependent variables can be expressed as a function of 

driving angle and selected angle. When all the links are 

added, the selected angle can be represented by the driving 

angle finally, and its range can be obtained. Compare it with 

the range given before, so as to judge the feasibility of the 

configuration. 

Take the kinematic chain shown in Fig 3(e) as an 

example for analysis. First, link AE is selected as a frame 

(DE and AE are symmetrical in configuration), and the 

adding process of the links is shown in Fig. 11(a). Suppose 

the frame coincides with the y-axis of the fixed coordinate 

system. When the links AG GF, FD and DE are added, a 

five-bar mechanism is formed. Suppose γ1, which is the 

angle between link AE and link AG, is driving angle, and γ2, 

which is the angle between link AE and link ED, is selected 

as a known angle. The constraint condition of two angles 

can be expressed as   

 

 
1 1 1

2 2 2

u l

u l

  

  






                            (23) 

where, γju and γjl (j=1,2) are the upper and lower limits of 

the two angles. Through the kinematic analysis of the five-

bar mechanism, the coordinate of each hinge point and the 

attitudes of the target links can be expressed by these two 

angles. When links AB BG, DC and FC are added, four-bar 

mechanism closed-loop is formed. At this time, since the 

angles γ3 and γ4 of the five-bar closed-loop mechanism have 

been determined (γ3 and γ4 are the angles between link FG 

and FD and frame AE, respectively), the angles γ5 and γ7 of 

the four-bar closed-loop mechanism are also determined (γ5 

is the angles between link BG and link GF, and γ7 is the 

angles between link BG and link CF). The four-bar 

mechanism has only one DOF, and one of this two angles 

is chosen as the input. In the above analysis process, the 

constraint conditions are same as those in section 2.3. 

When all links are added, γ2 can be represented by the 

driving angle γ1 by solving the following closed-loop 

equations 

1 2 2 5 1 4 4 3 3

2 2 5 1 4 4 3 3

8 4 5 7 7 6 6

4 5 7 7 6 6

cos cos cos cos 0

sin sin sin sin 0

cos cos cos 0

sin sin sin 0

S S S S S

S S S S

S S S S

S S S

l l l l l

l l l l

l l l l

l l l

   

   

  

  

    

   

   

  

    


   


   
   

 

(24) 

where, 

5 1 1 3 4          ,  

7 3 1 1 2 3            . 

li-S is the length of each link, which can be seen in Fig. 11(a). 

γ6 is the angle between BG and BC. σi is the internal angles 

of three-pair link. σ1 is the angle between link AG and link 
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AB, σ2 is the angle between link AB and link BG, and σ3 is 

the angle between link CF and link FD. According to eq. 

(24), the relationship between γ2 and γ1 can be obtained, 

which can be written as 

 2 1f                                    (25) 

Compare the range of γ2 obtained by eq. (25) with the 

range given in eq. (23). If the difference between the 

calculated value and the given value of γ2 is within a small 

range, the result is considered to meet the requirements. 

This condition can be expressed as   

 1 2i i if                                  (26) 

where, δi is the given value.  
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Fig. 11  Adding process of links and a feasible configuration 

with Stephenson-type as basic kinematic chain and five-bar 

closed-loop being formed first. (a) Adding process of links with 

five-bar mechanism AGFDE being formed first; (b) A feasible 

configuration. 

Table 7  A set of feasible solutions with Stephenson-type as 

basic kinematic chain and five-bar closed-loop being formed first 

l1-S/ mm l2-S / mm l3-S / mm l4-S / mm l5-S / mm 

10 47.03 10.12 17.19 16.52 

l6-S / mm l7-S / mm l8-S / mm l9-S / mm l10-S / mm 

52.11 45.32 24.17 51.32 54.25 

In order to prove the feasibility of the above method, an 

example is given. Suppose the range of driving angle γ1 is 

[31º, 78º], and the range of selected angle γ2 is [58°, 113°]. 

Select a set of feasible solutions from the analysis results, 

the link lengths are shown in Table 7. According to eq. (25), 

the range of angle γ2 is [60.7°, 115.5°], Suppose δi=5º in eq. 

(26). Compared with the calculated value and the given 

value of γ2, the upper and lower limits meet the 

requirements, so the result can be considered feasible. The 

configuration corresponding to the link lengths shown in 

Table 7 can be seen in Fig. 11(b). The configuration meets 

the movement feasibility and shape constraint conditions. 

3.3 Differences in constraint conditions 

After the kinematic chain and the frame being 

determined, the difference of constraint conditions mainly 

affects the efficiency of mechanism design (calculation 

time).  

  In the above analysis, eq. (1), eq. (2), eq. (4), eq. (12) and 

eq. (16) are selected as the constraint conditions. The 

constraint conditions are changed as follows. (a) Case 1. 

The constraint condition of the end point B in the 

intermediate state is removed. (b) Case 2. Because the first 

inequality constraint condition in eq. (4) is mainly 

determined by experience. It is removed. (c) Case 3. For 

the initial condition, the upper and lower limits of the link 

lengths ranges are increased by 15%. The configurations 

shown in Fig. 10 (Watt-type with EDGF being forward 

four-bar mechanism, configuration-1), Fig. 5(a) (Watt-type 

with EDGF being reverse four-bar mechanism, 

configuration-2) and Fig. 9 (a) (Stephenson-type, 

configuration-3) are used as analysis objects, respectively.  

  For the configuration-1, the running times with different 

cases after 1000 runs are shown in Fig. 12. Among them, 

Fig. 12(a) corresponds to the control group, and the 

constraint conditions are not changed. Fig. 12 shows that 

the running time increases significantly after the initial 

ranges of link lengths are enlarged. When some constraint 

conditions are removed, the running time tends to decrease. 
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In order to carry out quantitative analysis on the running 

time, considering the small sample size of 1000 times, the 

double population t-test is adopted to compare the 

differences between two adjacent groups of values. The 

statistic of double population t-test is as follows: 

   
1 2

2 2

1 1 2 2

1 2 1 2

1 1 1 1

X X
t

n S n S

n n n n




    
 

  

            (27) 

where,
1X and

2X are sample means, 2

1S and 2

2S are sample 

variances, and n1 and n2 are sample sizes. The positive or 

negative value of t represents the change trend, and the 

absolute value of t represents the significance. The larger 

the absolute value of t is, the more significant the change is. 

The calculated critical value is: t0.05=1.96, and t0.01=2.58.  

(a) (b)

(c) (d)  

Fig. 12  Running time of configuration-1. (a) Control group 

(case 0); (b) Case 1; (c) Case 2; (d) Case 3. 

The differences of running times under different cases 

for the same configuration are shown in Fig. 13. The i-th 

column shows the change trend of running time of case (i+1) 

relative to case i (i=0, 1, 2, 3). For the cases 1 and 2, Fig. 

13 shows that the reduction of constraint conditions has a 

limited effect on the running time. However, it may affect 

the movement feasibility of the mechanism. For example, 

for the configuration-1, when the constraint condition of 

the end point B in the intermediate state is removed (case 

1), a possible configuration is shown in Fig. 14, and the 

corresponding link lengths are shown in Table 8. Although 

this configuration approximately meets the shape 

requirements, it cannot achieve continuous motion from the 

initial state to the end state. The end point can only move 

from B0 to B1, or B2 to B3. Therefore, in the mechanism 

design, the constraint conditions for the movement 

feasibility should be set reasonably.  

  For case 3, the extension of the initial ranges of link 

lengths makes the running time increase obviously for the 

configuration-1 and configuration-3. This is because when 

the feasible ranges are constant, larger search ranges mean 

that it is more difficult to get the feasible solutions. For 

configuration-2, the running time is obviously reduced. It 

can be seen from Fig. 15 that when the ranges of link 

lengths are expanded, the value of each link length falling 

within the added ranges is more. And because there are 

more link lengths in the added ranges at the same time, it is 

easier to combine to obtain the feasible configuration. In 

Fig. 15(b), Qi means there are i links in the added ranges at 

the same time. In summary, the extension of the upper and 

lower limits of initial ranges of the link lengths has obvious 

effect on the mechanism design efficiency. 

 

Fig. 13  Double population t-test under different cases for the 

same configuration. 
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C G D
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Fig. 14  A possible configuration with discontinuous motion 

Table 8  A set of feasible solutions with discontinuous motion 

l1/ mm l2/ mm l3/ mm l4/ mm l5/ mm 

10 55.69 5.59 52.86 10.47 

l6/ mm l7/ mm l8/ mm l9/ mm l10/ mm 

56.07 48.35 15.44 16.01 48.59 
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C-1 C-2 C-3 C-1 C-2 C-3  

(a)                          (b) 

Fig. 15  Changes of the feasible solutions with expanded initial 

ranges for configuration-2. (a) Number of times the different links 

are in the added ranges after 1000 runs; (b) Number of links in the 

added ranges at the same time after 1000 runs. 

The above analysis results show that if it is impossible to 

determine whether the given constraint conditions are 

appropriate, they can be appropriately added or removed 

according to experience, but the requirements for the 

movement feasibility must be guaranteed. Besides, the 

initial ranges of link lengths need to be given carefully. 

For the different configurations with same cases, the 

change trend of running time obtained by double 

population t-test is shown in Fig. 16. The i-th column 

shows the change trend of running time of configuration-

(i+1) relative to configuration-i (i=1, 2). For the different 

configurations, the running time varies greatly. Overall, 

configuration-1 requires longer running time. Therefore, 

reasonable choice of configuration will lead to higher 

design efficiency.  

 

Fig. 16  Double population t-test under same case for the 

different configurations 

4 Discussion 

The method proposed in this paper can quickly get the 

feasible configuration and the feasible ranges of the link 

lengths, which reduces the difficulty of mechanism design. 

In the design process, the following issues need to be noted. 

(1) The selection of initial ranges of link lengths and 

constraint conditions. If the initial ranges of link lengths 

cannot be given directly, a large initial ranges can be set, 

and the constraint ranges can be expanded. However, the 

obtained configuration may be different from the target 

configuration. For example, for the configuration shown in 

section 2.3, when the ranges of link lengths are changed, a 

possible configuration is shown in Fig. 17 (a). Fig. 17(a) 

shows that the configuration is quite different from the 

semicircle in the end state. In this case, the ranges of link 

lengths can be reduced in layers. After getting the 

configuration for the first time, the constraint ranges can be 

reduced. The ranges obtained in the above step can be used 

as the input condition for the next step, and the ranges of 

link lengths can also be reduced. The final configuration 

that meets the design requirements can be obtained by 

cycling the above process. In addition, the constraint 

conditions can be given in layers. For example, the 

constraint conditions of points B, D and G are relatively 

strict. If the constraint conditions of points A and C cannot 

be confirmed, a possible configuration is shown in Fig. 

17(b). On the basis of the configuration shown in Fig. 17(b), 

constraint conditions of points A and C can be given to 

make the configuration quickly approach the target 

configuration.  
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(a)                       (b) 

Fig. 17  Two possible configurations when constraint conditions 

for point A and C are changed 

(2) The way to set shape constraint conditions are not 

unique. For example, for the Fig. 4(d), the following 

constraint condition can also be added 

 1 1 1u l                                   (28) 

where, β1 is the angle between the link ED and DC. β1u and 

β1l are the upper and lower limits of β1. This inequality is to 

prevent the anticlockwise rotation of the link DC relative to 

the link DE in the initial state to ensure the smoothness of 

the upper surface of the robot. At this time, the 

configuration shown in Fig. 10 can be avoided. 
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(3) The design method proposed in this paper can be used 

not only in the design of one DOF six-bar mechanism, but 

also in the design of eight-bar bio-inspired mechanism. 

Two possible configurations of bio-armadillo eight-bar 

mechanism are shown in Fig. 18, and the corresponding 

link lengths are shown in Table 9 and Table 10, respectively. 

A

B

C E
F

G

H

D

I

J

A

C

E

F

G

H

D
J

B

I

 

(a) 

A
C

E
F

GH

D

I

J

B

A

C

E

F

G
H

D

I

J

B

 

(b) 

Fig. 18  Two possible configurations of eight-bar bio-inspired 

mechanism 

Table 9  A set of feasible solutions corresponding to Fig. 18(a) 

AB/ mm AC/ mm BC/ mm BH/ mm DH/ mm 

10 9.01 6.11 52.81 11.87 

CD/ mm CE/ mm DE/ mm EG/ mm GI/ mm 

49.24 44.31 5.35 37.66 13.87 

DI/ mm EF/ mm FG/ mm HI/ mm AJ/ mm FJ/ mm 

45.62 32.98 5.20 52.03 53.93 32.89 

Table 10  A set of feasible solutions corresponding to Fig. 18(b) 

AB/ mm AC/ mm BC/ mm AJ/ mm AI/ mm 

6 7.01 5.91 13.45 12.87 

IJ/ mm HI/ mm GH/ mm GJ/ mm FH/ mm 

3.80 24.32 3.79 23.98 29.31 

FG/ mm EF/ mm DF/ mm DE/ mm BE/ mm CD/ mm 

27.09 30.28 31.19 5.92 33.01 25.49 

(4) In this paper, only the movement feasibility and 

shape constraint conditions of mechanism are considered in 

the design process. The future research mainly involves the 

following aspects. (a) Performance analysis. The 

performance constraint conditions, such as the singularity 

of the mechanism, mechanical property and dynamic 

performance [30], should be considered to make the bio-

inspired mechanism have good movement performance. (b) 

Optimal selection of configurations. For different 

configurations, the performance indices system should be 

established to select the configuration with the best 

comprehensive performance. (c) Structure design and 

experiment. A robot prototype needs to be developed, and 

the rationality of the design is analyzed through 

experiments. 

5 Conclusion 

How to meet the movement feasibility and shape 

requirements of a one DOF six-bar or eight-bar bio-

inspired mechanism is the difficulty of mechanism design. 

In order to improve the design efficiency and simplify the 

design process, take the bio-armadillo mechanism as an 

example, a design method based on layered constraint 

conditions is proposed in this paper. 

(1) Based on the selected kinematic chain and frame, the 

adjacent links are added gradually. At the same time, the 

constraint conditions are given in layers in the form of 

inequalities. Since the link lengths obtained by the 

constraint conditions in each step can be used as the known 

conditions in the next step, the configuration and the 

feasible ranges of the link lengths can be obtained quickly. 

(2) The target points can approach the reference points 

quickly by setting the constraint ranges in layers and 

iterating the length ranges. Compared with the solution 

process in which the constraint ranges are directly set as the 

small values, the design efficiency is improved. The 

layered setting of constraint ranges can also reduce the 

effect of experience on the design process. 

(3) The selection of initial conditions may have a great 

effect on the final configuration and design efficiency. The 

choice of kinematic chain should make the mechanism easy 

to obtain feasible solutions. Constraint conditions can be 

reduced appropriately but not affect the movement 

feasibility. The initial ranges of the link lengths have the 

great effect on the design efficiency and should be selected 

carefully. 

This method also provides a reference for the design of 

other planar mechanisms. Future studies could include the 

analysis of the effect of performance constraint conditions 

on design efficiency. At the same time, how to make the 

given constraint conditions more general needs to be 
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studied to reduce the effect of human participation on the 

results. 
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