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Modeling, comparison and evaluation
of one-DOF six-bar bioinspired
jumping leg mechanisms

Ziqiang Zhang1, Qi Yang1 , Xingkun Liu2, Chuanzhong Zhang1

and Jinnong Liao1

Abstract
One degree-of-freedom (DOF) jumping leg has the advantages of simple control and high stiffness, and it has been widely
used in bioinspired jumping robots. Compared with four-bar jumping leg, six-bar jumping leg mechanism can make the
robot achieve more abundant motion rules. However, the differences among different configurations have not been ana-
lyzed, and the choice of configurations lacks basis. In this study, five Watt-type six-bar jumping leg mechanisms were
selected as research objects according to the different selection of equivalent tibia, femur and trunk link, and a method
for determining the dimension of the jumping leg was proposed based on the movement law of jumping leg of locust in
take-off phase. On this basis, kinematics indices (sensitivity of take-off direction angle and trunk attitude angle), dynamics
indices (velocity loss, acceleration fluctuation, and mean and variance of total inertial moment) and structure index (dis-
tribution of center of mass) were established, and the differences of different configurations were compared and ana-
lyzed in detail. Finally, according to the principal component analysis method, the optimal selection method for different
configurations was proposed. This study provides a reference for the design of one DOF bioinspired mechanism.

Keywords
Six-bar jumping leg, modeling method, comparison study, comprehensive evaluation, optimal selection method

Date received: 8 June 2020; accepted: 8 January 2021

Handling Editor: James Baldwin

Introduction

Micro jumping robot has the characteristics of short
take-off time and high acceleration, and how to make
the jumping robot have the advantages of good con-
trollability and high stiffness is one of the focuses of
current research.1,2 The reason why high stiffness is
desirable is that the jumping leg mechanism will collide
with the ground when landing, and the higher the stiff-
ness of the jumping leg, the stronger the ability of the
jumping leg to resist elastic deformation. In order to
solve existing problem, on the basis of existing bionic
jumping mechanisms and flexible jumping mechan-
isms.3–5 a one degree-of-freedom (DOF) mechanism is
introduced into the design of jumping robots.6,7 One
DOF bioinspired mechanism can approximately

reproduce the motion process of the biological leg with
only one drive, which is of great significance to its
research.

Most of the existing research focuses on the one
DOF jumping leg with four-bar mechanism. For exam-
ple, the bioinspired jumping robot designed by Li et al.8
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has one DOF four-bar jumping leg. The link length of
jumping leg was determined based on the structural
parameters of biological leg, and the robot can take off
quickly. The jumping leg of bioinspired jumping robot
designed by Zhang et al.9,10 of Southeast University is
also a four-bar mechanism. The average jumping height
and jumping distance were 99.1 and 72.7 cm on a
smooth surface, respectively. In particular, the four-bar
mechanism has been widely used in flexible-driven
jumping robots due to its simple structure. For exam-
ple, Institute of Advanced Machinery and Design of
Seoul National University has continuously studied a
miniature jumping robot driven by shape memory alloy
(SMA), and the leg mechanisms of the robot are four-
bar mechanisms.11–13 However, due to the limitation of
its configuration, the four-bar jumping leg mechanism
is difficult to make the robot have expected perfor-
mance, such as good jumping stability and specified
jumping trajectory. Therefore, some researchers began
to study one DOF six-bar or even eight-bar jumping
mechanism. Zhang et al.14 of Beijing University of
Technology designed a jumping robot with the
Stephenson II type six-bar jumping leg, and a mechan-
ism design method based on jumping stability (includ-
ing kinematic and dynamic stability) was proposed for
a bioinspired robot. The eight-bar mechanism was used
as the jumping leg for the jumping robot ‘‘Salto’’
designed by Haldane et al.15–17 The robot has good agi-
lity and high jumping frequency, and can achieve the
expected jumping trajectory. This jumping robot has
been developed for many generations and has good
jumping performance in rugged terrain. The eight-bar
mechanism is also used for the single-actuator continu-
ous hopping robot design by Bai et al.18

Compared with four-bar mechanism, six-bar or eight-
bar mechanism has more abundant configurations.19,20

According to the design requirements, different basic
configurations can evolve a large number of different
mechanisms. However, the design of existing six-bar or
eight-bar jumping mechanisms depends on experience.
The differences among different configurations are not
compared, and how to choose the mechanism that meets
the requirements from a large number of configurations
is also a problem that needs to be solved.

In existing studies, the comparison of different con-
figurations focuses more on parallel mechanisms.21–24

For example, several Parallel Kinematic Mechanisms
(PKMs), namely a 4-UU mechanism, a spherical 5-bar
mechanism and a spherical 6-bar mechanism, were ana-
lyzed by Divya et al.,21 and the best way to relocate the
actuators (inertial load) was studied to reduce the share
of the motive power required to drive the robot’s links,
with the aim of increasing its payload-to-weight ratio.
A class of 3 DOF parallel manipulators belonging to
the 3-[PP]S family were compared by Abhilash et al.25

with singularity-free orientation workspace, parasitic

motions within that workspace and complexity indices
as performance indices. Yu et al.26 compared two DOF
pointing mechanisms, including the gimbal structure
and the 1-RR&2-RRR spherical parallel mechanism
(SPM), and distinctive motion characteristics for three
mechanisms can be effectively obtained. The compari-
son study for one DOF mechanisms is relatively few.
Zhang et al.6 compared 2 one DOF four-bar jumping
leg models based on the jumping performance evalua-
tion indices, which include the mechanical property,
body attitude, jumping distance, and environmental
effect. ‘‘Environmental effect’’ means the two contact
points between the bilateral jumping legs and the
ground are not on the same level due to rough terrain,
and the distance of the two fixed coordinate system of
left leg is 1.8 cm lower than that of the right leg along
the vertical direction. Two six-bar mechanism were
compared by Lv et al.27 to make the mechanism of sha-
per more reasonable taking the variation of displace-
ment, velocity, and acceleration as the study object.
‘‘Make the mechanism of shaper more reasonable’’
means the velocity of plough head of the shaper should
be as stable as possible in order to improve the surface
roughness and extend tool life. The above comparison
methods for different mechanisms provide a reference
for this study.

However, for the one DOF jumping leg, there are
still the following problems to be solved. (a) The map-
ping relationship between heterogeneous models (that
is the mapping relationship between multi-DOF series
leg of the locust and one DOF jumping leg of the jump-
ing robot) has not yet been established. It means that
the method of determining the link length needs to be
put forward to ensure that different configurations are
analyzed under the same standard. (b) How to establish
a mathematical model for the robot in take-off phase
and establish an index system covering the main perfor-
mance of jumping robot has not been studied yet. (c)
Faced with the difference in performance among differ-
ent configurations, comprehensive evaluation needs to
be studied to provide reference for optimal selection of
different configurations.

Taking Watt-type six-bar mechanism as the research
object in this study, a method to determine the link
length of the mechanism is put forward, and the kine-
matics, dynamics and structure indices of five different
configurations are studied based on mathematical mod-
els. Finally, the optimal selection for different config-
urations is given. This study provides a reference for
the design of one DOF bioinspired mechanism.

Determination of link length

Configuration design

The six-bar mechanism has abundant configurations
and acceptable complexity, and it is one of the best
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choices for bioinspired jumping robots. ‘‘Abundant
configurations’’ means the one-DOF six-bar mechan-
ism has two forms: Watt Type (including Watt-1 Type
and Watt-2 Type) and Stephenson type (including
Stephenson-1 type, Stephenson-2 type and Stephenson-
3 type), while the one-DOF four-bar mechanism has
only one form. ‘‘Acceptable complexity’’ means the
configuration of one-DOF six-bar mechanism is more
complex than that of one-DOF four-bar mechanism,
while it is simpler than that of one-DOF eight-bar
mechanism. Therefore, the one-DOF six-bar mechan-
ism is a better choice. Six-bar mechanism has two basic
configurations: Watt-type and Stephenson-type. In this
study, taking Watt-type six-bar mechanism as an exam-
ple for analysis, and it is assumed that in the mechan-
ism, all joints are rotary. It is worth noting that the
analysis method is also applicable to Stephenson-type
six-bar mechanism. The kinematic chain atlas and
topographical structure of the Watt-type six-bar
mechanism are shown in Figure 1(a) and (b), respec-
tively. Links 2 and 5 are three-pair links, and the others
are two-pair links. Different configurations can be
obtained by selecting different links as initial tibia,
femur, and trunk.28 It is necessary to consider whether
the link is two-pair or three-pair link and whether the
selected two links are adjacent to each other. For exam-
ple, for configuration 1, a two-pair link and a three-
pair link connected to it are selected as initial tibia and
femur, and a two-pair link is selected as trunk.
According to the above method, nine possible

configurations can be obtained, as shown in Figure
1(c), and the point OC is the center of mass of the
robot.

For different configurations, the primary selection
can be carried out. The jumping performance of the
robot needs to be analyzed by modeling, so only the
structure is considered. It can be known from Figure
1(c) that the equivalent tibias of configuration 6-9 con-
sist of only one link, and most of the links are concen-
trated in the equivalent femurs. This makes the mass
distribution of the jumping leg seriously unbalanced,
affecting the jumping stability of the robot. Therefore,
only configurations 1-5 are considered in the compara-
tive study. It is noticed that the comparison and opti-
mal selection method presented in this paper can also
be applied to configuration 6-9.

Dimension determination

The dimension of the jumping leg for different config-
urations should be determined, and this is the basis for
comparing different jumping legs.29 Because locust has
highly-developed hind legs and is very good at jump-
ing,30 taking motion laws of jumping leg of locust in
the take-off process as reference, the dimension of
jumping leg of the robot should satisfy the following
constraint conditions.31 (a) The relative rotation angle
g1 of the equivalent tibia and femur of jumping robot
and the angle u1 between the tibia of the robot and the
horizontal direction should have a large change range,

Figure 1. Different configurations of six-bar jumping leg with Watt-type as the basic configuration: (a) kinematic chain atlas of the
Watt-type six-bar mechanism, (b) topological structure of the Watt-type six-bar mechanism, and (c) nine possible configurations.
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which are the basis for a robot to take off normally. (b)
The position of the center of mass of the robot (XOC,
YOC) during the take-off process should be similar to
the trajectory of center of mass of locust. According to
the take-off process of the locust.14 (Figure 2(a), these
positions are chosen by considering uniform time steps
during take-off process), the data of the constraint con-
ditions are shown in Figure 2. gs is the angle between
tibia and femur of the locust, us is the angle between
the tibia of the locust and the horizontal direction, and
(X, Y) is the coordinate of the center of mass of the
locust.

The link length of jumping leg can be determined by
the optimization method so that the one DOF jumping
leg can approximately reproduce the jumping process
of locust. The kinematic model is established first by
taking configuration 5 as an example. The schematic of
the configuration 5 is shown in Figure 3. The origin of
coordinate system M5-XM5YM5 is located at point M5

(subscript 5 represents configuration 5), which is the
contact point between jumping leg and ground. The
direction of XM5 axis is horizontal to the right, and the
direction of YM5 axis is vertical to the upward. The
jumping robot is driven by spring. Its one end is con-
nected with link E5F5 at Q5, and the other end is con-
nected with link D5E5 at P5. Besides, the take-off
direction line in Figure 3 means the trajectory of the
center of mass of the robot. Since the take-off time of
the robot is short (less than 100ms), the trajectory of
the center of mass is generally considered to be a
straight line. In particular, the take-off direction line is
not a connection between point M and center of mass
OC.

The coordinate of the center of mass of the trunk
OC-5 in the coordinate system M5-XM5YM5 can be
expressed as

R11�5 R12�5 R13�5 R14�5 R15�5

R21�5 R22�5 R23�5 R24�5 R25�5

� �
�

l1�5

l2�5

l3�5

l6�5

l12�5

2
6666664

3
7777775

=
XOC�5

YOC�5

� �
ð1Þ

where,

R11�5=cosu1�5; R12�5=� cosu1�5;

R13�5=cos u1�5�g2�5�a1�5ð Þ;
R14�5=cos u1�5�g2�5�g6�5�a1�5�a2�5ð Þ;
R15�5=cos u1�5�g2�5�g6�5�g7�5�a1�5�a2�5�a8�5ð Þ;
R21�5=sinu1�5; R22�5=� sinu1�5; R23�5=sin u1�5�g2�5�a1�5ð Þ;
R24�5=sin u1�5�g2�5�g6�5�a1�5�a2�5ð Þ;
R25�5=sin u1�5�g2�5�g6�5�g7�5�a1�5�a2�5�a8�5ð Þ:

(a) (b)

Figure 2. Take-off process of the locust and change of jumping leg of the locust: (a) jumping sequence of the locust and (b) change
of position and attitude of jumping leg of locust.

Figure 3. Schematic of configuration 5.
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where, (XOC-5, YOC-5) is the coordinate of the center of
mass of the trunk for the robot in the coordinate system
M5-XM5YM5, and it can be given according to experi-
ence. l1-5 (l2-5, l3-5, l6-5, l12-5) is the length of link M5E5

(D5E5, C5D5, B5C5, B5OC-5). u1-5 is the internal angle
between link E5M5 and positive direction of XM5 axis.
g2-5 (g6-5, g7-5) is the internal angle between link D5E5

(B5C5, A5B5) and D5G5 (C5G5, B5C5). a1-5 (a2-5, a8-5) is
the internal angle between link C5D5 (C5G5, A5B5) and
D5G5 (D5C5, B5OC-5), and it can be obtained after the
length of each link of the jumping leg is determined.

In the quadrilateral E5D5G5F5, by projecting the clo-
sure equation along link D5E5 and in the direction
orthogonal to D5E5, the scalar equation can be written
as

l7�5 � cosg1�5 � l8�5 � cos g2�5 + g3�5ð Þ+ l4�5 � cosg2�5 � l2�5 = 0

l7�5 � sing1�5 + l8�5 � sin g2�5 + g3�5ð Þ � l4�5 � sing2�5 = 0

�
ð2Þ

where, l4-5 (l7-5, l8-5) is the length of link G5D5 (E5F5,
G5F5). g1-5 (g3-5) is the internal angle between link D5E5

(G5F5) and E5F5 (G5D5). According to equation (2), the
angles gi-5 (i=2, 3, 4) in the quadrilateral E5D5G5F5

can be expressed as a function of g1-5, and the formulas
are as follows:

g2�5 = arccos
A1�5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2

1�5 +B2
1�5 � C2

1�5

p
� B1�5C1�5

A2
1�5 +B2

1�5

 !

= f1�5 g1�5ð Þ
ð3Þ

g3�5 = 2p � arccos

�A2�5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2

2�5 +B2
2�5 � C2

2�5

p
+B2�5C2�5

A2
2�5 +B2

2�5

 !

= f2�5 g1�5ð Þ

ð4Þ

g4�5 = 2p � g1�5 � g2�5 � g3�5 = f3�5 g1�5ð Þ ð5Þ

where, g4-5 is the angle between link E5F5 and G5F5.

A1�5 = 2 � l4�5 � l7�5 � cosg1�5 � 2 � l2�5 � l4�5;

B1�5 =� 2 � l4�5 � l7�5 � sing1�5;

C1�5 =� 2 � l2�5 � l7�5 � cosg1�5 + l2
2�5

+ l2
4�5 + l2

7�5 � l2
8�5;

A2�5 = l8�5 � sing2�5; B2�5 =� l8�5 � cosg2�5;

C2�5 = l4�5 � cosg2�5 + l7�5 � cosg1�5 � l2�5:

In the quadrilateral G5C5B5A5, the coupling relation-
ship between g5-5 and g1-5 can be obtained according to
the geometric condition shown in Figure 3

g5�5 = 2p � g3�5 � a3�5 � a4�5 = f4�5 g1�5ð Þ ð6Þ

where, g5-5 is the internal angle between link G5C5 and
G5A5. a3-5 (a4-5) is the internal angle between link G5C5

(G5A5) and G5D5 (G5F5). Then, the angles in the quadri-
lateral G5C5B5A5 can be expressed as a function of g1-5

g8�5 = arccos
B3�5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2

3�5 +B2
3�5 � C2

3�5

p
� A3�5C3�5

A2
3�5 +B2

3�5

 !

= f5�5 g1�5ð Þ ð7Þ

g6�5 = arccos

l5�5 � l9�5 � cosg5�5 + l11�5 � cos g5�5 +g8�5ð Þ
l6�5

� �
= f6�5 g1�5ð Þ

ð8Þ

g7�5 = 2p � g5�5 � g6�5 � g8�5 = f7�5 g1�5ð Þ ð9Þ

where,

A3�5 = 2 � l5�5 � l11�5 � cosg5�5 � 2 � l9�5 � l11�5;

B3�5 =� 2 � l5�5 � l11�5 � sing5�5;

C3�5 =� 2 � l5�5 � l9�5 � cosg5�5 + l2
5�5 + l2

9�5

+ l2
11�5 � l2

6�5;

l5-5 (l9-5, l11-5) is the length of link G5C5 (A5G5, A5B5).
g6-5 (g8-5, g7-5) is the internal angle between link G5C5

(A5G5, A5B5) and C5B5 (A5B5, B5C5).
Insert equations (3), (8), and (9) into equation (1),

and the unknowns contained in equation (1) are li-5
(i=1–13), XOC-5

, YOC-5
, g1-5, and u1-5. g1-5 corresponds

to joint angle gs of jumping leg of locust, and u1-5 cor-
responds to angle us of locust. Therefore, insert discrete
values of gs and us shown in Figure 2 into equation (1),
and a series of discrete value of center of mass (X(OC-5)k

,
Y(OC-5)k

) (k=1–8) of the jumping leg can be obtained.
(X(OC-5)k

, Y(OC-5)k
) (k=1–8) are functions of li-5 (i=1–

13), and the optimization objective function can be
expressed as

f5 =
X8

k = 1

X OC�5ð Þk � Xk

� 	2
+ Y OC�5ð Þk � Yk

� 	2

 �

ð10Þ

where, (Xk, Yk) (k=1–8) is the discrete value of center
of mass of the locust, and they are shown in Figure 2.

The link lengths of one DOF jumping leg for config-
uration 5 can be obtained by optimization algorithm.
The optimization results are shown in Table 1. The link
lengths of configuration 1-4 can be determined by the
same method. The parameters are shown in Figure 4,
and the link lengths are also shown in Table 1.
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Establishment of mathematical model

According to the characteristics of jumping robot, the
performance indices can be divided into kinematics
indices, dynamics indices and structure indices, and
mathematical models are established for analysis.

Kinematic indices

During the take-off process of the robot, take-off direc-
tion angle C (the angle between take-off direction line

and the horizontal direction, Figure 3) and rotation
angle of the trunk u6 (the angle between the trunk and
the horizontal direction, Figure 3) are two important
kinematic parameters. C reflects the ability of the robot
to overcome obstacles, and u6 reflects the jumping sta-
bility of the robot. The smaller u6 is, the less likely the
robot overturns in the flight phase and the more stable
the robot is.14 u6 and C can be expressed as

C=F1 li,K,XOC0, YOC0ð Þ ð11Þ

Table 1. Length of each link for configuration 1-5 [m].

l1-m l2-m l3-m l4-m l5-m l6-m l7-m l8-m l9-m l10-m l11-m l12-m l13-m

Configurations 1
(m = 1)

0.020 0.018 0.005 0.015 0.016 0.003 0.014 0.016 0.004 0.020 0.005 0.005 0.005

Configurations 2
(m = 2)

0.020 0.018 0.017 0.020 0.004 0.018 0.003 0.004 0.003 0.017 0.005 0.005 0.005

Configurations 3
(m = 3)

0.020 0.001 0.017 0.019 0.003 0.016 0.019 0.002 0.020 0.020 0.005 0.005 0.005

Configurations 4
(m = 4)

0.020 0.016 0.019 0.001 0.004 0.015 0.021 0.020 0.003 0.018 0.005 0.005 0.005

Configurations 5
(m = 5)

0.020 0.018 0.014 0.017 0.003 0.020 0.003 0.004 0.019 0.016 0.006 0.006 0.006

Figure 4. Schematic of configurations 1-4.
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u6 =F2 li,K,XOC0, YOC0ð Þ ð12Þ

where, li is the length of each link for the jumping leg.
K is the stiffness coefficient of the driving spring. (XOC0

,
YOC0

) is the initial coordinate of the center of mass of
the robot in the coordinate system M-XMYM. Taking
configuration 5 as an example, u6-5 and C5 can be
solved by kinematic analysis.

(1) Take-off direction angle C. The take-off direc-
tion angle of the robot is the angle between the
resultant external force exerted on the trunk in
the initial state and the positive direction of XM

axis, which can be shown as

C5 =arctan
FA5y�0 +FB5y�0 � mg

FA5x�0 +FB5x�0

ð13Þ

where, m is the mass of robot. (FA5x-0, FA5y-0) and
(FB5x-0, FB5y-0) are the forces exerted on the trunk of
the robot by the link G5F5A5 and B5C5 in the initial
state, respectively. In order to obtain the take-off direc-
tion angle C5, the force analysis of the jumping leg in
the initial state is conducted. Suppose that the n-th link
(n=1–6) subjects the forces Fn-5 from the other links
which connect with it. Meanwhile, the link may also
subject the external force Ftn-5 and spring driving force
Fsn-5. The force and moment balance equations can be
written asXn1

j= 1

Fjn�5 +
Xn2

p= 1

Fptn�5 +
Xn3

q= 1

Fqsn�5 +mn�5g= 0 ð14Þ

Xn1

j= 1

rjn�5 3Fjn�5

� 	
+
Xn2

p= 1

rptn�5 3Fptn�5

� 	

+
Xn3

q= 1

rqsn�5 3Fqsn�5

� 	
+ rn�5 3 mn�5g= 0

ð15Þ

where, n1 is the number of the force Fn-5 that the n-th
link (n=1–6) subjected from the other links which con-
nect with it, n2 is the number of external force Ftn-5, and
n3 is the number of spring driving force Fsn-5. r is the
position vector, and for link M5E5 (D5G5C5, G5F5A5,
E5F5, B5C5, A5B5OC-5), position vector r means the vec-
tor from the pointM5 (D5, G5, E5, B5, OC-5) to the point
of action of each force on the link M5E5 (D5G5C5,
G5F5A5, E5F5, B5C5, A5B5OC-5).

Insert the initial coordinate(X(OC-5)0
, Y(OOC-5)0

) (it is
known according to experience) of the center of mass
of the trunk for the robot in the coordinate system M5-
XM5YM5 into equation (1), and all of initial angles of
the jumping leg can be obtained according to equations
(1)–(9). Then FA-0 and FB-0 can be solved according to
equations (14) and (15). Thus, the take-off direction
angle C5 of the configuration 5 can be obtained accord-
ing to equation (13), which is related to the link length
li-5 of the jumping leg, the stiffness coefficient K5 of the

driving spring and the initial coordinate of the center
of mass of the trunk (X(OC-5)0

, Y(OC-5)0
).

(2) Rotation angle of the trunk u6. Since the take-
off time of the jumping robot is very short, it
can be considered that the center of mass of the
trunk moves along the take-off direction line in
the take-off process, and the joint angles can be
expressed as a function of g1-5. According to
the modeling method shown in section 2 and
the geometric relationship shown in Figure 3,
the rotation angle of the trunk for the config-
uration 5 during the take-off process can be
expressed as

u6�5 = u1�5 � g2�5 � g6�5 � g7�5 � a1�5

� a2�5 � a8�5 + 2p

=G li�5,K5,X OC�5ð Þ0, Y OC�5ð Þ0, g1�5

� 	 ð16Þ

When g1-5 is within a given range, the rotation angle
of the trunk u6-5 is related to the length of each link of
the jumping leg li-5, the stiffness coefficient of the driv-
ing spring K5 and the initial coordinate of the center of
mass of the trunk (X(OC-5)0

, Y(OC-5)0
).

According to the kinematics parameters C and u6,
two kinematics indices are proposed to evaluate jump-
ing performance: sensitivity of take-off direction DC
and change of rotation angle Du6. For the former, when
the structural parameters change, the robot should keep
C without a large change. It means that the structural
parameters have little influence on the jumping direc-
tion, so that the take-off direction can be accurately
controlled when the position of the center of mass can-
not determine accurately. For the latter, u6 should be as
small as possible to ensure the jumping stability of the
robot. They can be expressed as

1

DC
=

1

C�C0j j}S

1

Du6

=
1

u6 � u
0
6

�� ��}S

8>><
>>: ð17Þ

where, C0 and u
0

6 are the initial take-off direction angle
and attitude angle of the trunk, respectively, and they
are both related to the values of a ‘‘standard’’ architec-
ture (that is structural parameters of the robot). S is a
qualitative symbol, and it represents the jumping per-
formance of the robot.

Dynamic indices

The main dynamic parameters of the robot are velocity
v, acceleration a, and total inertia moment MI of the
trunk in the take-off phase. Dynamic parameters can
be written as

Zhang et al. 7



v=F3 li,K,XOC0, YOC0ð Þ
a=F4 li,K,XOC0, YOC0ð Þ
MI =F5 li,K,XOC0, YOC0ð Þ

8<
: ð18Þ

Similarly, taking configuration 5 as an example, each
dynamic parameter can be solved by following process.

(1) Take-off velocity and acceleration of the trunk.
According to the analysis in section 3.1, each
joint angle of the jumping leg of configuration
5 can be expressed as a function of g1-5.
Therefore, the angular velocity of each joint
can be expressed as a function of g1-5 and _g1�5.
Suppose that the center of mass of each link is
located at its geometric center, the velocity of
each link vix-5 and viy-5 (i=1–6) are functions
of g1-5 and _g1�5. Then, the angular acceleration
of each joint and the acceleration of each link
can be solved, and they are functions of g1-5,
_g1�5, and _g1�5.

The Lagrange modeling method is used in this study.
The total potential energy of the jumping leg for config-
uration 5 can be expressed as

U5 =
X6

n= 1

mn�5ghn�5ð Þ+ 1

2
K5 l s�5ð Þ0 � ls�5

� 	2

=
X6

n= 1

mn�5g � fhn�5 g1�5ð Þð Þ+ fs�5 g1�5ð Þ

= fU�5 g1�5ð Þ

ð19Þ

where, mn-5 (n=1–6) is the mass of each link in config-
uration 5. hn-5 (n=1–6) is the height of the center of
mass of each link. K5 is the stiffness coefficient of the
driving spring. ls-5 is the length of the spring, and l(s-5)0
is the free length of the spring.

The total kinetic energy for configuration 5 can be
shown as

T5 =
X6

n= 1

1

2
Jon�5

_u2
n�5 +

1

2
mn�5(v

2
nx�5 + v2

ny�5)

� �

=
X6

n�1

1

2
Jon�5 � fun�5(g1�5, _g1�5)+

1

2
mn�5 � fvn�5(g1�5, _g1�5)

� �

= fT�5(g1�5, _g1�5)

ð20Þ

where, Jon-5 (n=1–6) is the moment of inertia of the n-
th link of the jumping leg, and it is calculated with
respect to the CoM.

Insert equations (19) and (20) into the Lagrange
dynamic equation, and the following formula can be
obtained.

d

dt

dT5

d _g1�5

� dT5

dg1�5

+
dU5

dg1�5

= 0 ð21Þ

Equation (21) is a second-order quadratic nonlinear
differential equation, and the numerical method is used
to solve it. Then, the velocity of the trunk can be written
as

vx�5 = g1�5 tð Þ
vy�5 = g2�5 tð Þ

�
ð22Þ

The acceleration of the trunk can be obtained by
derivation of equation (22), and its expression are as
follows.

ax�5 = g3�5 tð Þ
ay�5 = g4�5 tð Þ

�
ð23Þ

The velocity and acceleration of the robot are both
connected to the length of each link of the jumping leg
li-5, the stiffness coefficient of the driving spring K5 and
the initial coordinate of the center of mass of the trunk
(X(OC-5)0

, Y(OC-5)0
).

(2) Total inertia moment MI. The Newton-Euler
method is adopted to solve the joint forces
firstly. On the basis of equations (14) and (15),
inertial forces Fcn-5 of each link and inertia
moments Mcn-5 of each link are considered, and
the joint forces of the jumping leg during the
take-off process can be obtained. Then the total
inertia moment can be solved

MI5 =
X6

n= 1

rcn�5 3Fcn�5 +Mcn�5ð Þ

= a1�5 � � � a10�5½ � �
b1�5

..

.

b10�5

2
664

3
775+ c5

ð24Þ

where, ai-5, bi-5, and c5 are elements of matrix, and they
are shown in appendix.

According to Ref.,14 the total inertia moment of the
robot mainly reflects the dynamic stability of the robot.
The smaller the changes in the total inertia moment are,
the better the dynamic stability is; that is, the robot has
a low tendency to turn over in the flight phase.

According to above dynamic parameters, some
dynamic indices are proposed. (a) The resultant velo-
city (the larger, the better) of the trunk, which reflects
the possible velocity loss of the robot in the take-off
phase. (b) The fluctuation of acceleration FI. The accel-
eration curve mainly reflects the change of inertia force
of the robot during take-off process. When the accel-
eration curve fluctuates greatly, the inertial force of the
robot fluctuates obviously, which leads to the
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instability of the robot. Therefore, FI can reflect the
motion stability of the robot. (c) The mean of the total
inertia moment Ea and variance of the total inertia
moment Sa, which reflect the turning trend of the robot
in the take-off phase. According to equation (22), the
total velocity of the trunk for the robot can be
expressed as

v5 =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2

x�5 + v2
y�5

q
ð25Þ

For the fluctuation of the acceleration, according to
the coordinates of a series of discrete points on the
acceleration curve (in the acceleration curve, the x-axis
is time and that these points are chosen by considering
uniform time steps), a straight line L5 can be obtained
adopting fitting method. Then the sum of the distance
from all discrete points on the acceleration curve to the
straight line L5 is defined as the fluctuation index FI5,
that is

FI5 =
XN

I = 1

S5vI�5 � wI�5 +K5j jffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K2

5 + 1
p ð26Þ

where, S5 and K5 are the coefficients of the line L5, and
can be obtained by Ordinary Least Squares theory. V5

is take-off time, and W5 is acceleration. (vI-5, wI-5)
(I=1–N) is coordinate of the I-th discrete point in the
acceleration curve.

The fluctuation index FI of the acceleration is related
to the jumping stability of the robot. The smaller FI,
the smoother the acceleration curve is, and the more
stable the robot jumps.

The mean value Ea-5 and variance value Sa-5 of the
total inertia moment can be expressed as

Ea�5 =
1

N
�
XN

I = 1

MII�5

Sa�5 =
1

N
�
XN

I = 1

MII�5 � Ea�5ð Þ2

8>>>><
>>>>:

ð27Þ

where, MII-5 is the ordinate of the I-th point on the
curve of total inertia moment.

The mean and variance of total inertia moment can
reflect the overturn trend of the robot, and they should
be as small as possible.14

Structural index

The structural parameter SI reflects the distribution of
the center of mass of the robot. The smaller the SI is,
the closer the center of mass of the robot is to the mid-
dle position of its structure, and the better jumping per-
formance of the robot is. It can be known form Ref.14

that the position of CoM of the robot will affect the
moment of inertia of the robot, and then affect the
rotation angle of the robot in the process of jumping.
Therefore, the position of CoM has a great effect on
the jumping stability of the robot. Taking the leg atti-
tude at the end of the take-off phase as a reference, SI
can be defined as follows

SI =

P6
n= 1

mn � R� rnj jð Þ

P6
n= 1

mn

ð28Þ

where,

R=
1

2
�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2

6�f + h2
6�f

q
; rn =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2

n�f + h2
n�f

q
:

Figure 5. Performance indices establishment process. The reference line indicates the distribution of CoM of the locust actually,
and SI of the locust can be obtained by equation (28).
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(sn-f, hn-f) (n=1–6) is the coordinate of the center of
mass of the n-th link at the end of take-off process, and
it can be obtained by inserting the final joint angles into
the expressions of sn and hn.

According to above analysis, performance indices
establishment process can be seen in Figure 5.
According to different performance parameters, kine-
matics, dynamics and structure indices are put forward
by establishing mathematical models.

Performance comparison for different
configurations

In order to analyze the difference of different config-
urations, the performance comparison is carried out,
which provides a reference for the optimal selection of
configurations. The object of comparison includes kine-
matics indices (sensitivity of take-off direction angle
and trunk attitude angle), dynamics indices (velocity
loss, acceleration fluctuation, and mean and variance
of total inertial moment) and structure index (distribu-
tion of center of mas).

When link lengths are determined, the variable para-
meters affecting jumping performance include spring
stiffness coefficient and initial attitude of the jumping
leg (initial position of center of mass). Suppose the
energy stored by the mechanism is the same, and two
cases are considered. For the case 1, the spring stiffness
coefficient is different, and the initial position of the
center of mass and the stored energy are constant. The
parameters for case 1 are shown in Table 2. For the
case 2, the initial position of the center of mass is differ-
ent, and the spring stiffness coefficient and the stored
energy are constant. The parameters for case 2 are
shown in Table 3. In particular, the difference in the
position of the center of mass reflects the change of the
position of the center of mass on the take-off direction
line. It is worth noting that since configuration 3 and 4
can be both simplified to four-bar mechanisms, para-
meters for configurations 3 and 4 are exactly the same
in Tables 2 and 3.

(1) Take-off direction angle. The sensitivity of the
take-off direction angle should be as low as pos-
sible. When the spring connection position and
the energy stored by the spring in the initial
state remain unchanged, the influence of the
change of the position of center of mass on the
take-off direction angle is analyzed in this
study, because the position of center of mass is
difficult for the robot to control accurately.
Figure 6(a) and (b) show that the effect of the
position of center of mass (that is the coordi-
nate of center of mass in the coordinate system
Ot-XtYt, Figure 3) on take-off direction angle
for case 1 and case 2, respectively. For the case
1, when the change range of the center of mass
is 7 cm, the changes of take-off direction angles
for configuration 2 and configuration 5 are only
2.78� and 3.50�, respectively. This shows that
when the position of the center of mass cannot
be accurately determined, the take-off direction
can still be accurately controlled for the robot
with these two configurations as jumping leg.
For the case 2, the changes of the take-off direc-
tion angles for configuration 3 and configura-
tion 4 are both only 0.384�. Figure 6(c) shows
the change of take-off direction angle for con-
figuration 3. Two take-off direction lines corre-
spond to the starting and ending points of the
curve for configuration 3 in Figure 6(a). The
amplitude of the take-off direction angle for dif-
ferent configurations changes greatly due to the
change of initial conditions. It is necessary to
determine configurations according to actual
initial conditions in order to obtain good jump-
ing performance.

(2) Change of trunk attitude. The change of trunk
attitude directly reflects the stability of the
robot in the take-off phase. Large rotation
angle will directly make the robot unstable due
to overturn. The change of the attitude angle
should be as small as possible. Figure 7(a) and
(b) show the changes of trunk attitudes in the

Table 2. Parameters for case 1.

(XOC0
, YOC0

) [m] K1 [N/m] K2 [N/m] K3 [N/m] K4 [N/m] K5 [N/m] Energy [J]

(0.1, 0.18) 4628.38 6385.71 6364.35 6364.35 4000 0.4509

Table 3. Parameters for case 2.

K [N/m] (X(OC-1)0
, Y(OC-1)0

)
[m]

(X(OC-2)0
, Y(OC-2)0

)
[m]

(X(OC-3)0
, Y(OC-3)0

)
[m]

(X(OC-4)0
, Y(OC-4)0

)
[m]

(X(OC-5)0
, Y(OC-5)0

)
[m]

Energy
[J]

6385.7 (0.117, 0.225) (0.1, 0.18) (0.126, 0.163) (0.126, 0.163) (0.124, 0.217) 0.4509
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take-off phase for two cases. It can be seen
from Figure 7 that the rotation angles of the
trunk for configuration 2 in two cases are
about 30� (rotation angle of trunk of locust
does not exceed 10�), which is not conductive
to the stability of the robot. The changes of
trunk attitudes for configuration 1 in two cases

are about 6.45� and 4.10�, respectively. The
rotation angle is the smallest of the five config-
urations. However, the rotation angle of the
trunk for configuration 1 increases firstly, and
then decreases, which means the trunk turns
counter-clockwise first, and then clockwise dur-
ing the take-off process. Sudden changes in

(a) (b)

(c)

Figure 6. Relationship between the position of center of mass and the take-off direction: (a) ensuring the same energy by changing
the spring stiffness coefficient, (b) ensuring the same energy by changing the initial position of the center of mass, and (c) change of
take-off direction for configuration 3.

(a) (b)

Figure 7. Change of trunk attitude in the take-off phase for different cases: (a) change of trunk attitude for case 1 and (b) change of
trunk attitude for case 2.
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velocity directions may result in poor motion
stability. In addition to configuration 1, the
rotation angle of trunk for configuration 5 is
also very small. The rotation angles are 7.38�
and 5.49�, respectively. The changes of rotation
angles for configuration 5 are monotonous in
two cases, and jumping robot with configura-
tion 5 as jumping leg is easy to maintain jump-
ing stability. To sum up, configuration 5 is a
reasonable choice if only trunk rotation is
considered.

(3) Change of velocity and acceleration. Figure
8(a) and (b) show the changes of velocities of
the center of mass along XM direction and YM

direction for case 1, respectively, and Figure
8(c) and (d) show the changes of velocities
along XM direction and YM direction for case
2, respectively. For case 1, the maximum velo-
cities of the robot with configuration 1 or 5 as
jumping leg are large, and the velocities for
configuration 1 fluctuate obviously. In particu-
lar, for both cases, the amplitudes of velocities

(a) (b)

(c) (d)

(e)

Figure 8. Changes of velocities along XM axis and YM axis for two cases and maximum total velocity: (a) changes of velocities along
XM axis for case 1, (b) changes of velocities along YM axis for case 1, (c) changes of velocities along XM axis for case 2, (d) changes of
velocities along YM axis for case 2, and (e) changes of maximum total velocities for two cases.
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for configuration 2 decrease significantly.
Figure 8(e) shows the maximum sum velocities
for different configurations, and the results are
consistent with the above analysis. The reason
why the maximum velocities for configuration
2 under two cases decrease greatly is that its
angular velocity is very large, and most of the
energy is rotational kinetic energy. This is con-
sistent with the analysis results shown in Figure
7(a) and (b). For the jumping robot, when the
stored energy is equal, it is necessary to ensure
that it has large velocities along XM direction
and YM direction, and the change trend is gen-
tle. It means that the angular velocity of the
robot is as small as possible in the take-off
phase. Therefore, configurations 1 and 5 meet
the above requirements.

The fluctuation index FI of the acceleration is also
related to the jumping stability of the robot. Figure
9(a) and (b) show initial accelerations and fluctuation
indices for five configurations in case 1 and 2,

respectively. Since the initial accelerations for five con-
figurations are all larger than zero, robot with any con-
figuration as jumping leg can take off normally. For
case 1, the fluctuations of accelerations for configura-
tion 1 along XM axis and for configuration 2 along YM

axis are obvious, and the fluctuation indices are 0.89
and 0.58, respectively. In contrast, the fluctuations of
accelerations for configuration 5 along XM axis and
YM axis are very small, and this is good for the robot
to maintain good jumping stability. The changes of
accelerations for configuration 1 and 5 in case 1 can be
seen in Figure 9(c). For case 2, the fluctuations of
accelerations for configuration 1 along XM and YM axis
are largest, while fluctuation indices for configuration 5
along XM and YM axis are smallest. The changes of
accelerations for configuration 1 and 5 in case 2 are
shown in Figure 9(d). In particular, although the fluc-
tuations of accelerations for configuration 3 and 4
along XM axis and YM axis are small and close to those
of configuration 5, the rotation angles of the trunk for
configuration 3 and 4 are not small (Figure 7), which is
not good for the jumping stability of the robot. In

Figure 9. Changes of accelerations for five configurations: (a) changes of initial accelerations and fluctuation indices for case 1, (b)
changes of initial accelerations and fluctuation indices for case 2, (c) changes of accelerations corresponding to configurations with
the maximum FI and minimum FI in case 1, and (d) change of accelerations corresponding to configurations with the maximum FI and
minimum FI in case 2.
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summary, the fluctuations of accelerations for config-
uration 1 and 2 are large, and the fluctuation of accel-
eration for configuration 5 is small. This is consistent
with the change trend shown in Figure 7.

(4) Change of total inertia moment. Figure 10(a)
and (b) show the changes of mean and variance
of total inertia moment for case 1 and case 2,
respectively. For case 1, the absolute values of
mean of total inertia moment for configuration
1 and 2 are large, and they are 0.56Nm and
0.53Nm, respectively. The mean of total inertia
moment for configuration 3-5 are relatively
small, with little difference in magnitude. In
addition, the variance of total inertia moment
for configuration 2 is the largest, and the var-
iance for other configurations are small.
Therefore, for case 1, the robots with config-
uration 1 or 2 as jumping leg may have poor
jumping stability. This is consistent with
Figures 7(a) and 9(a). The changes of total
inertia moments for five configurations in case
1 can be seen in Figure 10(c), and ‘‘zero planet’’

means the horizontal plane crossing zero point.
For case 2, the change trend of mean and var-
iance of total inertia moment is basically simi-
lar to that in case 1. The only difference is that
the mean for configuration 5 is slightly larger
than that of configuration 3 and 4. The changes
of total inertia moments for five configurations
in case 2 can be seen in Figure 10(d). Besides,
although the mean and variance of total inertia
moment for configuration 3 and 4 are very
small in case 2, it can be seen from Figures 7(b)
and 9(b) that the rotation angles of the trunk
and the fluctuations of accelerations for config-
urations 3 and 4 are not small, so the stability
of the robot with configurations 3 or 4 as jump-
ing leg is not good.

(5) Distribution of center of mass. The structural
index SI can reflect whether the center of mass
of the robot is located at the middle position of
its structure. From the analysis in section 3.3,
the smaller SI is, the better performance of the
robot is. Figure 11 shows the distribution of
center of mass for five configurations. The

Figure 10. Changes of total inertia moment of five configurations: (a) changes of mean and variance of total inertia moment for
case 1, (b) changes of mean and variance of total inertia moment for case 2, (c) changes of total inertia moment of five
configurations in case 1, and (d) changes of total inertia moment for five configurations in case 2.
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horizontal line represents the distribution of
center of mass of the locust, and SI=0.179. It
can be seen from Figure 11 that the structural
index SI for configuration 1 is largest, and SI

for configuration 2 is smallest. So the center of
mass for configuration 1 is farthest away from
the middle position of its structure. Non-uni-
formity of mass distribution will make the
robot tip over during the jumping process.

It can be seen from the above analysis results that
there is no one configuration that is best or worst for
any performance indices. For example, the robot with
configuration 5 as jumping leg may have good jumping
stability, while the sensitivity of take-off direction angle
is low in case 2, and the take-off direction cannot be
accurately controlled. Therefore, the comprehensive
evaluation of performance should be conducted to
obtain the rank of these five configurations.

Comprehensive evaluation of
performance

In the comprehensive evaluation of jumping perfor-
mance of the robot, it is necessary to consider the
effects of kinematic, dynamic and structural indices
above mentioned on the jumping performance of the
robot comprehensively. However, there are too many
indices, and the degree of correlation among different
indices is different. The correlation of some indices is
very significant, which makes it possible for the infor-
mation provided by them to overlap. Therefore, on the
basis of analyzing the single jumping performance
index for different configurations, principal component
analysis (PCA) method is adopted to evaluate the
jumping performance of the robot comprehensively.
The PCA method can be used to simplify the data

structure by replacing the original multi-dimensional
variables with a few comprehensive variables while
minimizing the loss of original data information.32,33 In
this study, the PCA method is mainly used to rank the
jumping performance of the jumping legs with different
configurations, which can provide guidance for the
optimal selection of jumping legs. The process of the
principal component analysis can be divided into the
following steps.

(a) Standardization of index data. It is necessary to
transform the indexes with different measure-
ment units and different dimensions into stan-
dardized data for further evaluation. Suppose
that n indexes of m different configurations
constitute the index data matrix.

X=

x11 x12 . . . x1n

x21 x22 . . . x2n

..

. ..
. ..

.

xm1 xm2 . . . xmn

2
6664

3
7775 ð29Þ

The matrix X can be standardized by Z-Score trans-
formation, and the standardization formula is

zij =
xij � �xj

sj

ð30Þ

where,

�xj =
1

m

Xm

i= 1

xij; s2
j =

1

m� 1

Xm

i= 1

xij � �xj

� 	2
:

From equations (29) and (30), the standardized
matrix can be obtained

Z=

z11 z12 . . . z1n

z21 z22 . . . z2n

..

. ..
. ..

.

zm1 zm2 . . . zmn

2
6664

3
7775 ð31Þ

where, Z is the standardized matrix

(b) Determination of correlation coefficients
matrix R. Since there may be some correlation
among single indexes, there is some overlapped
information these indexes provided.34 The
application of correlation coefficient matrix
can fully reflect the correlation among the
indexes, which is also the primary condition for
dimension reduction. The correlation coeffi-
cients matrix R can be expressed as

R=
1

n� 1
ZT � Z ð32Þ

Figure 11. Distribution of center of mass of the robot with
different configurations.
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where, R is a matrix of order n3 n. ZT is the transfor-
mation matrix of matrix Z.

(c) Calculation of eigenvalues and eigenvectors of
matrix R. From equation lE� Rj j= 0, n eigen-
values can be obtained, which are arranged in
ascending order as follows

l1 ø l2 ø � � � ø ln ð33Þ

After that, according to equation lE� Rð ÞX = 0, n
corresponding eigenvectors can be solved

ZX= ZX1 ZX2 � � � ZXn½ � ð34Þ

where,
ZXi = zx1i zx2i � � � zxni½ �T ; ZXi (i=1;n) is the

eigenvector corresponding to the eigenvalue li.

(d) Determination of the number of principal com-
ponents. The number of principal components
reflecting the jumping performance of robots is
determined by the cumulative variance contri-
bution rate of performance indexes, that is the
proportion of variance to total variance

a=
Xp

i= 1

li=
Xn

i= 1

li ð35Þ

When a ø 80%, the value of p is selected as the num-
ber of principal components.

(e) Determination of expressions of principal com-
ponents Fi (i=1,2.p).

Fi =Z � ZX1

=

z11zx1i + z12zx2i + � � � + z1nzxni

z21zx1i + z22zx2i + � � � + z2nzxni

..

.

zm1zx1i + zm2zx2i + � � � + zmnzxni

2
66664

3
77775
ð36Þ

(f) Determination of comprehensive evaluation
function.35–37

F=
l1

l1 + l2 + � � � + lp

F1

+
l2

l1 + l2 + � � � + lp

F2

+ � � � + lp

l1 + l2 + � � � + lp

Fp

ð37Þ

From the analysis in section 3, there are 10 indexes
reflecting the jumping performance in total, and they
are shown in Table 4.

These 10 indexes can be divided into three categories:
positive indexes, reverse indexes and moderate indexes.
The larger the value of positive index is, the better
jumping performance of the robot will be, the smaller
the value of reverse index is, the better jumping perfor-
mance of the robot will be, and the closer the value of
the moderate index is to a value t, the better jumping
performance of the robot will be. In the comprehensive
evaluation, the indexes should be assimilated with the
same trend. Generally, the reverse indexes and

Table 4. The ten indexes reflecting the jumping performance.

Index Physical significance Value requirements

MC (x1) Sensitivity of take-off direction angle to position
of center of mass

The smaller MC, the lower sensitivity, and the
better performance

Mu6 (x2) Stability of the robot during the take-off process The smaller Mu6, the smaller rotation angle of
the trunk, and the better stability

v (x3) Obstacles surmounting ability of the robot The larger v, the better obstacle-surmounting
ability of robot

a0x (x4) Ability of normal take off along X axis The larger a0x, the better for the normal take-off
of the robot along X axis

a0y (x5) Ability of normal take off along Y axis The larger a0y, the better for the normal take-off
of the robot along Y axis

FIx (x6) Fluctuation of acceleration curve along X axis,
and the stability of the robot along X axis
further

The smaller FIx, the smooth acceleration curve,
and the better stability of the robot along X axis

FIy (x7) Fluctuation of acceleration curve along Y axis,
and the stability of the robot along Y axis further

The smaller FIy, the smooth acceleration curve,
and the better stability of the robot along Y axis

Ea (x8) The mean value of total inertial moment, and the
stability of the robot further

The smaller Ea, the better stability of the robot

Sa (x9) The variance value of total inertial moment, and
the stability of the robot further

The smaller Sa, the better stability of the robot

SI (x10) The index of centroid distribution of the robot The smaller SI, the closer the center of mass is
to the middle position of the robot structure
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moderate indexes can be transformed into positive
indexes, and the formula can be shown as

x
0
i = 1=xi

x
0
i = 1= xi � tð Þ

�
ð38Þ

where, t is the best value of the index.
After assimilating the index with the same trend, the

index data matrixes X1 and X2 of case 1 and 2 can be
obtained, and they are shown in Table 5.

Then the index data matrix is standardized, and the
corresponding correlation coefficient matrixes R1 and
R2 of case 1 and 2 can be obtained. After that, the
eigenvalues of the correlation coefficient matrixes in
case 1 and 2 can be solved, which is seen in Table 6.

It can be seen from Table 6 that the cumulative con-
tribution rates of the first and second components in
case 1 and 2 can be expresses as

a1 =
P2

i= 1

li�1=
P10

i= 1

li�1 = 90:983%ø 80%

a2 =
P2

i= 1

li�2=
P10

i= 1

li�2 = 81:928%ø 80%

8>><
>>: ð39Þ

Therefore, the number of principle components are
both two in case 1 and case 2. According to equation
(37), comprehensive evaluation function of case 1 and 2
can be written as

F1 =
P2

i= 1

li�1Fi�1

� �
=
P2

i= 1

li�1

� �
= 0:128 3:430 �1:088 �0:984 �1:487½ �T

F2 =
P2

i= 1

li�2Fi�2

� �
=
P2

i= 1

li�2

� �
= 0:991 2:604 �0:876 �0:802 �1:917½ �T

8>><
>>: ð40Þ

According to equation (40) and Ref.,38 the ranks of
the comprehensive jumping performance for the five
configurations can be seen in Figure 12. For case 1 and
case 2, the comprehensive jumping performance for five

configurations is ranked as 2.1.4.3.5, and the com-
prehensive performance of configuration 3 and 4 is sim-
ilar. Although the jumping stability of the robot with
configuration 2 is not the best according to the analysis
in section 4, the comprehensive jumping performance
of configuration 2 is the best after comprehensive con-
sideration of several indices. For configuration 5,
although its jumping stability is good, the comprehen-
sive performance of configuration 5 is poor.

In particular, if some of the eight indices have no
significant effect on the jumping performance of the
robot (that is the indices are not necessary to be consid-
ered), the ranks of the comprehensive jumping perfor-
mance for five configurations will be different from
that shown in Figure 12. For example, if the distribu-
tion of center of mass for the five configurations is the
same, and the positions of the center of mass are all
located at the middle position of the structure, the
index SI is not necessary to be considered. At this time,
the ranks of the comprehensive performance of the
configurations are shown in Figure 13. The ranks of
the comprehensive jumping performance in case 1 and
case 2 are 5.3.4.1.2 and 4.3.5.2.1, respec-
tively. For case 1, it is better to choose configuration 5
instead of configuration 2, while for case 2, it is better
to choose configuration 4 rather than configuration 1.

Conclusion

One DOF six-bar mechanism has the advantages of
various configurations and abundant motion laws, and

Table 5. The index data matrixes of case 1 and 2.

Configuration x1-1 x2-1 x3-1 . x8-1 x9-1 x10-1 x1-2 x2-2 x3-2 . x8-2 x9-2 x10-2

1 5.28 8.89 2.09 . 1.80 2.25 103.1 13.62 13.98 2.11 . 1.25 1.15 103.09
2 20.62 1.82 1.21 . 1.90 0.07 434.8 15.00 1.82 1.21 . 1.90 0.07 434.8
3 3.84 5.07 1.90 . 3.79 18.14 120.5 149.3 5.56 1.99 . 4.24 16.14 120.5
4 3.84 5.06 1.89 . 3.80 18.38 156.3 149.3 5.61 1.98 . 4.20 16.99 156.3
5 16.37 7.76 2.10 . 3.83 32.51 123.5 14.53 10.44 2.22 . 2.78 16.04 123.5

Table 6. Eigenvalues and contribution rates in case 1 and 2.

1 2 3 4 5 6 7 8 9 10

Case 1 6.8606 2.2377 0.8957 0.0060 9.2049e–16 2.5380e216 4.1901e–17 25.3550e–17 23.2586e–16 27.3252e–16
Case 2 6.0016 2.4912 1.5001 0.0071 5.5886e–16 1.8022e216 2.5636e218 23.6087e–17 29.8439e–17 22.2610e–16
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has broad application prospects in bioinspired mechan-
isms. In order to solve the optimal selection problem of
six-bar mechanisms with different configurations, a
method of modeling, evaluation and optimal selection
for bionic six-bar jumping legs was proposed in this
study. The innovative work of this study includes: (a)
Based on the motion parameters of locust’s jumping
leg, a method for determining the link length was pro-
posed, which makes the one DOF six-bar jumping leg
approximately reproduce the motion law of locust, and
ensures that all configurations are compared with same
standard. (b) Based on the established mathematical
models, the evaluation indices for jumping performance
were put forward, which include kinematics indices
(sensitivity of take-off direction angle and trunk atti-
tude angle), dynamics indices (velocity loss, acceleration
fluctuation, and mean and variance of total inertial
moment) and structure index (distribution of center of

mas). (c) A configuration optimal selection method
based on principal component analysis was proposed,
and configurations can be clearly selected although the
performance for different indices is different for one
configuration. The above research provides a useful ref-
erence for the design, modeling and optimal selection of
one DOF bioinspired mechanisms.

Future studies could include optimizing all para-
meters of the jumping leg simultaneously and experi-
mental study of bioinspired jumping robot. Then the
jumping performance of robot in complex terrain in
three-dimensional space needs further modeling and
analysis.
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Figure 12. Ranks of jumping performance for five configurations: (a) ranks of jumping performance for five configurations in case 1
and (b) ranks of jumping performance for five configurations in case 2.

Figure 13. Ranks of jumping performance for five configurations when some indices are not considered: (a) ranks of jumping
performance for five configurations in case 1 and (b) ranks of jumping performance for five configurations in case 2.
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Appendix

For equation (16)

u1�5 = arccos � v5 � w5 � u5 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2

5 + v2
5 � w2

5

p
u2

5 + v2
5

 !

=G3 C5, g1�5ð Þ

where,

u5 = l1�5 � l2�5 + l3�5 cosh1�5 � l6�5 cosh2�5 + l11�5 cosh3�5

+ l3�5sinh1�5 � l6�5sinh2�5 + l11�5sinh3�5ð Þ � tanC5;

v5 = l3�5 sinh1�5 � l6�5 sinh2�5 + l11�5 sinh3�5

+ � l1�5 � l2�5ð Þ � l3�5 cosh1�5 + l6�5cosh2�5 � l11�5 cosh3�5ð Þ � tanC5;

w5 = s5 � tanC5; s5 =X OC�5ð Þ0 �
Y OC�5ð Þ0
tanC5

; h1�5 =� g2�5 � a1�5; h2�5 =� g2�5 � g6�5 � a1�5 � a2�5;

h3�5 =� g2�5 � g6�5 � g7�5 � a1�5 � a2�5 � a8�5:

For equation (19)

h1�5 =
l1�5

2
sin u1�5 = fh1�5 g1�5ð Þ

h2�5 = l1�5 � l2�5ð Þ sin u1�5 + l14�5 sin u2�5 +
1

2
a1�5

� �
= fh2�5 g1�5ð Þ

h3�5 = l1�5 � l2�5ð Þ sin u1�5 + l3�5 sin u2�5 +
l6�5

2
sin u3�5 = fh3�5 g1�5ð Þ

h4�5 = l1�5 sin u1�5 +
l7�5

2
sin u4�5 = fh4�5 g1�5ð Þ

h5�5 = l1�5 � l2�5ð Þ sin u1�5 + l4�5 sin u2�5 +a1�5ð Þ+ l15�5 sin u5�5 +
1

8
a4�5

� �
= fh5�5 g1�5ð Þ

h6�5 = l1�5 � l2�5ð Þ sin u1�5 + l3�5 sin u2�5 + l6�5 sin u3�5 + l11�5 sin u6�5 = fh6�5 g1�5ð Þ

ls�5 =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2
s1�5 + l2

s2�5 � 2ls1�5ls2�5 � cosg1�5

q
= fs�5 g1�5ð Þ

where, ls1-5 is the length of E5P5, and ls2-5 is the length of E5Q5. l14-5 is the distance from the hinge D5 to the center
of mass of link D5C5G5, and l15-5 is the distance from the hinge G5 to the center of mass of link G5F5A5.
For equation (20)
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Jo1�5 =
1

12
m1l2

1�5

Jo2�5 =
1

36
m2 l2

3�5 + l2
4�5 + l2

5�5

� 	
Jo3�5 =

1

12
m3l2

6�5

Jo4�5 =
1

12
m4l2

7�5

Jo5�5 =
1

36
m6 l2

8�5 + l2
9�5 + l2

10�5

� 	
Jo6�5 =

1

12
m6 c2

5 + d2
5

� 	
where, c5 and d5 are the length and width of the trunk of the robot respectively.
For equation (24)

a1�5 = h6�5 � h1�5; a2�5 = s1�5 � s6�5; a3�5 = h6�5 � h2�5; a4�5 = s2�5 � s6�5; a5�5 = h6�5 � h3�5;

a6�5 = s3�5 � s6�5; a7�5 = h6�5 � h4�5; a8�5 = s4�5 � s6�5; a9�5 = h6�5 � h5�5; a10�5 = s5�5 � s6�5;

b 2k�1ð Þ�5 =� m 2k�1ð Þ�5 � a 2k�1ð Þy�5 k =1;5ð Þ; b2k�5 =� m2k�5 � a 2kð Þx�5 k =1;5ð Þ; c5 =�
X6

i= 1

JOi�5 � €ui�5

� 	
:

s1�5 =
l1�5

2
cos u1�5; s2�5 = l1�5 � l2�5ð Þ cos u1�5 + l14�5cos u2�5 +

1

2
a1�5

� �
;

s3�5 = l1�5 � l2�5ð Þ cos u1�5 + l3�5 cos u2�5 +
l6�5

2
cos u3�5;

s4�5 = l1�5 cos u1�5 +
l7�5

2
cos u4�5;

s5�5 = l1�5 � l2�5ð Þ cos u1�5 + l4�5 cos u2�5 +a1�5ð Þ+ l15�5 cos u5�5 +
1

8
a4�5

� �
;

s6�5 = l1�5 � l2�5ð Þ cos u1�5 + l3�5 cos u2�5 + l6�5 cos u3�5 + l11�5 cos u6�5:

where, aix-5 and aiy-5 (i=1;6) are the acceleration of the center of mass of the i-th link along the XM and YM axis
respectively.
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