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Design and Optimization of a Miniature
Locust-Inspired Stable Jumping Robot

Yi Xu , Yanzhou Jin , Weitao Zhang, Yunhao Si, Graduate Student Member, IEEE, Yulai Zhang , Chang Li ,
and Qing Shi , Senior Member, IEEE

Abstract—Jumping is a key locomotion for miniature robots, but
it is difficult for a robot to jump a long distance without flipping.
To solve this problem, we develop a miniature locust-inspired
jumping robot, which has a body length of 10 cm and weight of
60 g. On the basis of the extracted skeletal muscle movement of a
locust, we make full use of the Stephenson six-bar mechanism in
designing a jumping leg to achieve power amplification. Moreover,
we carry out a two-step optimization of the mechanism parameters
to achieve high jumping energy (first step) through optimizing the
storage and dissipation of energy and then high jumping stability
(second step) through optimizing the force characteristics. A series
of experimental tests show that the robot can jump to a height
three times its body length and a distance seven times its body
length. Remarkably, the jumping height and distance relative to
the body length of our jumper exceeds that of other robots with
stable mechanisms by 30% and 33%, respectively. Meanwhile, our
robot has a high degree of stability, which allows it to maintain a
proper aerial orientation without flipping.

Index Terms—Biologically inspired robot, biomimetics,
mechanism design, optimization of mechanism.

I. INTRODUCTION

DYNAMIC locomotion in complex, diverse environments
has been a grand challenge in the field of miniature

robotics. The locomotion of miniature robotics is usually limited
to overcoming obstacles similar in size to the robot’s body [1].
This phenomenon is also found in miniature animals and is
known as the size–grain hypothesis; i.e., the roughness of the

Manuscript received 21 February 2023; accepted 8 June 2023. Date of
current version 27 June 2023. This letter was recommended for publication by
Associate Editor Y. Chen and Editor X. Liu upon evaluation of the reviewers’
comments. This work was supported in part by the National Natural Science
Foundation of China under Grant U2013208 and in part by the Science and
Technology Innovation Program of Beijing Institute of Technology under Grant
2022CX01010. (Corresponding author: Qing Shi.)

Yi Xu, Yanzhou Jin, Weitao Zhang, Yunhao Si, and Qing Shi are with
the Key Laboratory of Biomimetic Robots and Systems, Beijing Institute of
Technology, Ministry of Education, Beijing 100081, China, and also with
Intelligent Robotics Institute, School of Mechatronical Engineering, Beijing In-
stitute of Technology, Beijing 100081, China (e-mail: 3120220160@bit.edu.cn;
1120191037@bit.edu.cn; 1120202635@bit.edu.cn; 3220210134@bit.edu.cn;
shiqing@bit.edu.cn).

Yulai Zhang is with Key Laboratory of Biomimetic Robots and Systems,
Beijing Institute of Technology, Beijing 100081, China, and also with the School
of Medical Technology, Beijing Institute of Technology, Beijing 100081, China
(e-mail: 3220215236@bit.edu.cn).

Chang Li is with Chongqing Changan Automobile, Chongqing 400021, China
(e-mail: lichang3@changan.com.cn).

This letter has supplementary downloadable material available at
https://doi.org/10.1109/LRA.2023.3287795, provided by the authors.

Digital Object Identifier 10.1109/LRA.2023.3287795

environment increases with decreasing body size, thus increas-
ing the cost of locomotion [2]. To solve this problem, small
animals, especially insects, have evolved two types of strategic
locomotion, namely jumping and flying, to move efficiently
across scales. In particular, jumping allows animals to move
rapidly with less energy expenditure [3] and serves as a mecha-
nism for animals to overcome obstacles, escape from predators,
and capture prey. As an example, the locust adopts slow energy
storage and a quick release to amplify power [4] and thus quickly
jump to a safe region.

Inspired by the jumping mechanism of insects, such as lo-
custs [5], fleas [6], and cicadas [7], scientists have made great
efforts in researching jumping robots. Mirko Kovac presented a
novel spherical robot that jumped up to 62 cm at a take-off angle
of 75 degrees [8]. Valentin Zaitsev et al. presented a robot called
TAUB, which easily reached a jumping height of 25.8 body
lengths (BLs) [9]. These jumping robots overcome obstacles
that are one or two orders of magnitude larger than their own
height, thus achieving efficient locomotion. However, the limited
ability to control the direction of the ground reaction force (GRF)
and the deviation between the GRF and the jumper’s center
of mass (CoM) cause severe flipping during jumping [10], re-
sulting in unpredictable landing postures. To achieve repeatable
jumping, additional mechanisms, as proposed by Zhao [11] and
Zhang [12], have been adopted for small-sized jumping robots
to right themselves after landing, but these mechanisms make
the robots heavier.

Multiple strategies have been adopted to achieve good land-
ing postures through aerial stability: One strategy is to add
wings to the robot and adopt gliding to facilitate tipping into
a desirable orientation. However, the high air drag reduces
the jumping height of the robot when adopting this strategy.
Micro Kovac et al., for example, introduced wings to their
robot and achieved jumping without flipping. However, the
jump height decreased from 27 to 2.3 BLs [13], [14]. Another
strategy is to carefully design the robot’s mechanism and center
of mass to suppress flipping during jumping, as proposed by
Zhang et al. [15]. However, they did not consider the opti-
mization of the jumping energy, and the jumping height of the
robot was thus only 1 BL [16]. It is thus difficult to jump a
long distance without flipping, and further studies are needed
to develop miniature jumping robots having both high jumping
energy and high jumping stability.

In this letter, we follow an optimization strategy and design
a novel single-degree-of-freedom (SDOF) miniature jumping
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robot inspired by the locust. The main contributions and novel
aspects of this work relate to the design and optimization of the
jumping leg to achieve long-distance and non-flipping locomo-
tion. Experiments on a prototype robot showed that the robot
hardly had any flipping motion throughout the jumping process,
the orientation difference in the GRF was less than 0.14 rad, and
the impulse moment in the take-off phase was approximately
0.0066 kgm2/s. Moreover, the robot achieved a jumping height
of 3 BLs (30 cm) and a jumping distance of 7 BLs (70 cm).
Remarkably, the jumping height and distance relative to the BL
of our jumper exceeded that of other stable robots by 30% and
33%, respectively.

The remainder of this letter is organized as follows. In Sec-
tion II, we analyze the jumping of a locust and propose a
mechanism design for the jumping leg. In Section III, we present
a two-step strategy for parameter optimization. In Section IV,
we present experiments that were carried out to test the jumping
performance of a prototype robot. Conclusions and future work
are summarized in Section V.

II. DESIGN OF THE LOCUST-INSPIRED JUMPING LEG

In designing a miniature locust-like robot capable of jumping
a long distance without flipping, we study only the muscu-
loskeletal model of the locust, as it has the greatest effect on the
jumping motion, and consider movement on a two-dimensional
plane.

First, the locust jumps a long distance through power ampli-
fication, which inspires us to integrate such amplification into
the robot design. Second, the stability of the locust in jumping is
affected by the combined action of the front legs, jumping legs,
and body, in what is a long and complex dynamic control process.
However, the jumping motion actuated by the elastic energy has
an extremely short duration compared with the response time of
bionic systems [10], which makes it challenging for an SDOF
robot to control its orientation during the take-off phase. Hence,
robotics analysis and optimization are carried out in this work.

A. Analysis of the Locust Jump

A locust relies on its jumping legs in jumping, with each
jumping leg mainly comprising a femur and tibia of the same
length [17], [18]. According to the anatomy shown in Fig. 1, the
femur has (extensor and flexor) muscles, tendons, and special
tissues such as the semi-lunar process (SLP) and Heitler’s lump.
Specifically, the SLP acts as a spring and can stretch/contract to
store/release energy [19]. Heitler’s lump locks/unlocks the SLP
under the control of muscles [20]. The jumping process of a
locust is thus divided into three steps [21].

1) Co-contraction: The extensor and flexor are co-contracted
to bend the SLP and thus store sufficient energy for jump-
ing.

2) Unlocking: The tone of the inhibited flexor muscle falls
below a threshold and the energy is released.

3) Jumping: Actuated by the SLP, the tibia stretches rapidly
to complete the jumping process.

In the locust’s jump, the tarsus plays an important role in that
it fits closely with the ground and does not slip in the take-off

Fig. 1. Biological model: (a) Anatomy of a locust jumping leg: (1) Extensor,
(2) flexor, (3) extensor tendon, (4) flexor tendon, (5) SLP, and (6) Heitler’s lump;
(b) the tarsus-tibia-femur relative motion model.

phase. In addition, to ensure the ideal take-off trajectory, tarqtib
(the angle between the tarsus and tibia) and tibqfem (the angle
between the tibia and femur) have a constraint relationship. We
recorded a locust jumping and analyzed five non-flipping video
sequences to extract movement data. We then fitted tarqtib and
tibqfem using a three-degree polynomial, as shown in Fig. 1.
The tarsus–tibia–femur relative motion model is described as
follows.

tarqtib = − 0.036 tibqfem
3
+ 0.198 tibqfem

2

+ 0.145 tibqfem + 1.2 (1)

On the above basis, a biomimetic jumping robot needs to follow
two design rules:

1) The jumping motion of the robot should be similar to that
of the locust, the tarsus–tibia–femur relative motion model
is thus integrated into the design.

2) The working process of the jumping leg should involve
a co-contraction mechanism for the accumulation of suf-
ficient energy and an unlocking mechanism for releasing
the stored energy rapidly.

B. Mechanism Design

In this section, we design an SDOF locust-inspired jumping
leg based on a Stephenson six-bar mechanism for biomimetic
jumping, as shown in Fig. 2(a). In the robot’s leg, linkage BCD
acts as the femur and linkage GCE acts as the tibia. A possible
approach to actuating the robot is to use a driver, such as a
motor working at full power, to drive the jumping leg directly.
However, because of the limitations of driver technology, it is
difficult to develop a miniature motor that has the same level of
power density as biological muscles (over 200 W/kg [3]).

Another approach is to introduce latch-mediated spring ac-
tuation (LaMSA) [22] into the mechanism, enabling the robot
to accumulate sufficient energy before jumping and releasing
the energy rapidly, hence amplifying the power. To store energy,
spring EI is installed between AB and GCE to imitate the
SLP. When AF rotates to fold BCD and GCE, the spring is
stretched, which imitates the locust’s co-contraction step. When
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Fig. 2. Mechanism design of the robot’s jumping leg: (a) SDOF robotic model
and coordinate system i, i ∈ {0, 1, . . .6}; (b) working process of the jumping
leg.

AF rotates in reverse, BCD and GCE expand rapidly under
the actuation of the spring, providing jumping energy for the
robot.

Furthermore, the SDOF jumping leg mechanism adopts an
energy-locking strategy. Note that the jumping leg contains an
O −A−B −D crank–rocker mechanism, which is at the dead
point when AF and BA are held in line. When AF and BA are
pushed slightly over the dead point, there is a torque reversal at
AF , but the mechanism is held in place by a contact latch [23]
between AF and the body frame that locks the mechanism
in place. When the motor reverses direction and the string is
tightened, AF and BA are pushed over and away from the
dead point, resulting in another torque reversal and thus energy
releasing.

Fig. 2(b) shows that the working process of the jumping leg
can be summarized as follows.

1) Energy storage: A motor with a gearbox drives the rocker
arm to fold femur BCD and tibia GCE until the contact
latch appears. The spring EI is stretched to store energy.

2) Launch: The motor rotates in reverse to tighten the string
and thus pull AF away from the dead point to complete
the launch.

3) Jumping: The spring actuates the jumping leg to stretch
rapidly, thereby providing sufficient jumping energy.

As a result, a robot with the proposed jumping mechanism
benefits from LaMSA and hence achieves power amplification.
It is worth noting that the working process of the jumping leg

is largely similar to that of a locust and follows the design
rules summarized in Section II-A. Our leg mechanism is thus
biomimetic.

C. Kinematic Analysis

To obtain the relationship between the movement trajectory of
CoM5 and q5 (the angle of AF relative to the body), we analyze
the kinematics of the leg mechanism. As shown in Fig. 2(a), we
first set up a world coordinate system x0 −G− y0 with the
origin fixed on G and the x0-axis directed horizontally. We then
analyze the kinematics on the basis of three vector loops and
expand them using the Euler formula

lBA · ei0 + lAO · eiq4 + lOD · ei(q4−q5) = lBD · eiβ1 (2)

lCB · ei0 + lBA · eiq3 + lAO · ei(q3+q4) + lOD · ei(q3+q4−q5)

= lCD · ei∠BCD (3)

lCB · ei(q2−ϕ2) + lBA · ei(q2−ϕ2+q3) + lAF · ei(q2−ϕ2+q3+q4)

= lCE · ei0 + lEF · ei(π−q6) (4)

where lwz is the length of linkagewz, q1 is the angle betweenGC
and the x-axis, and qi is the relative angle between two adjacent
linkages,w&z ∈ {A,B,C,D,E, F,G,H,O}, i ∈ {2, 3, 4, 6}.

The rotating joint G has a passive degree of freedom, and
its movement is thus not subject to any constraint. We use the
tarsus–tibia–femur relative motion model fitted with biological
data in Section II-A to constrain q1, where tarqtib is replaced by
q1 and tibqfem by (q2 + q3).

D. Dynamic Analysis

In an actual jumping motion, the mass properties of the
robot and the position of the CoM directly affect the robot’s
jumping stability. We thus assign mass properties to the robot and
establish a passive jumping dynamic model. Here, we assume
that: 1) the foot and ground are in rigid contact with no elastic
deformation; 2) the point G does not slide relative to the ground
when the robot takes off. Hence, the point G is simplified as a
plane hinge, and the tibia rotates around the axis of G.

The dynamic model of the locust-inspired robot is shown in
Fig. 2(a) and definitions are given as follows. The center of mass
of each (triangular) linkage in the leg is CoMi, the length from
the center of mass to the end of the previous linkage is li, the mass
is mi, and the rotational inertia relative to the center of mass is
Ii (around the z-axis, perpendicular to the plane of the paper).
In particular, the body is represented by a rectangle whose mass
is centered on CoM5.

First, we analyze the energy for each part. When analyzing
the elastic potential energy of the spring, we calculate the length
of the spring according to the mounting points E and I at the two
ends, using 0TE and 0TI . The total kinetic energy and potential
energy of the system are{

Ek =
∑6

i=1 Eki
=

∑6
i=1

(
1
2miv

2
CoMi

+ 1
2Iiω

2
i

)
EP =

∑6
i=1 (mighi) +

1
2k

(
l2k(q5)− L2

0

) (5)
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where

lk(q5) =

√[
(0TE −0 TI)

2
]
(4,1)

+
[
(0TE −0 TI)

2
]
(4,2)

(6)

where 0TE is a 4× 4 homogeneous transformation matrix and
point E is expressed in the world coordinate system 0. We next
apply the above formula to Lagrange’s dynamical equations and
derive the generalized coordinates to obtain the motion equation
of the robot

d

dt

(
∂EK

∂q̇5

)
− ∂EK

∂q5
+

∂EP

∂q5
= 0 (7)

Finally, we consider the aerial phase, in which the launch energy
of the robot is lost through air drag. As a matter of fact, the stored
elastic energy has converted into the launch energy at the end
of the take-off phase and the robot has fully stretched and can
be regarded as a rigid body. The dynamic equations of the aerial
phase are

ẍ =
Fdrag cos θpitch

mrob
(8)

ÿ =
Fdrag sin θpitch +mg

mrob
(9)

¨θpitch =
(Fdrag +mg sin θpitch) ·5 ly −mg cos θpitch ·5 lx

Irob
(10)

and the air drag can be given by

Fdrag =
1

2
ρS

(
ẋ2 + ẏ2

)
CD(θpitch) (11)

where mrob and Irob are the mass and rotational inertia of the
robot, ρ is the air density, S is the projected area of the robot
in the direction of motion relative to the air, v is the velocity
relative to the air, (5lx,5 ly) is the actual position of the robot’s
CoM relative to CoM5, CD is the drag coefficient, and θpitch
is the orientation angle of the robot relative to the horizontal
ground.

III. OPTIMIZATION OF MECHANISM PARAMETERS

A. First Step: Optimization of the Jumping Energy

The first optimization objective is the jumping energy of the
robot. To achieve a long-distance jumping motion, the robot
needs to store enough energy within the allowable range of
the motor torque. Moreover, it is important to reduce energy
dissipation during the take-off phase.

It is worth noting that when storing the same energy, the
optimized spring stroke will have a lower requirement for the
spring stiffness coefficient k, which will lead to a lower torque
requirement for the motor. We therefore optimize the spring
stroke through the variable λ to store more elastic potential
energy. The kinematic model shows that the truss GCE has the
largest rotation angle relative to the linkage AB in the take-off
phase, and the stroke is a maximum when the two ends of the
spring are installed on these two linkages. Therefore, λ should

be determined to satisfy

max f1 =
[
(xE − xI)

2 + (yE − yI)
2
]
step=n

−
[
(xE − xI)

2 + (yE − yI)
2
]
step=1

(12)

where n is the total number of optimization steps.
i−1Ti(i ∈ {1, 2, 3, 4, 5}) is the transformation matrix of coor-
dinate system i and coordinate system i− 1:{

xE =
[
0T1 ·1 TE

]
(4,1)

yE =
[
0T1 ·1 TE

]
(4,2)

(13)

⎧⎪⎨
⎪⎩
xI =

[(∏3
i=1

i−1Ti

)
·3 TI

]
(4,1)

yI =
[(∏3

i=1
i−1Ti

)
·3 TI

]
(4,2)

(14)

3TI =

⎡
⎢⎢⎢⎣
1 0 0 λ · lBA

0 1 0 0

0 0 1 0

0 0 0 1

⎤
⎥⎥⎥⎦ (15)

We observe that when the locust takes off, the trajectory of its
body’s center of mass is approximately linear, so that energy
dissipation is reduced in normal motion. We thus first set the
two optimization variables γ5 and l5 to find the best position
of CoM5. We discretize the motion interval of q5 and obtain n
discrete points on the motion trajectory of CoM5 according to
the kinematic relationship. In ensuring linearity, γ5 and l5 are
determined to satisfy

min f2 =

n−1∑
step=2

∣∣∣∣∣ y
step+1
CoM5

− ystepCoM5

xstep+1
CoM5

− xstep
CoM5

− ystepCoM5
− ystep−1

CoM5

xstep
CoM5

− xstep−1
CoM5

∣∣∣∣∣
(16)

where the position of CoM5 in the world coordinate system
x−G− y can be represented by (xCoM5

, yCoM5
):⎧⎪⎨

⎪⎩
xCoM5

(q5) =
[(∏5

i=1
i−1Ti(q5)

)
·5 TCoM5

]
(4,1)

yCoM5
(q5) =

[(∏5
i=1

i−1Ti(q5)
)
·5 TCoM5

]
(4,2)

(17)

5TCoM5
=

⎡
⎢⎢⎢⎣
cγ5

−sγ5
0 l5

sγ5
cγ5

0 0

0 0 1 0

0 0 0 1

⎤
⎥⎥⎥⎦ (18)

B. Second Step: Optimization of the Jumping Stability

The second optimization objective is the jumping stability
of the robot. Considering that most of the mass of the robot is
concentrated in the body part, it is sound to analyze the flipping
effect at CoM5 instead of the stress point G. We consider
1) whether the orientation of the translated force acting onCoM5

is invariant, leading to a clear direction of the acceleration, and
2) whether the generated torque has a stable effect on CoM5,
preventing the robot from flipping appreciably.

Authorized licensed use limited to: BEIJING INSTITUTE OF TECHNOLOGY. Downloaded on August 11,2023 at 07:17:54 UTC from IEEE Xplore.  Restrictions apply. 

IEEE Robotics and Automation Letters (RA-L) paper, presented at ICRA 2024, Yokohama, Japan. Cite as RA-L paper.

IEEE Robotics and Automation Letters (RA-L) paper, presented at ICRA 2024, Yokohama, Japan. Cite as RA-L paper.



XU et al.: DESIGN AND OPTIMIZATION OF A MINIATURE LOCUST-INSPIRED STABLE JUMPING ROBOT 4677

In Section III-A, there is an implicit premise that the optimiza-
tion is performed under specific linkage lengths when searching
for the best position ofCoM5, and it is thus noted that the lengths
of linkages are important optimization variables. Under the
premise of a certain material density, the mass properties of the
linkage, including the mass, rotational inertia, and location of the
center of mass, will change as a linkage length changes, which
will affect the force characteristics of the robot. We therefore
select the lengths of the different linkages as the optimization
variables:

X =

[
lBA lAO lOD lBD lCB lCD

lAF lCE lEF lGC lGE lDH

]

We then use the Newton–Euler equations to deduce the inertial
force and inertial moment of each part of the robot. We want the
orientation of the inertial force to be as consistent as possible,
and the accumulation of the inertial moment during the take-off
stage to be as small as possible:

min f3 =

n−1∑
step=2

∣∣∣∣∣tan−1

0F step
I5y

0F step
I5x

− tan−1

0F step−1
I5y

0F step−1
I5x

∣∣∣∣∣ (19)

min f4 =

n∑
step=1

0Mstep
I5

·Δt (20)

Newton–Euler equations establish the relationship between the
motion and force. In the optimization of objectives f3 and f4,
the inertial force and inertial moment during the take-off phase
are calculated as{

0FI5 =
∏5

i=1
i−1Ri

(
m5 ·5 v̇CoM5

)
0MI5 =

∏5
i=1

i−1Ri

(
I5 ·5 ω̇5 +

5 ω5 × I5 ·5 ω5

) (21)

where 0FI5 is the inertial force acting on the body, 0MI5 is the
inertial moment, iv̇CoMi

is the acceleration, iω̇i is the angular
acceleration, iωi is the angular velocity, and i−1Ri is the matrix
of rotation between coordinate system i and coordinate system
i− 1.

There are quite a few variables in the optimization, resulting
in a large search domain in the solution space. Hence, reasonable
constraints need to be set to narrow the domain. First, the
optimization needs to meet physical conditions, including the
length of each linkage being larger than zero and the triangular
condition of truss GCE and truss BCD.

The anatomy of the locust’s jumping leg shows that the length
ratio of the femur and tibia is approximately 1 : 1 [24]. By setting
ε1 and ε2 to no more than 0.5, we introduce this biometric feature
into the bionic constraints of the robot’s jumping leg. In addition
to the length limit, the angle between the femur and tibia is small
before the locust takes off, and the robot limits this angle to
q2 + q3. We thus have⎧⎪⎨

⎪⎩
lEF = lCD + ε1

lCG = lCD + ε2

0 < [q2 + q3](step=1) ≤ π
6

(22)

Finally, it is necessary to define the moment when the robot
leaves the ground. On the one hand, the robot leaves the ground

TABLE I
GLOBAL OPTIMAL SOLUTION OF LINKAGEAGE LENGTHS

when its jumping leg fully stretches, which can be introduced
by the vertical reaction force 0F step

I5y
goes to zero. On the other

hand, when the robot’s feet slip, the horizontal force changes
from static friction to sliding friction. In this case, the value of
0F step

I5x
will suddenly decreases. The leaving moment flagjump

can be described as

flagjump =

{
1,

(
0F step

I5y
= 0

)
or

(
0F step

I5x
<< 0F step−1

I5x

)
0, otherwise

(23)

C. Optimization Results

In this work, the first step of optimizing the jumping energy
has two separate objectives, f1 and f2, which can be solved
through particle swarm optimization. Meanwhile, the second
step of optimizing the jumping stability has two related objec-
tives, f3 and f4, which can be solved through multi-objective
optimization. We thus adopt a multi-objective particle swarm
optimization algorithm. For both steps of optimization, we set
the population np = 5 and the iteration number nI = 10. The
optimal results (OR) are given in Table I.

In the first step of optimization, we define the normalized
objective function score by 1fnorm

stp1 and 2fnorm
stp1 . As shown in

Fig. 3(a), the maximum spring stroke (red circle) and the best
score 1fnorm

stp1 (the top gray circle in each blue box) increase with
nI . Then, we calculate the RMSE of the CoM5 trajectory’s
linear fitting. As shown in Fig. 3(b), the minimum RMSE in
each swarm and the best score 2fnorm

stp1 (the bottom gray circle
in each blue box) decrease with nI . Finally, the optimal stroke
of the spring is 15 mm and the theoretical maximum stiffness
coefficient of the spring is 5534.96 N/m within the permissible
torque range of the motor, which achieves energy accumulation
of 0.41 J. The high linearity of the trajectory of CoM5 leads
to almost no energy dissipation in the normal motion. In this
case, the robot achieves a jumping motion that is 90 cm long
and 40 cm high when the initial take-off angle is 60 deg.{

1fnorm
stp1 = f1

max[f1](nI=1)

2fnorm
stp1 = f2

max[f2](nI=1)

(24)

In the second step of optimization, each particle represents
a group of linkage lengths of the jumping leg mechanism, and
the normalized objective function score fnorm

stp2 is determined as
follows (where α1, α2 are set as 0.5) and decreases with nI as
shown in the black box of Fig. 4. In the optimization, there are
a total of 50 particles, the inertial force and inertial moment of
which are calculated for comparison of the jumping stability.
The mechanism represented by the worst particle in the first
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Fig. 3. 1st step optimization result: (a) Optimization on the spring stroke; (b) optimization on the postion of CoM5.

Fig. 4. 2nd step optimization result: (a) black box: the normalized objective score of each particle in the optimization process; (b) green box: force characteristics
of the worst particle in the first iteration; (c) red box: force characteristics of the best particle in the last iteration.

iteration (green box) and the best particle in the last iteration
(red box) are shown on the right of Fig. 4. It is seen that the
orientation difference of the inertial force is 0.7011 rad and the
impulse moment is 0.0078 kgm2/s for the green box, whereas
the orientation difference is 0.2274 rad and impulse moment
is 0.0035 kgm2/s for the red box. In summary, the orientation
change of the inertia force drops by 67.6% and the impulse
moment drops by 55.1%, which means that the jumping stability
improves.

fnorm
stp2 =

α1 · f3
max[f3](Iteration=1)

+
α2 · f4

max[f4](Iteration=1)

(25)

IV. EXPERIMENTS AND ANALYSIS

A. Experimental Setup

The overall design of the miniature locust-inspired jumping
robot is shown in Fig. 5(a). The design has a length of 10 cm and
a height of 8 cm. Using three-dimensional printing technology,
we developed a lightweight prototype with a total mass of 60 g,

Fig. 5. 3-D model and prototype of the locust-inspired robot: (a) 3-D model
of the locust-inspired robot; (b) prototype of the locust-inspired robot using in
the following experiments.

as shown in Fig. 5(b). Owing to the symmetrical structure of
the robot, we studied its movement only on a two-dimensional
plane. To capture the real-time position and orientation of the
robot throughout the jumping process, we set three markers on
the head, center of mass, and rear end of the robot.

The experimental setup mainly included the prototype of the
proposed robot, a DC power supply, a customized force plate
(NBIT GF 2410, used in recent research on a robotic rat [25]),
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Fig. 6. Experimental site for the small-sized locust-inspired robot, including a
prototype of the proposed robot, a customized force plate and a standard optical
tracking system.

Fig. 7. Long-distance jumping tests: (a) Experimental data of the robot’s
launch energy; (b) theoretical and experimental trajectory of the locust-inspired
robot in the whole jumping process.

and a standard optical tracking system (Motive: Tracker), as
shown in Fig. 6.

B. Long-Distance Jumping Tests

To evaluate the jumping performance of the proposed robot,
we captured movement data of the robot using a standard optical
tracking system and calculated the kinetic energy using the frame
difference method [29], as shown in Fig. 7(a). Within 20 ms, the
robot accelerated appreciably and completed the launch process.
The mean value of the launch energy was approximately 0.36 J
in the take-off phase, which agreed the theoretical maximum

Fig. 8. Non-flipping jumping tests, including the orientation of the resultant
force acting on the robot feet and the experimental data of the impulse moment
in the take-off phase.

storable energy (0.41 J) obtained in Section III-C. One of the
best jumping performances of the robot is shown in Fig. 7(b).
The position of the robot was recorded using the marker on the
robot’s center of mass, and the orientation using the markers on
the head and rear end. It is seen that the robot was able to jump
with a fully extended posture, to a maximum height of 30 cm
and a maximum distance of 70 cm. At the end of the aerial phase,
the energy of the robot decreased to 0.32 J and the 11% energy
loss was due to air drag.

Compared with existing stable miniature jumping robots hav-
ing a maximum jumping height of 2.1 BLs and maximum jump-
ing distance of 4.7 BLs, our robot has considerable advantages as
shown in Table II. Remarkably, the jumping height and distance
relative to the BL of our jumper exceeded that of the other robots
by 30% and 33%, respectively.

C. Non-Flipping Jumping Tests

To characterize the stability of the external force acting on the
robot, we measured the GRF using the customized force plate
and calculated the orientation of the resultant force, as shown in
Fig. 8. It is seen that the mean orientation of the resultant force
fluctuated in a small range around 1.2 rad and the orientation
difference did not exceed 0.14 rad. As a result, the orientation of
the external force acting on the robot feet fluctuated in a small
range during the take-off phase, providing the foundation for
the jumping stability of the robot. Moreover, we calculated the
impulse moment acting on the robot by integrating the torque
with time. The mean value was 0.0066 kgm2/s, which was
consistent with the theoretical calculated value, and the resulting
angular velocity was 0.2 rad/s.

As shown in Fig. 7(b), the difference in the jumping ori-
entation between the initial pose and end pose was approxi-
mately 4 deg, which was less than that for the other robots in
Table II. Furthermore, the optimization of the jumping stability
in Section III-B only concentrates on the GRF related to the
robot’s CoM. Hence the pre-optimized robot was even capable
of stable jumping from an inclined surface (as shown in the
video).
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TABLE II
COMPARISION OF STATE-OF-THE-ART ROBOTS’ JUMPING PERFORMANCE AND STABILITY

V. CONCLUSION

Achieving both high degrees of ability and stability is an
important step in the practical application of miniature jumping
robots. In this study, we first analyzed captured data of a locust
and established a tarsus–tibia–femur relative motion model. We
then made full use of a SDOF Stephenson six-bar mechanism
to design the jumping leg for a robot and optimized its mecha-
nism parameters, thus improving both the jumping energy and
jumping stability. Finally, we built a physical prototype to show
that the optimized robot was capable of both long-distance and
non-flipping jumping motion. The results obtained in field tests
showed that the robot achieved a jump height of 3 BLs (30 cm)
and a jump distance of 7 BLs (70 cm), with the difference in
orientation between the initial pose and end pose being approx-
imately 4 deg.

We demonstrated that the proposed jumping strategy achieved
excellent jumping performance and that it has great potential in
practical applications. In future research, we will use the char-
acteristics of stable jumping combined with flying to improve
the moving range of the robot.
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