
 

 

 

Abstract—This paper presents the design and control of 

a jumping mechanism of a Kangaroo-like robot 

(Kangarobo). The robot is purposely designed to not 

only jump as high as possible but also to walk with two 

legs and one tail while carrying all the body weights. 

The leg is designed by a four-bar linkage structure. 

Energy saving mechanism for the leg is designed with 

springs and releasing mechanism is designed with a 

cam structure. The cam has been designed and 

modified many times by using a 3D printer to optimize 

the jumping power. In addition, an optimal spring 

constant is chosen on the basis of experimental studies. 

Controllers of a jumping motion are implemented on 

the DSP and experimental results of successive jumping 

motions are tested. 
 

Index Terms—Jumping motion, Kangaroo-like robot, cam 

structure, spring selection 

 

I. INTRODUCTION 

Ptimal motions for robots can often be learned from 

animals in the mother nature.  In the area of biomimetics, 

robots mimic biological systems in various aspects of motions 

like crawling, locomotion, jumping, running and flying.  

Biomimetics includes not only animals but also insects. 

Bigdog is one of biomimetic robots that have four legs 

mimicking a dog.  Bigdog has been aimed to carry heavy 

objects in its terrain, not only flat ground but even slanted 

ground such as mountains by maintaining balance. Bigdog has 

been tested for the robustness from outer disturbance such that 

it can maintain balance all the time under hits [1,2].  

Recently, cheetah robots have been developed at MIT by 

mimicking a real animal cheetah aiming for fast running. 

Cheetah robots can run as fast as Cheetah and jump over the 

barrier when they are running [3]. The role of the tail has been 

investigated for the fast movement of Cheetah [4,5]. 

Another challenging motion for robots to mimic is 

jumping. When robots jump, landing is the most important 

concern to maintain stable balance [6]. Tail balancing 

techniques have been presented for the stable balance [7,8].    

 

When the lizard robot jumps high in the air and lands on 

the ground, the tail is used to maintain upright position all the 

time [7]. The robot position has been determined by sensors 

and the appropriate tail movement is controlled to maintain 

upright position. The tail can be used for maintaining the 

balance of fast turning [8]. 

Most of small-scaled robots are made after insects. In the 

framework of small jumping robots, locust-like insect robots 

have been developed [9-11]. Frog-like robots has been 

developed [12,13]. Jumping motion of MOWGLI has been 

accomplished by several links actuated by pneumatic artificial 

muscles. One defect of using pneumatic actuators like in 

MOWGLI is the impossibility of carrying power source. Jump 

motion control of a humanoid leg with multiple links has been 

presented as well [14,15] 

Kangaroo is an animal that jumps with two legs in a 

synchronous phase. Bio-inspired robots for Kangaroo have 

been developed in the literature [16-18]. Bionic Kangaroo has 

been developed by FESTO to mimic Kangaroo’s jumping 

motion. The robot tries to resemble a real Kangaroo such that 

it has a similar size of a real small Kangaroo. Jumping 

actuation has been successfully demonstrated by pneumatic 

actuators [16]. A small-sized Kangaroo robot has been 

designed with half circular legs that can store energy for a 

jumping motion [17]. In the category of monopod locomotion 

of Kangaroo, one leg robot has been presented for controlling 

hopping motion [18]. 

Therefore, in this paper, a miniature of Kangaroo-like 

robot (Kangarobo) is designed to jump with two legs and one 

tail. Kangarobo is aimed to keep jumping as high as possible 

while carrying all the body weights. The current version 

maintains balance on the ground by three contact points with 

two legs and one tail. Jumping motion can be achieved by a 

four bar mechanism with a cam structure.  

 

 
Fig. 1 Kangaroo jumping motion 
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II. DESIGN OF JUMPING MECHANISM 

A. Design concept 

One easier design for the jumping mechanism is to have a 

multiple linkage structure that uses motor torques to have 

jumping motion like MOWGLI in [7]. However, our major 

concern  here is the simple design with less actuators to satisfy 

the successive jumping motion. 

The main goal of Kangarobo is to jump with a leg design of 

a four bar linkage structure with a cam and the jumping energy 

can be stored at a spring as shown in Fig. 2.  

 

 
Fig. 2 Concept of a bio-inspired Kangarobo 

 

B. Leg link design 

Instead of using a serial linkage structure, here a parallel 

linkage structure is used for generating monopod locomotion.  

The detailed leg design with four bar linkages with a foot is 

shown in Fig. 3 (a). The crank-rocker mechanism is adopted to 

generate repeated motions of shrinking and stretching of the 

leg for a jumping motion from the ground to in the air by a 

rotational actuator. Link lengths of four bar linkage are 

determined to allow a rotation of a foot in the limited space. 

The actuator is placed at the location where the jumping 

motion of a foot is possible. The cam is located to generate the 

instant force for jumping as shown in Fig. 3 (b). 

 

        

(a)Four bar with a foot              (b) Four bar with a cam 

Fig. 3 Four bar mechanism with a foot and a cam 

 

The crank-rocker mechanism is used to determine each 

allowable link length. Based on the crank-rocker mechanism, 

angles for the four bar linkage can be calculated for 

determining the trajectory of 
21

, BB  . Fig. 4 shows two extreme 

cases of the stretching and shrinking motions of the leg. 

 

      
Fig. 4 The crank-rocker mechanism 

 

The minimum and maximum angles can be calculated. 
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Link length can be adjusted on the basis of the minimum and 

maximum angles. 

Fig. 5 shows the four bar linkage attached to the body. 

Angles of 
21

,  are calculated as 26.9 and 68.5, respectively. 

The body can jump with the structure shown in Fig. 5. 

 

   

(a)Shrink                                     (b) Stretch 

Fig. 5 Body and foot link 

 

C. Cam design 

To maximize the instant jumping force is important for the 

robot to jump from the ground. Based on the four bar structure 

shown in Fig. 5 (b), a cam structure is designed and placed at 

the rotating joint for jumping motion.  

Cam design is one of typical design for Kangarobo and 

crucial such that it determines the cycle of jumping motion. 

After many modifications, final cam design is done as shown 

in Fig. 6. The cam is attached to the four bar link as shown in 

Fig. 6. Holes in the cam are intentionally designed to place 

magnets in association with hall sensors for the absolute 

position of an encoder sensor. The rotating joint and the 

distance are empirically determined as 15mm to maximize the 

spring force. 
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Fig. 6 Cam design 

 

D. Spring design 

Next is to determine a spring constant to store enough 

energy to jump. Firstly, the length of a spring is calculated on 

the basis of two configurations shown in Fig. 7. The maximum 

value of the length is 140mm for stretching and the minimum 

88.2mm for shrinking. So the deviation length for energy 

storing becomes 51.8mm.  

Based on the deviation length, the spring stiffness constant 

k can be calculated as 
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where m is the mass, g is the gravitational acceleration, and  

h is the height. 

 

 

(a)Shrink                                     (b) Stretch 

Fig. 7 Four bar mechanism with a foot and a cam   

III. KANGAROBO SYSTEM  

A. Overall system 

Based on the design of each part, overall Kangarobo 

system is built with ease by 3 D printing technology. The robot 

is composed of three parts: two legs, one tail, and control 

hardware as shown in Fig. 8. Hardware is located on the top of 

the system. Each leg consists of a spring, a cam and links. Two 

DC motors and three servo motors are used for the actuation. 

Battery is intentionally located on the tail to increase the tail 

reaction for helping jump motion and stable landing. 

Initially, Kangarobo stabilizes itself by maintaining 

contact with the ground with two legs and one tail as shown in 

Fig. 8.  

 

 
Fig. 8  Kangarobo 

 

B. Control hardware 

The overall hardware block diagram is shown in Fig.9. 

Two DC motors are controlled for leg jumping, two servo 

motors for leg walking, and one servo motor for the tail 

movement. DSP is a main controller and an ARS (attitude 

reference system) sensor is used for measuring the attitude of 

Kangarobo. The ARS sensor is the attitude reference system 

that contains 3-axis gyro and 3-axis-accellometer. A hall 

sensor is used to measure the rotation of the cam in association 

with magnets installed in the cam. 

 

 
Fig. 9 Overall hardware block diagram 

 

C. Synchronization and control  of two motors for legs 

To maximize the jumping force, monopod locomotion 

should be guaranteed in phase. This means that the 

movements of two legs must be synchronized before 

conducting any jumping experiments since the specification 

of two motors is different although those motors are same 

brand manufactured by the same company.  

The synchronization difference between two motors can 

be minimized by software programming of a PI control 

method while two motors are controlled by PID controllers. PI 

controllers minimize the deviation error between two DC 

motors as shown in Fig. 10 (a) and (b). 

The control inputs to DC motors are given as  
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where 
d

  is the desired angle, 
1

  is the angle of DC motor 1, 

2
  is the angle of DC motor 2, and 

ip
kk ,  are the controller 

gains. 

 
(a) DC motor of a right leg for jumping 

 
(b) DC motor of a left leg for jumping 

Fig. 10 Synchronization of two DC motors 

 

D. Control of legs and a tail 

Control for leg walking and tail movement uses PD 

controllers as shown in Fig. 11 (a) and (b). For the leg walking 

control, 
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where 
dwpw

kk ,  are the controller gains. 

For the tail control, 
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where 
dtpt

kk ,  are the controller gains. 

 

 
(a) Servo motors of two legs for walking 

 
(b) Servo motors for a tail 

Fig. 11 Control for leg walking and tail 

IV. EXPERIMENTAL STUDIES 

A. Experimental setup 

Since Kangarobo is required to make successive jumps, 

same repeated steps are required. The jumping process can be 

divided into several steps. Fig. 12 shows the jumping steps. 

Initially, Kangarobo is set at the resting condition by 

maintaining three contact points with the ground. Then the 

ready state enables the body to lean forward based on the 

determination from ARS sensor information. This step 

maintains the balance with two legs. Next is the jump step. 

Finally, Kangarobo lands on the ground. The landing step is 

important to stabilize Kangarobo. Here the tail is lowered 

down to make three point contact for the stable pose. Then the 

ready state is prepared by lifting the tail and leaning the body 

forward for the next jump. This cycle goes on for the 

successive jumps. 

 
 

Fig. 12 Jumping steps 

①  Ready  

②  Ready to jump 

③  Jumping state 

④  Landing state 

B. Experimental results 

     Jumping tests have been conducted on the floor by 

following steps shown in Fig. 12. We have experienced  

through the failure of many experimental tests. When the body 

does not lean forward in the ready state, Kagarobo could not 

maintain the initial pose but rotated after jumping.  

Therefore, Fig. 13 (b) shows the images when Kangarobo 

leans forward before jumping. One important point here for 

the successful jump is to find the appropriate leaning angle 

which can be obtained from the intensive empirical studies. A 

hall sensor has been located at the cam where the appropriate 

position found for the ready to jump. 

Although Kangarobo can keep jumping, one jumping 

feature is considered here in Fig. 13. The real jumping 

motions are captured and plotted in Fig. 13. Kangarobo made 

successful jumps as high as 0.1m from the ground. Six images 

are shown from the ready to the resting state.  

It is noted that the heading angle of Fig. 13 (f) is same as 

before jumping as shown in Fig. 13 (a) after jumping. This is 

quite an  interesting point.  
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(a) Ready                         (b) Start jumping 

   
(c) Jumping in the air                 (d) Before landing 

    
(e)    Landing                                   (f) Rest 

Fig. 13 Jumping motion 

 

At the start-jumping state shown in Fig. 13 (b), we can see 

Kangarobo leaning forward with two legs compared with Fig. 

13 (a). The tail is lifted up so that two legs maintain balance. 

This helps Kangarobo to increase the forward moving speed. 

Two legs are stretched for leaping as shown in Fig. 13 (c). 

Then Kangarobo jumps high in the air and lands. To stabilize 

the system after landing, the tail is lowered down to make 

three point contact with the ground as shown in Fig. 13 (f). 

Then it goes to Fig. 13 (a) for the next jump. 

Although jumping tasks were successfully performed as 

desired, the tail is used to stabilize the body. Therefore, the 

next challenging research topic is to solve the balancing with 

two legs after landing. 

 

V. CONCLUSION 

One of characteristics of Kangaroo is jumping with the 

simultaneous movements of two legs. The kangaroo jumping 

motion has been studied for designing a Kangaroo-like robot, 

Kangarobo. After many modifications of mechanical design 

and parameters, Kangarobo has been implemented not only 

for walking but also for jumping. A successive jumping task of 

Kangarobo has been successfully demonstrated. Kangarobo 

was able to jump as high as 0.1m from the ground.  

However, the robot design and control are still required to 

be improved. The tail is used for stable position on the ground 

with two legs. A next challenging step is to control Kangarobo 

making balance without help from the tail for the stable pose 

on the ground. 

 

REFERENCES 

[1] BigDog, http://www.bostondynamics.com/robot_bigdog.html. 

[2] D. Wooden, M. Malchano, K. Blankespoor, A. Howardy, A. A. Rizzi 

and M. Raibert, “Autonomous navigation for BigDog”, International 

Conference on Robotics and Automation, pp. 4736-4741, 2010. 

[3] R. Briggs, J. Lee, M. Haberland, and S. Kim, “Tails in biomimetic 

design: Analysis, simulation, and experiment”, 2012 IEEE/RSJ 

International Conference on Intelligent Robots and Systems (IROS), 

pp. 1473-1480, 2012. 

[4] A. Patel and M. Braae, “Rapid acceleration and braking: Inspirations 

from the cheetah's tail”, IEEE Conference on Robotics and Automation, 

pp. 793-799, 2014. 

[5] A. Patel and E. Boje, “On the conical motion of a 

two-degree-of-freedom tail inspired by the Cheetah”, IEEE Trans. on 

Robotics, vol. 31, no. 6, pp. 1555-1560, 2015. 

[6] S. Jung, “Experiences in Developing an Experimental Robotics Course 

Program for Undergraduate Education”, IEEE Trans. on Education, 

vol. 56, no. 1, pp. 129-136, 2013.  

[7] J. Zhao, T. Zhao, N. Xi, M. W. Mutka and L. Xiao, “MSU Tailbot: 

Controlling Aerial Maneuver of a Miniature-Tailed Jumping Robot”,  

IEEE/ASME Transactions on Mechatronics, Vol. 20, Issu. 6, pp. 2903 

- 2914, 2015 

[8] A. Johnson, T. Libby, E. Chang-Siu, M. Tomizuka, R. J. Full, and D. E. 

Koditschek. "Tail assisted dynamic self righting.", Fifteenth 

International Conference on Climbing and Walking Robots and the 

Support Technologies for Mobile Machines, 2012. 

[9] F. Li, G. Bonsignori, U. Scarfogliero, D. chen, C. Stefanini, W. Liu, P. 

Daria, and X. Fu, “Jumping mini-robot with bio-inspired legs”,  IEEE 

Conference on Robotics and Automation, pp. 933-938, 2009. 

[10] V. Zaitsev, O. Gvirsman, U. B. Hanan, A. Weiss, A. Ayali, and G. Kosa, 

“Locust-inspired miniature jumping robot”, IEEE Conference on 

Intelligent Robots and Systems, pp. 553-558, 2015. 

[11] M. Kovac, M. Fuchs, A. Guignard, J. C. Zufferey, and D. Floreano. "A 

miniature 7g jumping robot.", 2008. IEEE International Conference 

on Robotics and Automation, pp. 373-378, 2008. 

[12] J. Zhao, N. Xi, B. Gao, M. W. Mutka, and L. Xiao, “Development of a 

controllable and continuous jumping robot”, 2008. IEEE International 

Conference on Robotics and Automation, pp. 4614-4619, 2011. 

[13] R. Niiyama , A. Nagakubo , and Y. Kuniyoshi , “Mowgli: A Bipedal 

Jumping and Landing Robot with an Artificial Musculoskeletal 

System”, International Conference on Robotics and Automation, pp. 

2546-2551, 2007. 

[14] K. Arikawa and T. Mita, “Design of multi-DOF jumping robot”, IEEE 

Conference on Robotics and Automation, pp. 3991-3997, 2002. 

[15] B. Ugurlu, and A. Kawamura, “ZMP-based online jumping pattern 

generation for a one-legged robot”, IEEE Trans. on Robotics, vol. 57, 

no. 5, pp. 1701-1709, 2010. 

[16] Festo, http://www.festo.com/ 

[17] G. H. Liu, H. Y. Lin, S. T. Chen and P. C. Lin, “Design of Kangaroo 

robot with dynamic jogging locomotion”, IEEE/SICE Symposium on 

System Integration”,  pp. 306-311, 2013. 

[18] N. Carlesi and A. Chemori, “Nonlinear model predictive running 

control of kangaroo robot : a one-leg planar underactuated hopping 

robot”, IEEE/RSJ International Conference on Intelligent Robots and 

Systems (IROS), pp. 3634-3639, 2010. 

440


