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Abstract 

A robotic dolphin with a pair of 3-DOF flippers, two turning units and a multi-link oscillatory propulsion mechanism is 
designed. The mechanical, hardware and software designs of the robotic dolphin are given. The flippers are fixed on both 
sides of the anterior body and each one is endowed with the ability of lead-lag, feathering, and up-down motions. The 
yawing of the robotic dolphin is realized via controlling the two turning units. The multi-link oscillatory propulsion 
mechanism consists of four joints, in which the first joint adopts the structure of worm gear and shaft driven by a DC motor 
in order to provide large torque and the other three oscillatory hinge joints are directly driven by servos. The propulsion is 
achieved via the coordinated controlling of the four joints. The performance of the robotic dolphin is well verified in the 
experiments. 
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1. Introduction 

In underwater robotics community, biomimetic robots such as robotic fish and robotic dolphin have 
received more and more attentions. Compared to propeller-type underwater vehicles, fishes and cetaceans 
have the characteristics of higher efficiency, better maneuverability, lower noise, and better environmental 
adaptability [1]. Moreover, dolphins with horizontal caudal fins (flukes) along the longitudinal main bodies 
have much superior performance than fish with vertical ones, and thus dolphins are propelled by vertical 
fluke oscillations while the undulations of fish tail are in the horizontal plane. It is observed that the 
propulsive efficiency of the dolphin is as high as 0.75-0.9, maximum swimming speed is over 11m/s, and 
turning maneuverability is described as high as 450 deg/s with turning radii as low as 11-17% of body 
length (BL)[2, 3, 4]. 

Related work. Fascinated by dolphin’s super skills, robotic researchers have focused on dolphin-like 
robots with hydrodynamics analysis, mechatronic design and control schemes. Specifically, several robotic 
dolphin prototypes have been developed, such as Nakashima’s two-joint dolphin with a pair of 1-DOF 
pectoral fin and the dorsal fin [5, 6], Dogangil’s four-link robotic dolphin driven by pneumatic actuators [7], 
a five-link robotic dolphin with a pair of 2-DOF flipper apparatus [8], and a two-motor-driven Scotch yoke 
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robotic dolphin characterized by its adjustable outputted oscillatory amplitude [9], et al. The first three 
prototypes adopt multi-link based mechanism for generating main thrust, while in [9], a two-motor-driven 
Scotch yoke mechanism is served as the main propulsor for the purpose of increasing propulsive efficiency. 
In this paper, the design and implementation for a multi-link robotic dolphin with a pair of 3-DOF flippers 
is presented. 

The rest of the paper is organized as follows. The design of the robotic dolphin is given in Section 2, 
including mechanical design, hardware design and software design. In Section 3, the motion control of the 
robotic dolphin along with the implementation of the multi-link’s oscillatory motion is presented. The 
implementation of the robotic dolphin prototype and experiments are provided in Section 4. Conclusions 
are drawn in Section 5. 

2. Design of Robotic Dolphin 

A multi-link robotic dolphin equipped with artificial flippers is designed according to the biological and 
hydrodynamic principle in [9]. The robotic dolphin, shown in figure 1, consists of anterior body and rear 
body and fluke part. 

      

(a)                 (b) 

Fig.1 General View of the Robotic Dolphin. (a) Top view. (b) Front View. 

In the anterior body, the flipper driven apparatus, a pair of flippers, power unit as well as control circuits 
et al. are installed. On both sides of the anterior body, a pair of symmetric flipper apparatus is fixed, which 
may improve the swimming performance of the robotic dolphin. Each flipper is capable of 3-DOF (degrees 
of freedom) motion including lead-lag, feathering, and up-down, which is accomplished by the 
corresponding servos. In the rear body and fluke part, four joints, driven by a DC motor and three servos 
A1, A2 and A3, form a serial chain to provide the main propulsive force. Besides, the turning units 1 and 2 
driven by servos are also equipped to generate deflecting forces. As shown in figure 1, a DC motor driven 
mechanism consisting of worm gear and shaft is fixed.  

As illustrated in figure 2, the hardware structure of robotic dolphin consists of ARM control board, 
power unit, actuators, sensors and communication module. ARM control board, the control centre of the 
robotic dolphin, generates PWM pulses to control servos and provides serial ports for controlling DC motor 
and communicating with other modules. The actuators of the robotic dolphin consist of 11 servos and a DC 
motor. Specifically, six servos are responsible for the two flippers’ 3-DOF motions. DC motor and three 
servos are employed for the vertical oscillation of rear body and fluke. Two servos are used to realize the 
yawing motion of the robotic dolphin. In addition, a number of large capacity chargeable polymer batteries 
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of high energy density are fixed in the anterior body part. 

           

Fig.2 Hardware Structure of Robotic Dolphin                 Fig.3 Software Structure of the Control System 

The combination of GPS and INS are available for positioning and a HYDROLab multi-parameter water 
quality monitor is also equipped for application. A wireless communication module is required for the 
information interaction between the robotic dolphin and the console including the command and water 
quality data. 

In order to complete the task smoothly, the robotic dolphin should make rapid response to the commands 
from the console or varied external condition. The real-time kernel uC/OS-II is adopted to meet the 
real-time requirement. The control system of robotic dolphin with water quality monitoring can be divided 
into several tasks as illustrated in figure 3. Conductor_task, possessing the highest priority, is used to 
manage the rest tasks after analyzing the location data and commands from the console, et al. 
Turning_control_task, Flipper_control_task and Multi_link_propulsor_control_task are responsible for the 
control of two turning units, two flippers’ 3-DOF motions and multi-link propulsors respectively. 
Additionally, water_quality_data_monitor_task is used to manage the detected water quality data. 

3. Motion Control of the Robotic Dolphin 

3.1. Overview of the Robotic Dolphin’s Motion Control 

Based on the above design, the motion of the robotic dolphin involves the control of the multi-link 
propulsor, two turning units and two 3-DOF flippers. More concretely, the multi-link propulsor is designed 
to provide the main propulsive force. The artificial flippers are expected to get better swimming 
performance by adjusting the flippers’ posture under different conditions. The coordinated controlling of 
them enables the robotic dolphin to execute kinds of motions such as forward swimming, yawing and 
diving et al. The yawing motion can easily be realized by controlling the two turning units. The propulsion 
will be introduced as follows. 

3.2. Multi-link Propulsor Control 

The dolphin’s oscillatory swimming motions involve the dorsoventral movement of the posterior third of 
the body in conjunction with pitching of the fluke, which typically follow a sinusoidal pathway [2, 3, 4]. In 
this paper, a multi-link mechanism is adopted as the main propulsor. Figure 4 gives the analysis of the 
robotic dolphin’s dorsoventral movement joints. It is seen that the length of l1 is changing in the process of 
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yawing because of the existence of turning unit 2. The dorsoventral movement of the rear body thus can be 
divided into DC motor’s reciprocating motion and three oscillatory hinge joints’ oscillatory motion. 

 

Fig.4 Analysis of the Dorsoventral Movement Joints 

3.2.1. Multi-servos Control 

As depicted in figure 4, the links l2, l3, l4 driven by the servos A1, A2, A3 respectively are used to form the 
oscillatory motion by fitting a traveling wave (1) originally suggested by Lighthill [10]. 

).2sin()(),( 2
21 ftkxxcxctxy π++=

         (1) 

Where y represents the dorsoventral displacement of the robotic dolphin body, x is the longitudinal 
coordinate measured from the point J2 (x=[0, l2+l3+l4]), c1 is the linear wave amplitude envelope, c2 is the 
quadratic wave amplitude envelope, k (k=2π/λ) indicates the body wave number, λ is the body wave length, 
f is the tail beat frequency, and t is time. The maximal vertical excursion of the fluke can be figured out as 
max(c1x+c2x2) (c1>0, c2>0, x ∈ [0, L]). In practice, the process of generating the control data for the 
multi-link’s actuated servos is as follows [11]:  

Step1. Determine the swimming wave coefficients and discrete the swimming wave.  
Given equation (1), the following task is to determine the proper body-wave parameters. As l2+l3+l4=0.25, 
the coefficient is specified as c1=0.1, c2=1.6, λ=0.5m, k=4π, so the maximal vertical excursion of the fluke 
is 0.125m. 
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Where i (i =0, 1,…,M-1) is the i-th instant in an oscillation cycle, and M (M = 100) is the time-independent 
resolution, which indicates the discrete degree of sinusoidal motion. It is worth noting that the maximum 
value of the M can not exceed the maximum driving frequency of the servos. 

Step2. Fit the swimming wave. 
Since the coefficients have been determined, the shape of swimming wave is ensured. The following task 

is to make the serial chain consisting of three rotating hinge joints to fit the wave. As illustrated in figure 5, 
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let two end-point coordinate pairs of each link lj (j=2, 3, 4) be (xj-1, yj-1) and (xj, yj), and the joint angel 
between lj-1 and lj be φj. The goal is to calculate the link lj’s (j=2, 3, 4) joint angle φi, j at i-th (i=0, 1,…, M-1) 
instant in an oscillation cycle. Then according to all the φi,j (i=0, 1,…, M-1, j=2, 3, 4), the control data of 
servos A1, A2 and A3 can be calculated. Specifically, there are two steps to calculate the value of φi,j. The 
first step is to search the end-point coordinate pair (xi, j, yi, j) according to the constraint condition given by 
(3): 
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where the subscript i indicates the i-th time of the oscillating sequence, and j denotes the j-th (j=2, 3, 4) link. 
Then a two-dimensional rectangular array AngelData[M][3] can be obtained by (4): 
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where φi,j indicates the relative angle of the j-th link in i-th time and xi,1=0, yi,1=0. Figure 6 gives the 
sequence of the joints’ relative angle. After making some smooth processing, the AngelData[M][3] can be 
used to generate the control data of servos A1, A2 and A3. 
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Fig.5 Link-based Body Wave Fitting                       Fig.6 The Sequence of Joints’ Relative Angle         

3.2.2. Coordinated Control of the DC Motor and the Servos 

The coordination of DC motor’s reciprocating motion and three servos’ oscillatory motion is as follows. 
The frequency of these two motions is the same, and a proper phase difference between them is required. 
These conditions can be satisfied by adjusting the DC motor’s speed and starting position to make it 
consistent with the three servos’ propulsive wave. 
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4. Prototype Implementation and Experiments 

For there are many apertures on the robotic dolphin prototype due to machining and fixing, before 
implementing some experiments under water, an overall waterproof sealing on its exterior is required. The 
sealed robotic dolphin with silica gel coat is shown in figure 7. Its basic technical parameters are shown in 
Table 1. Fig. 8 gives the result of a yawing experiment. 

 

Fig.7 The Robotic Dolphin Prototype Coated by Silica Gel 

Table 1 Technical Parameters of Robotic Dolphin Prototype 

Item Characteristic 

Size (L*W*H) ~120 cm *60 cm *20 cm 

Length of oscillating part 45 cm 

Weight ~23.5 kg 

Number of the propulsive links 4 

Number of the turning links 2 

Maximum oscillating frequency ~1.4 Hz 

Actuator DC motor and servos 

Communication mode Wireless (433 MHz) 

Continuous working time >2 hours 

5. Conclusions and Future Work 

A robotic dolphin prototype with a pair of 3-DOF flippers and a multi-link propulsion mechanism has been 
developed and tested. By coordinated controlling of the multi-link mechanism, two turning units and 
flippers, the basic motions including forward swimming and yawing motion have been realized. 
Experiment results have demonstrated the feasibility of the design and the control scheme. 

More experiments will be conducted in the future to test the efficiency of the robotic dolphin. And the 
functionality of the 3-DOF flippers will be explored to play an important role in the realization of the 
robotic dolphin’s swimming motion in 3-D workspace. 
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Fig.8 The Snapshot of the Robotic Dolphin’s Yawing Experiment 

Acknowledgement 

This work was supported in part by the Knowledge Innovation Program of the Chinese Academy of 
Sciences, Grant No. KGCX2-YW-158, and in part by the National Natural Science Foundation of China 
under Grant 60725309. 

References 

[1] C. Zhou. Research on modeling, control and cooperation of a marsupial biomimetic robotic fish. Phd thesis, 
Institute of Automation Chinese Academy of Sciences, 2008. 

[2] F. E. Fish and J. J. Rohr. Review of dolphin hydrodynamics and swimming performace. United State Navy 
Technical Report 1801, Aug. 1999. 

[3] P. R. Bandyopadhyay. Trends in biorobotic autonomous undersea vehicles. IEEE J. Oceanic Eng., vol. 30, no. 1, 
pp. 109-139, Jan. 2005. 

[4] T. G. Lang, T. Y. Wu, C. J. Brokaw, and C. Brennen. Speed, power, and drag measurements of dolphins and 
porpoises. Swimming and Flying in Nature, pp. 553-571, Plenum Press, New York, NY, 1975. 

[5] M. Nakashima and K. Ono. Development of a two-joint dolphin robot. In Neurotechnology for Biomimetic 
Robots, J. Ayers, J. L. Davis, and A. Rudolph, Eds. Cambridge, MA: MIT Press, 2002. 

[6] M. Nakashima, Y. Takashi, T. Tsubaki, and K. Ono. Three-Dimensional Maneuverability of the Dolphin Robot, 
Bio-mechanisms of Swimming and Flying (edited by Kato, N., Ayers, J. and Morikawa, H.), pp.79-92, Springer 
Verlag Tokyo, 2004. 

[7] G. Dogangil, E. Ozcicek, and A. Kuzucu. Modeling, simulation, and development of a robotic dolphin prototype. 
In Proc. of IEEE Inter. Conf. Mechatronics and Automation, Canada, vol. 2, pp. 952-957, July 2005. 

[8] J. Yu, Y. Hu, R. Fan, L. Wang, and A. Kuzucu. Mechanical design and motion control of biomimetic robotic 
dolphin. Advanced Robotics , vol. 21, no. 3-4, pp. 499-513, 2007. 

[9] J. Yu, Y. Hu, J. Huo, and L. Wang. An adjustable Scotch Yoke mechanism for robotic dolphin. In Proc. of IEEE 
International Conference on Robotics and Biomimetics, Sanya, China, pp. 513-518, Dec. 2007. 

[10] M. J. Lighthill. Note on the swimming of slender fish. J. Fluid Mech.,vol. 9, pp. 305-317,1960. 
[11] J. Yu, M. Tan, S. Wang, and E. Chen. Development of a biomimetic robotic fish and its control algorithm. IEEE 

Trans. Syst. Man, Cyber. B, Cybern., vol. 34, no. 4, pp. 1798-1810, Aug. 2004. 


