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Abstract—This paper presents the design and implementation of leaping control methods for replicating highspeed dolphin leaping behavior. With full consideration
of both mechanical configuration and propulsive principle of a physical robot comprising one neck joint, two
propulsive joints, and a pair of two-degrees-of-freedom
(2-DOF) mechanical flippers, closed-loop pitch, roll, yaw,
and depth control methods are integrated to accomplish
precise attitude control. Specifically, two pitch control
strategies are proposed to separately satisfy small and
large pitch requirements based on the real-time feedback
of the pitch angle, while the roll controller is further implemented as a proportional-integral-derivative (PID) loop. A
combination of pitch and roll control is utilized to regulate the desired pitch maneuvers. Finally, a parameterized
five-phase leaping control algorithm instead of Weihs’s
three-phase porpoising model is implemented on the selfcontained real robot, enabling the examination of biological
leaping phenomena which are hard to observe or measure. Latest experimental results reveal that besides high
speeds exceeding the minimum exit speeds, the pitch control closely related to pitch angle and submersion depth
is another critical factor contributing to effective dolphin
leaping.
Index Terms—Bio-inspired, dolphin leaping, experimental verification, integrative control, pitch control.

I. I NTRODUCTION

O

VER the past decades, a multitude of efforts have been
made to develop bio-inspired robots which are able to
operate in unstructured environments robustly and efficiently
[1], [2]. The general assumption that natural structures and
processes are optimal is one of the fundamentals of biomimetics. Meanwhile, it is a common assumption that locomotion
of animals and humans is optimal. In the field of bio-inspired
underwater robotics, particularly of interest are the locomotion skills of fish and cetaceans, including propulsion system
design [3]–[6], motion control [7]–[10], and underwater motion
sensing [11]. In addition to offering design and control inspirations for the next-generation autonomous underwater vehicles,
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fish- or dolphin-inspired swimming robots may be able to fulfill
a lot of aquatic-related tasks such as exploration, monitoring,
transportation, as well as mobile sensing.
In nature, dolphins exhibit several modes of swimming for
energy economy, typically involving submerged swimming,
gliding, porpoising (or leaping), and free riding [12]. As a fastswimming behavior, porpoising refers to high-speed surface
piercing motion in which long and ballistic jumps are alternated
with sections of swimming close to the surface [13]. Au and
Weihs initially analyzed this behavior and suggested that porpoising is energetically advantageous above a crossover speed,
as the reduction in drag due to aerial movements becomes
greater than the added cost of jumping [14]. Afterward, different biomechanical models [13], [15], [16] in combination
with biological observations [17] were presented to examine
this assertion. For example, Weihs proposed a three-phase dolphin porpoising model consisting of leap, coast, and burst.
Within this framework, the possibility of energy saving via
a combination of leaping and burst and coast swimming was
numerically confirmed with reasonable hydrodynamic assumptions [13]. However, Fish and Hui cast doubt on the concept
of the crossover speed based on field data [18], [19]. It was
observed that free-ranging dolphins ventilated by rolling at
the surface at low speed, executed quasi-leaps at intermediate speeds, and performed full porpoising leaps at high speeds
[19]. Accordingly, they concluded that porpoising may be an
energy-saving behavior that is directed more to economical
breathing than as an energetically cheap method of swimming.
The query on the porpoising behavior therefore necessitates
further evidence and verification.
Nowadays, applying robotic technology to biology is significantly contributing to new understanding of biological systems
and their behaviors [2]. A major advantage of robot-based
verification is that robots can be utilized to carry out experiments that would be difficult or even impossible to make
with animals. Thus, developing dolphin-like robots is another
primary impetus to investigating dolphin locomotion. In our
previous work [21], through comparing yaw and pitch maneuvers on a multilink dolphin robot, we confirmed that the
dolphin robot achieves better performance for pitch maneuvers than it does for yaw maneuvers, which is consistent
with the biological observations. Regarding the motion control
of dolphin robots, some issues have been discussed associated with dorsoventral propulsion [22], [23], yaw and pitch
maneuvers [21], roll and pitch maneuvers [24], as well as
depth control [25]. For instance, Dogangil et al. used the traveling wave method with a certain phase shift between the
oscillations of the links to produce up–and–down motions
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Fig. 1. Prototype of the developed fast-swimming dolphin robot.

[22]; Nakashima et al. used proportional–derivative (PD) or
proportional–integral–derivative (PID) feedback control to reference trajectory tracking through combined roll and pitch so
that quasi-3-D maneuverability was achieved [24]. Although
considerable research has focused on dolphin-like propulsion
and maneuvering in the context of biorobotics, the leaping
motions representing both high speeds and maneuverability
are rarely tackled. Hence, developing a dolphin robot and
its leaping control will get a better understanding of control
mechanisms behind various leaps.
As an effort to offer an integrated propulsive solution to
mimic dolphin leaps, in this paper, we focus on the proposal
of the integrated motion control method for a newly designed
dolphin robot. By virtue of the hybrid propulsion capability of
the posterior body and the complementary maneuverability of
the flippers, a synthesized attitude control scheme is formed.
Emphasis is particularly placed on feedback controls for pitch,
roll, and yaw as well as their implementation. A parameterized leaping control enabling one-shot leap and serial leaps
is eventually formed. Compared with the previous research
on robotic dolphin swimming [22]–[24], closed-loop control
strategies for pitch, roll, yaw, and depth are proposed and real
3D maneuverability is accomplished. Remarkably, the dolphin
robot experienced quasi-leap and complete leap in an orderly
manner as its speed increased, closely agreeing with Hui’s field
observations in free-ranging situations [19].
This paper is organized as follows. Section II gives a brief
overview of the developed dolphin robot. The closed-loop attitude control methods for pitch, roll, yaw, and depth controls are
separately described in Section III. The parameterized leaping
control procedure is elaborated in Sections IV. Tests and results
are provided in Section V. Finally, Section VI concludes this
paper with an outline of future work.
II. P ROTOTYPE OF THE D EVELOPED D OLPHIN R OBOT
A novel fast-swimming dolphin robot has been developed in
our laboratory. As shown in Fig. 1, a two-joint tail comprising a waist joint and a caudal joint is configured for large thrust
production, a pair of two-degrees-of-freedom (2-DOF) mechanical flippers capable of flapping and feathering is imported
for orientation adjustment, and a neck-joint is integrated for
head-lead nose-up or nose-down during exit. The forebody is
made of polypropylene, while the tail skeleton and interior
support bracket are fabricated from titanium alloy, jointly making the robot as light as possible. Additional power supply
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(29.6 V rechargeable Li-polymer battery pack with a capacity
of 1200 mAh), sensors, control circuits, and balancing weights
are appropriately placed inside the hollow forebody. The robot
is able to perform 5 Hz dorsoventral oscillations with peak-topeak amplitude of approximately 0.2 body lengths (BLs). The
final robotic prototype measures 72 cm long, 12 cm wide (maximum, at the shoulder), 13 cm high (maximum, at the shoulder)
and weighs approximately 4.7 kg.
The dolphin robot is equipped with a microcontroller with
high computational performance, a variety of onboard sensors, and a wireless communication module that enable it to
both process external inputs and execute control laws. With
regard to the sensor configurations, an attitude heading reference system (AHRS, MicroStrain, 3DM-GX3-25) is mounted
in the head shell, which offers 3-D solved attitude and heading
solutions coming from inertial gyroscopes and accelerometers. An absolute pressure sensor (SQsensor, CYG-515A) fixed
on the lateral surface of the middle body offers depth data.
The current, speeds, and positions of the waist and caudal
joints, however, can be accessed from the dedicated motor
controllers (MAXON, EPOS2 50/5). At the control level,
an STM32F103ZET6 (STMicroelectronics, ARM Cortex-M3
MCU with 512 Kbytes Flash, 72 MHz CPU, motor control, USB and CAN) centered embedded controller featuring
abundant interface and sufficient computational power is built.
Currently, a real-time operating system for embedded devices,
RT-Thread 0.3.3, runs on the dolphin robot. This embedded system enable us to implement closed-loop motion control aided
by sensory information in real time.
III. C LOSED -L OOP ATTITUDE C ONTROL
With an attempt to fulfil controllable leaps, besides large
thrust production, we fall back on underwater and aerial attitude control. Similar to pectoral fins of fishes, the flippers
of cetaceans function as hydrofoils to control moments that
produce pitch, yaw, and roll. For our dolphin robot, a combination of mechanical flippers and fluke is contributed to desired
attitude. Specifically, closed-loop controllers responsible for
separate pitch, yaw, roll, and depth controls are built based on
the feedback from onboard sensors, e.g., a miniature AHRS
and pressure sensors. Being able to providing treatment of
both transient and steady-state responses, PID control offers
a generic and efficient solution to real-world control problems [20]. Here we design two different PID controllers which
are schematically shown in Figs. 2 and 3 to meet small and
large pitch requirements. Note that all the motion commands
are restricted by limiters to the driving motors against impact
or perturbation. More details on pitch, yaw, roll, and depth
controls will be described as follows.
A. Pitch Control
Dolphins exhibit a remarkable ability to perform pitch
maneuvers because of the particular orientation of the fluke.
In our prior work, we incorporated an additional moving slider
acting as a low-range pitch propulsor into a multilink dolphin
robot, gaining competitive advantages against yaw maneuvers
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Fig. 2. Attitude and depth control block diagram for small pitch requirement. The dashed boxes indicate that the two reference values in the same
box cannot be satisfied simultaneously.

Fig. 3. Attitude and depth control block diagram for large pitch requirement. The dashed boxes indicate that the two reference values in the same
box cannot be satisfied simultaneously.

[21]. Based on the feedback of the pitch angle from the AHRS,
now we propose two pitch control strategies to achieve agile
and swift pitch maneuvers without recourse to additional pitch
propulsors.
One is flipper-based pitch control devoted to small adjustment of the pitch angle. The feathering motion that denotes a
twisting motion of the flipper pitch while the robot is swimming
can generate destabilizing moments varying in approximate
proportion to the square of the swimming velocity, which is
referred to as lift-based maneuvering system [26]. Apparently,
this method will become ineffective if the robot is at rest. Even
though the robot swims fast, the changing rate of the pitch
angle is still relatively small. Thus, this method is well suited
to a fine-tuning of the pitch angle during high-speed swimming. Specifically, if the difference between the desired pitch
angle θref and the actual pitch angle θ is less than 20◦ , this
method will be used. In practice, the feathering angles ϕL_p
and ϕR_p of the left and right flippers for pitch maneuvers

are mediated by means of PD control. The proportional and
differential feedback gains for the feathering angles ϕL_p and
ϕR_p are Ppitch_flp = 1.5 and Dpitch_flp = 0.5, respectively.
Note that ϕL_p and ϕR_p are not directly used for the flippers,
but integrated with the feathering angles for roll control (see
Figs. 2 and 3).
The other way to adjust pitch angle is asymmetry-induced
pitch control, in which asymmetrical oscillations of the posterior body are employed to generate asymmetric pitching
moment. This method can be used to compensate for large pitch
error (typically larger than 20◦ ) or to generate quick pitching
motions. For example, if kdown (the stiffness coefficient of the
caudal joint while flapping down) is greater than kup (the stiffness coefficient of the caudal joint while flapping up), a net
nose-down pitching moment will be produced over a flapping
period, resulting in a descent in the water. Due to the intrinsic
recoil movement which inevitably affects the pitch maneuverability, there is no need to adjust the accompanying pitch
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error with care. Therefore, proportional control is utilized to
determine the stiffness ratio λ ∈ [−1, 1] of the caudal joint with
the P-gain Ppitch_fluke = 0.03. The actual stiffness coefficients
of the caudal joint can then be calculated as kup = k(1 + λ)
and kdown = k(1 − λ). For the purpose of ensuring stability
over the fluke oscillations, λ is merely altered each half flapping period at the moment when the oscillating fluke crosses
the zero point of the caudal joint.
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ϕL_r − ϕf and ϕR = ϕR_p + ϕR_r − ϕf , which are practically
limited to [−35◦ , 35◦ ] by the mechanical constraint.
As for a large pitch maneuver, both the flipper-based pitch
control and the asymmetry-induced pitch control are adopted.
Thus, only the reference roll angle φref is proportionally determined to use the large pitch moment for yaw.

D. Depth Control
B. Roll Control
By means of the opposite feathering angles of the bilateral
flippers to induce a rolling moment, the dolphin robot is able
to roll itself about its longitude axis. Based on the feedback of
the measured roll angle φ, PID control is applied to govern the
feathering angles of the flippers ϕL_r and ϕR_r , in order to track
the reference roll angle φref determined by yaw control law. The
used PID gains are given as Proll_flp = 1.2, Iroll_flp = 0.25, and
Droll_flp = 0.5. It is worthwhile to note that the roll maneuver
is usually not independently controlled. Instead, it is a part of
yaw control, serving to define the reference roll angle.
C. Yaw Control
As previously stated, no yaw joint is included for the purpose
of light weight and mechanical simplicity. Therefore, we have
no choice but to resort to a combination of pitch and roll controls. There are two ways to alter the yaw angle of the dolphin
robot. One is to combine asymmetric stiffness of the caudal
joint and roll maneuver simultaneously while the flipper-based
pitch control is in use. The other one is to merely roll while the
asymmetry-induced pitch control is employed for large pitch
requirement. In this sense, as demonstrated in Figs. 2 and 3,
yaw and roll controls are excluded in nature.
Considering that only the fluke is involved in the asymmetryinduced pitch control while only the flippers are used in the
flipper-based pitch control, if these two pitch controls are
simultaneously applied, the produced pitch moments can be
counteracted. If the robot trunk rolls to a required reference roll
angle φref , there will be a yaw moment component generated
by the asymmetry-induced pitch control. The yaw maneuver is
hence possible, yet accompanied by an undesirable pitch disturbance. If the flippers remain horizontally, the flipper-based
pitch control will give rise to a net pitch moment while the robot
trunk is tilting. Consequently, a net yaw moment is induced,
which can fulfill the yaw maneuver to follow the reference yaw
angle ψref . A proportional gain Ppitch_forward = 0.03 is used
for the feed-forward compensation of the pitch disturbance.
However, a simple feed-forward method cannot precisely compensate the pitch disturbance. Therefore, the flipper-based pitch
control is still needed. Practically, φref is determined by the
required yaw angle, and limited to [−30◦ , 30◦ ] based on the
mechanical constraint of keeping the flippers horizontal. The
stiffness ratio λ is restricted to [−0.5, 0.5] in order to offer
enough thrust for propulsion. The PID gains for φref and λ
are Pyaw_roll = 3.7, Iyaw_roll = 0.1, and Pyaw_fluke = 0.025,
respectively. After obtaining the feathering angles, the motion
commands for the flippers are synthesized as ϕL = ϕL_p +

The closed-loop control of the pitch angle and depth, in
principle, can be achieved by modifying the pectoral flipper
deflection, thereby altering the lift and drag forces on the body
of the dolphin robot. For most of fish, swimbladder regulates
buoyancy, allowing control of depth in water without using
muscles to fight gravity. As opposed to the swimbladder, the
dolphin robot must maintain a certain speed of movement to
actively adjust lift, which is associated with high energy expenditure. In this paper, based on the formed pitch control method,
a closed-loop depth control is implemented by a PI algorithm
with Pdepth = 70 and Idepth = 7. Therefore, the dolphin robot
is able to swim at a desired depth dref . Note that the pitch angle
cannot be arbitrarily preset any longer for the attitude control.
It indicates that, as shown in Figs. 2 and 3, only one out of the
depth and pitch angle can be adjusted.
With regard to PID controller parameter tuning for pitch, roll,
yaw, and depth control, we basically used the trial and error tuning method. Specifically, we first built the swimming dynamic
model of the dolphin robot and carry out simulations to predetermine the basic PID gains. That is, we chose intervals of
values offing meaningful variations of performance. Then, we
refined the combination of parameters that yield the best performance throughout the experiments on the actual robot. Of
course, more rigorous statistical analysis and even learningbased tuning of control parameters should be considered later.

IV. PARAMETERIZED F IVE -P HASE L EAPING C ONTROL
After the precise attitude control is achieved, we can figure
out a leaping control procedure. As a behavior associated with
switching from water to air and air to water, dolphin needs to
attain a rapid forward speed and momentum to clear the water,
followed by a ballistic trajectory in the air. Specifically, dolphin bends its body abruptly to exit the water and then twists
the body midair to reenter the water in some structured manner [27]. To facilitate the dynamics analysis and derivation,
Weihs proposed a three-phase model, i.e., a jump phase, a glide
phase, and an acceleration phase [13]. In line with our leaping
modeling, we emulate dolphin leaping behavior as a sequential combination of five phases. As illustrated in Fig. 4, thrust
control and depth control play a major role in acceleration
phase (phase 1); pitch control is predominant in surfacing phase
(phase 2) and diving phase (phase 5); while combined control
takes a leading part in the takeoff phase (phase 3) and flight
phase (phase 4).
Below, we briefly summarize the parameterized control steps
for an individual leap termed as one-shot leap, accompanying
with Fig. 5.
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Fig. 4. Schematic description of the five-phase leaping control.

Fig. 5. Flowchart describing how to achieve a one-shot leap.
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1) The acceleration phase (phase 1) is designed to obtain the
highest swimming velocity actively parallel to the water
surface. The dolphin robot swims straightly almost at a
fixed depth, so that it can accumulate sufficiently high
speeds for leaping. After a specified delay (td ), the robot
automatically starts to ascend toward the water surface.
2) The surfacing phase (phase 2) is designed to make the
robot nose-up with an appropriate emergence angle. This
phase begins after the delay of td and the robot gradually
orients itself till it breaks the water surface, making an
emergence angle α. In particular, the flipper-based pitch
control and the asymmetry-induced pitch control are used
together to swiftly propel the robot near the water surface.
3) The takeoff phase (phase 3) means that the rostrum
penetrates the water surface and the robot is becoming
airborne till the vertical component of propulsive velocity decreases to zero. To ensure the rostrum contacts the
water before any other part of the robot in reentry, there
should be a nose-down angular momentum using which
the pitch angle of the robot can vary from a large emergence angle to an intermediate diving angle during the
flight stage. Since no further angular momentum can be
generated during the flight stage, all the nose-down pitch
moment has to be developed in the takeoff stage. The
robot continues to propel itself after its rostrum breaks
the water surface until the midpoint of the robot gets out
of the water detected by the pressure sensor. Considering
that no pressure sensor is fixed on the peduncle, the robot
will go on propel for a certain amount of time (tp ), which
is an empirical delay, waiting for half of the peduncle
out of the water. Too long a delay will reduce the pitch
down moment because the fluke would have been out of
the water. Meanwhile, too short delay will cause large
moment, making the robot flip forwards to a pitch angle
of less than −αmax , where αmax denote the allowed maximum of emergence angle. Based on the measured pitch
angle at this moment, two different strategies are taken.
a) If θ > αmin (αmin is the defined minimum of emergence angle), the robot will wait until its peduncle swings
up to the highest position, and then swiftly bend ventrally,
producing a large nose-down pitching moment; b) If θ ≤
αmin , it means that the developed nose-down moment is
not enough and the robot has to immediately bend ventrally for an enhanced moment. In the meantime, the neck
joint jerks down the rostrum. Thus, the robot totally bends
into a C shape, minimizing the whole moment of inertia
and hence speeding up the nose-down process.
4) The flight phase (phase 4) describes the airborne flight,
during which there is no further available thrust and
moments due to the inability of the fluke and flippers
in the air. Thus, the trajectory of the center of mass is
parabolic, and the robot can merely continue pitching
down under the control of the nose-down moment of inertia acquired at the end of the takeoff stage. However,
the robot can stretch its trunk to be straight after the
pitch angle is less than zero, in order to increase the
moment of inertia which decelerates the nose-down pitch
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TABLE I
PARAMETER VALUES U SED FOR THE O NE -S HOT L EAP

Here, td is the specified delay time for acceleration; tp is the empirical delay
time before pitch motion; αmax is the defined maximum of emergence angle;
αmin is the defined minimum of emergence angle; βd is the defined threshold
for triggering the diving motion; and L is the BL of the developed dolphin
robot.

movement. This adjustment postpones the rostrum contacting the water surface to some extent. Eventually, the
airborne time can be prolonged. The stretched body also
makes the robot ready for propulsion.
5) The diving phase (phase 5) is designed to remain a suitable diving angle for a smooth descent from the rostrum
contacting the water to the whole body completely falling
into the water. As soon as the measured diving angle β
gets below βd (βd is the defined threshold for triggering
the diving activity), phase 5 begins. During this stage, the
diving angle β is fine-tuned by use of the flipper-based
pitch control in that the pressure sensor offering depth
information is still in the air. If the actual depth (d) satisfies d > 12 L| sin β|, it is confirmed that the whole robot
has fallen in to the water. Thus, a whole leaping process
terminates. The robot can then accelerate and dive deeper
to prepare for another leap or other tasks. In this way, leap
may occur periodically.
Table I lists the used parameters for the one-shot leap.
Furthermore, on the basis of one-shot leap, serial leaps can be
implemented with varied leaping parameters and initial conditions. The one-shot leap can be used for varies reasons, such as
the highest height or distance in a single leap, while the serial
leaps can be adopted to maximize the surface swimming speed.
After a one-shot leap, the dolphin has to take a long time to
accumulate speed and adjust attitude for another leap, while
the serial leaps should be specialized for a rapid transition to
the next leap. Of course, there are two basic characteristics
shared by all kinds of leaps, i.e., very high swimming speed and
precise pitch maneuverability, which can be obtained with the
control methods discussed above. It should also be noted that
as submerged swimming reduces drag compared with surface
swimming, the dolphin robot should swim at relatively great
depth. In particular, it is suggested that the effect of surface
waves can be negated when the animal is submerged below a
depth of three times the body diameter [28]. Based on an overall consideration of drag reduction principle and experimental
conditions, we let the dolphin robot accelerate at a depth of
0.7–0.9 m.
V. E XPERIMENTS AND R ESULTS
To evaluate the leaping performance and control methods,
extensive aquatic experiments on the self-propelled dolphin
robot have been carried out in indoor swimming pool whose
dimension is 25 m long, 10 m wide, and 1.2–1.5 m deep. The
water temperature was maintained 22 ◦ C–26 ◦ C. At present, the
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dolphin robot has successfully achieved autonomous swimming
at a given depth by use of closed-loop depth control, and
automatic leaping control in one-shot and serial leaps. More
quantitative results are detailed below.
A. Testing of Different Leaps
After achieving high speeds, we made several attempts to
examine the possibility of performing various leaps using an
actual robot. During tests, we gradually increased propulsive
speed by modulating both oscillatory frequency (f ) and stiffness coefficient (k). According to numerical estimation of the
minimum exit speed of a 0.72-m-long robot which is about
1.62 m/s, we began leaping tests from f = 3 Hz. When f = 3
Hz and k = 0.15 Nm/◦ resulting in a speed of 1.52 m/s (approximately 2.1 BL/s) , similar to observations on free-ranging
Delphinus delphis and Stenella attenuate [19], a quasi-leap [see
Fig. 6(a)] occurred in which the body rolls above the surface
but is not fully out of the water at any instant. As opposed to
two documented quasi-leap speeds of 2.4 and 2.7 BL/s [19],
the robot exhibited a lower speed of 2.1 BL/s. This quasi-leap
phenomenon is more like whale breaching in which at least
40% of the animal leaves the water [27]. At a higher speed of
1.66 m/s (approximately 2.3 BL/s) by setting f = 3.5 Hz and
k = 0.10 Nm/◦ , an entire leap [see Fig. 6(b)] was almost replicated. Note that this measured exit speed is substantially less
than the reported swimming speed of 3.0 ± 0.34 BL/s in porpoising leaps [19]. As the speed continued to increase, leaps
with a larger leap-height took place. Fig. 6(c) shows such a
leap, where a speed of 2.07 m/s (approximately 2.9 BL/s, corresponding to f = 4.65 Hz and k = 0.25 Nm/◦ ) was reached. It
should be noted that the mechanical flippers stayed their neutral
positions during aerial phases in all these leap cases.
In order to get a deeper insight on various leaps including
quasi-leap, one-shot leap, and dual-leap, we further examined
the measured pitch angles and submersion depths. The robot
first initiated from rest and descended to a depth of 0.7–0.9 m
at which wave drag may be completely negligible, then was
dominated by the five-phase leaping control. During tests, the
variations of the pitch angle and submersion depth exhibited
similar patterns in the quasi-leap (see Fig. 7) and one-shot leap
(see Fig. 8). But a pronounced distinction between the oneshot leap (see Fig. 8) and the dual-leap (see Fig. 9) was the
acceleration phase. Specifically, the acceleration phase lasted
about 3 s in the one-shot leap shown in Fig. 8, whereas no
definite acceleration phase could be identified in the dual-leap
shown in Fig. 9. The aerial phases in both leaps lasted for
1–2 s, consistent with the biological data [27]. According to
the leaping control strategy presented in Section IV, the range
of α is restricted to (35◦ , 60◦ ). The most frequently occurred
emergence angle was around 50◦ in tests. This value is significantly larger than the observed dolphins’ emergence angle of
31–44◦ [19]. This is primarily because the first priority for robot
leaping is not to seek the maximum leap-distance presented
in the energy-conserving explanations of porpoising behavior
[14], but to pursue a successful leap representing a tradeoff
between the leap-height and the remaining forward speed. In
addition, during aerial takeoff and flight phases corresponding
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Fig. 7. Plots of pitch angle and submersion depth over time in the quasileap.

Fig. 8. Plots of pitch angle and submersion depth over time in the oneshot leap.

Fig. 6. Experimental snapshots of various leaps. (a) Snapshot of a
quasi-leap. (b) Snapshot of an entire leap. (c) Snapshot of an entire leap
with an increased leap-height. Note that the automatic color balancing
is applied to three images.

to a zero-submersion-depth, the pitch angle was subject to sudden or unpredictable changes due to a lack of precise control
over the nose-down pitching moment. As a result, we conclude that, besides high speeds, the pitch control highly related
to pitch angle and submersion depth is another critical factor
contributing to successful dolphin leaping.
Compared with the previously reported dolphin robots in
[21]–[25], whose maximum propulsive speeds are around
1 BL/s, our dolphin robot is endowed with a greater speed
up to 2.9 BL/s and hence a remarkable leaping capability.
There are several advantages in our dolphin robot. First, the

Fig. 9. Plots of pitch angle and submersion depth over time in the dualleap.

built robot has an optimized mechanical design involving a
well-streamlined body modeled after spotted dolphin for a better hydrodynamic performance, a pair of 2-DOF mechanical
flipper for better attitude adjustment, and a neck joint for flexible control over the leaping angle of the head. By contrast, the
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dolphin robots in [21]–[25] have nearly cylinder body and fixed
pectoral fins which largely reduced their performance. Second,
closed-loop pitch, roll, yaw, and depth control methods are
integrated to accomplish precise attitude control based on the
sensory feedback information from multiple different onboard
sensors. With the achievement of high propulsive speed and
precise attitude control, the dolphin robot can realize high
maneuverability, and even leap out of the water, which is far
better than the previous robots in [21]–[25].
B. Discussion
Dolphin leap behavior symbolizes high speeds and maneuverability. One would think replicating dolphin leaping is an
extremely hard thing to do, but a parameterized leaping control is possible according to our experimental results. In nature,
dolphins can utilize both drag- and lift-based maneuverability
mechanisms that provide torque and centripetal force for body
rotation and turning [12]. We first use a combination of pitch,
roll, yaw, and depth controls to perform precise attitude control, and then employ a sequential combination of five phases
to kinematically emulate leap behaviors. Interestingly, the robot
exhibited quasi-leaps at intermediate speeds below the minimum exit speed, fully supporting the existence of quasi-leaps.
In contrast with Weihs’s three-phase porpoising model [13]
and Sikandar’s four-phase surface-and-dive model [16] based
on the burst and coast swimming, the parameterized five-phase
leaping model is more closely related to pitch control, facilitating the implementation of phased control algorithms. From
the perspective of functionality, for air-breathing dolphins, leap
may be interpreted as an alternative strategy to escape from
enhanced drag in surface swimming; for dolphin robots without
the act of breathing, leap can be regarded as a highly acrobatic
feat, offering design and control inspiration for the next generation of rapid swimming and highly maneuverable aquatic
robots.
Despite the successful implementation of self-propelled
leaps in dolphin robots, there are some limitations on motion
control aspects. First, only a combination of mechanical flippers
and fluke is involved in attitude control. It would be interesting
to investigate a coordinated attitude adjustment by incorporating neck joint and even dorsal fin so that more delicate attitude
control could be accomplished. Second, during the aerial phase,
the mechanical flippers always lie in their neutral positions to
have good balance while reentering the water. In [17], Au et al.
questioned why leaping dolphins reenter the water with their
flippers extended. We tested the leap case with the flippers
adducted toward the body, and found that there was an increased
likelihood of an uncontrolled diving angle and reentry pose.
More precise control over the flippers during the aerial phase
is a plus for better attitude control as well as a deeper understanding of the role of the flippers. Third, energy expenditure
issue of the swimming dolphin robot, especially the relationship between power and speed while leaping, is not examined
in this paper. Since the energy expenditure is closely relevant
to the estimation of hydrodynamics and drag reduction in dolphin propulsion [29], [30], how to apply self-propelled dolphin
robots to examine the biological power-speed relationship is
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another problem worthy of further research. Fourth, due to
the length and depth limitation of the experiment field, we
have to impose restrictions on acceleration distance and swimming depth. We remark that if the dolphin robot is operated
in wide open waters, three or more continuous leaps will be
demonstrated.

VI. C ONCLUSION AND F UTURE W ORK
In this paper, we have developed the active leaping control methods to a self-propelled, fast-moving dolphin robot.
Synthesizing the propulsive principle and mechanical configuration of the developed robotic prototype, we employ a
combination of closed-loop pitch, roll, yaw, and depth controls to achieve precise attitude control. Then, a parameterized
leaping control model is proposed, in which a sequential combination of five phases is utilized to kinematically replicate leap
behaviors. Furthermore, the control approaches to implement
one-shot and serial leaps are presented and successfully tested
on the dolphin robot. It is revealed that the actual robot exhibited quasi-leaps at intermediate speeds below the minimum exit
speed, in accordance with the biological observations on freeranging dolphins. Our results also suggest that the simultaneous
achievement of moderately high speed and precise pitch control
is the key to dolphin leaping.
The future work will focus on thoroughly investigating the
energy expenditure to examine the power-speed relationship of
dolphin propulsion on the robotic platform. In addition, increasing jumping distance and height by improving mechanical
design and control approaches is another ongoing endeavor.
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