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Abstract In this paper, we further explore multimodal locomotion via an updated robotic ﬁsh model based on
Esox lucius. Besides the improved actuation properties like higher torque servomotors and powerful electronics,
the robotic ﬁsh has some innovative mechanical design to pursue diverse swimming modes and superior performance. Speciﬁcally, we introduced a ±50◦ yawing head joint that functions as the neck for enhancing turning
ability. A pair of pectoral mechanisms with two DOFs per ﬁn is constructed to achieve 3-D swimming and
to enrich multiple pectoral motions. At the control level, an improved central pattern generator (CPG) model
allowing for free adjustment of the phase relationship among outputs is employed to produce rhythmic signals
of multimodal swimming. Extensive experiments were carried out to examine how characteristic parameters in
CPGs including amplitude, frequency, and phase lag aﬀect the swimming performance. As a result, the robotic
ﬁsh successfully performed various locomotion actions such as forward swimming, backward swimming, turning, diving, surfacing, as well as three pectoral motions in the form of pitching, heaving, and heaving-pitching.
We found that small phase lag between oscillating joints which means large propulsive body wave length and
undulation width could lead to a faster swimming in body and/or caudal ﬁn (BCF) locomotion.
Keywords

bio-inspired robot, robotic ﬁsh, CPG, multimodal swimming, motion control

Citation
Wu Z X, Yu J Z, Su Z S, et al. Towards an Esox lucius inspired multimodal robotic fish. Sci China
Inf Sci, 2015, 58: 052203(13), doi: 10.1007/s11432-014-5202-9

1

Introduction

The natural world has always attracted much attention from both scientists and engineers [1,2]. Animals
over long-term evolution have been developing astonishing behavior characteristics and survival skills,
which can inspire the creation of novel practical devices. As masters of the sea, ﬁshes have long been the
focus of considerable research, because of their highly eﬃcient and maneuverable swimming styles, thus
oﬀering signiﬁcant potential for improving the performance of artiﬁcial underwater devices [3,4].
Remarkably diﬀerent from most conventional manned propeller-driven submersibles, ﬁsh employ undulations of their ﬂexible body or agile ﬁns to skillfully manipulate the ﬂuid. According to the used
propulsive parts, ﬁshlike swimming is usually categorized into body and/or caudal ﬁn (BCF) propulsion and median and/or paired ﬁn (MPF) propulsion [5]. For the purpose of convenient and eﬀective
investigation on ﬁshlike swimming, many robotic ﬁshes have been developed in past decades. However,
most robotic ﬁshes focus on only one propulsive mode, either BCF locomotion or MPF locomotion. For
instance, RoboTuna in MIT1) , G9 serial robotic ﬁsh in Essex University [6] and SPC-III in Beihang
* Corresponding author (email: junzhi.yu@ia.ac.cn)
1) MIT Towing Tank, available at: http://web.mit.edu/towtank/www/.
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University [7] were modeled on the BCF locomotion, whereas Roman-III in NTU [8] and Squid-like underwater robot in Osaka University [9] performed the MPF locomotion. Combining these two propulsive
modes, we intended to create a multimodal robotic ﬁsh that can execute both BCF and MPF locomotion
for an enhanced performance in complicated aquatic environments.
Generally, there are mainly two categories of control method for robotic ﬁsh, including sine-based
trajectory tracking and online gait generation [10,11]. The former, represented by the ﬁsh body wave
method, is usually employed through oﬄine planning and online tracking control. In comparison, the
latter method generates real-time swimming gaits online. Inspired by the salamander, whose swimming
locomotion is governed by central pattern generator (CPG), more CPG-based controllers were constructed
to generate the desired swimming gaits online. In biology, CPGs are neural circuits located in the
spinal cord that are responsible for generation of cyclic muscle activation patterns such as respiration,
swimming, and crawling [12]. CPGs can not only generate coordinated rhythmic signals in the absence of
any rhythmic input from sensory feedback or higher control centers, but also have intrinsic characteristics
of rhythm, coordination, and stability. Therefore, CPGs are widely applied in the robotics-related ﬁeld,
especially in the study of rhythmic locomotion even complex nonlinear interactions between robots and
the unstructured environment [13–15]. Compared to the traditional oﬄine control method, CPGs as
online gait generators can produce locomotion that automatically changes gait and smoothly adjusts to
perturbations to move eﬀectively through a variable environment.
In our previous work [16,17], we developed a robotic ﬁsh with pectoral ﬁns to explore a practical and
feasible mechanism of multimodal locomotion governed by bio-inspired CPGs. The multimodal swimming
gaits were successfully realized by coordinated movements of the caudal ﬁn (CF), body-caudal ﬁn (BCF),
and pectoral ﬁns (PF). On the basis of the previous research, we conducted further explorations in this
paper. The aim is to provide a multimodal robotic ﬁsh with an innovative mechanical design and updated
CPG-based control method. Speciﬁcally, an updated robotic ﬁsh, which has more degrees of freedom
(DOFs), higher torques, and improved electronics, was developed for versatile and excellent locomotion
performance. First, a well-streamlined shape like Esox lucius is chosen to reduce hydrodynamic drag. As
a ferocious and vigorous predator in nature, Esox lucius exhibits surprised swimming acceleration and
excellent turning maneuverability. Its well-streamlined body shape plays an important role in reducing
the hydrodynamic drag, especially in fast starts [18]. So we choose the Esox lucius as the specimen for our
new robot with enhanced speed and maneuverability. Second, a ±50◦ yawing head joint functioning as
neck was added to enhance the turning ability. Third, a pair of novel pectoral ﬁns with 2 DOFs per ﬁn was
included to implement heaving (a vertical displacement: from up/down to down/up), pitching (rotation
around the pectoral axis), and heaving-pitching (a coupling motion of heaving and pitching) motions and
also to strengthen the capability of 3-D locomotion. Fourth, an improved CPG network that can freely
adjust the phase relationship between outputs was employed to investigate how the phase relationship
between oscillating joints aﬀects the swimming performance in both BCF propulsion and heaving-pitching
motion. Finally, the robotic ﬁsh successfully realized more versatile multimodal swimming and gained
a much better swimming performance with fast forward swimming, eﬀective backward swimming, and
ascending/diving motions. The experimental analysis revealed that the swimming speed increased directly
proportional to the frequency and amplitude and the small phase lag could lead to faster swimming than
a large one in BCF locomotion.
The rest of the paper is organized as follows. The mechanical design for the updated robotic ﬁsh is
described in Section 2. The control scheme of multimodal locomotion governed by the CPG network
is detailed in Section 3. Experimental results and analyses are further oﬀered in Section 4. Finally,
conclusion and future work are summarized in Section 5.

2

Mechatronic design of the updated robotic fish

In our previous work, a robotic ﬁsh with 1-DOF pectoral ﬁns was developed to explore the mechanism
of multimodal locomotion governed by CPGs, and the related experimental results illustrated the eﬀectiveness of this control approach. However, there were still many shortcomings that downgraded the
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Mechanical design of the updated robotic ﬁsh. (a) Conceptual design; (b) robotic prototype.

propulsive performance to some extent.
(1) Streamlined shape design. Depending on the well-streamlined shape, ﬁshes can eﬀectively reduce
ﬂuid drag during propulsion. In contrast to the biological counterpart, the oversimple proﬁle of our
previous version generated adverse ﬂuid drag when swimming in water, especially in turning maneuvers.
(2) Simplicity of the pectoral ﬁns. In a real ﬁsh, pectoral ﬁns have multiple DOFs and perform excellent
mobility, such as paddling, rowing, and ﬂapping, respectively within sagittal, frontal, and transverse
planes [19]. Due to the oversimpliﬁed mechanical structure, the previous pectoral ﬁns only implements
the pitching motions. Despite the up-and-down motion implemented by adjusting the angle of attack of
the pectoral ﬁns, the robotic ﬁsh was unable to perform other high-maneuverability gaits.
(3) Use of plate ﬁns. For simplicity, the ﬁns were constructed as plates in our previous robotic ﬁsh.
Compared with 3-D ﬁns, the plate ﬁns only produced simple hydrodynamic forces and aﬀected the
swimming performance of the robot to some extent.
Taking account of these design shortcomings, we built an updated robotic ﬁsh. Apart from the actuation components upgrades (e.g., servomotor torques and computational capability), many new features,
such as a yawing head and 2-DOF mechanical pectoral ﬁns, were added and evaluated with respect to
the previous version. The streamlined shape was ﬁrstly considered. The new robotic ﬁsh adopts a well
proﬁle from Esox lucius for a better drag reduction. Figure 1 presents the updated robotic ﬁsh prototype.
Mechanically the robot can be divided into three parts, a yawing head, an anterior body with a pair of
pectoral ﬁns, and a multi-articulated posterior body with a caudal ﬁn. The whole robot is 614 mm long,
taking on an elongated body shape. The skeleton is made of aluminum and titanium alloy. In order
to improve waterproof capability, two compliant skins made of emulsion cover the whole body. Table 1
tabulates the basic technical parameters of the prototype.
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Technical speciﬁcation of the developed robotic ﬁsh

Items

Characteristics

Size (L × W × H)

∼ 614 × 83 × 81 mm3

Total mass

∼ 2.21 kg

Number of the body joints

4

Drive mode

DC servomotors

Controller

ARM Cortex-M4

On-board sensors

Gyroscope, depth sensor

Operation voltage

DC 7.4 V

Aluminum
stands

Heaving
servomotor
Pitching
servomotor
Titanium
alloy chassis
Figure 2 Mechanical design of the yawing head joint
functioning as neck.

2.1

Figure 3

Pectoral
axle shaft

The conceived 2-DOF pectoral ﬁn mechanism.

Head design

From an evolutionary perspective, the neck appears in amphibians and terrestrial animals. As a crucial
part of the body, the neck allows the head to turn and ﬂex in some directions. It provides more ﬂexibility
and adaptability. However, for most ﬁsh, it is absent. As a lower vertebrate, ﬁshes do not develop a
ﬂexible neck, but rely on the ﬂexible body and ﬁns to gain substantial maneuverability. The purpose
of biomimetics is to learn from nature or even surpass it. Owing to its positive eﬀects, the neck can be
included in the robotic ﬁsh in order to incorporate high maneuverability. Our prior ﬁsh head was molded
as a part of the anterior body. To some extent, this stiﬀ integrated structure resulted in low ﬂexibility.
So we separately added a ±50◦ yawing head joint functioning as neck to the current robot. Like Esox
lucius, as shown in Figure 2, we adopted a broad ﬂat contoured shape for the head. In particular, for the
convenience of installation, the head shell made of polypropylene (PP) is divided into upper and lower
portions. Note that the thin shells contribute to a relatively generous space for holding gyroscope and
communicate units.
2.2

Pectoral fins

Fish employ the pectoral ﬁns both as non-oscillating, largely passive control surfaces and as oscillating,
active control surfaces [20]. For most ﬁsh, pectoral ﬁns have extremely complex structure and endow
them with fast and maneuverable locomotion capability. Pectoral ﬁns shows various motion styles,
such as heaving, pitching, rowing, ﬂapping, paddling, oscillation, and undulation. Many multi-DOF
pectoral mechanisms have been developed to study the drive principles and analyze the hydrodynamic
forces [21,22]. However, it is usually diﬃcult to utilize such complex mechanisms in a small robotic ﬁsh,
because of larger size and greater weight. In our previous research, a special pectoral mechanism capable
of 0–360◦ rotation via a set of custom-built gears was developed and the robotic ﬁsh implemented the
pitching motion [16]. In this study, a heaving DOF is newly added to the pectoral ﬁns so that the

Wu Z X, et al.

Sci China Inf Sci

May 2015 Vol. 58 052203:5

ﬁsh is able to execute three basic motions involving pitching, heaving, and heaving-pitching. Figure 3
schematically shows the conceived new pectoral ﬁn mechanism with 2 DOFs per ﬁn. More speciﬁcally,
both servomotors are ﬁxed in the aluminum stands and then installed in the titanium alloy chassis. A
ﬂat servomotor is used as the pitching servomotor. It can not only conserve space, which is important for
small robotic ﬁsh, but also ease the burden of the heaving servomotor owing to the lower weight. With
such 2-DOF mechanical pectoral ﬁns, the robotic ﬁsh is expected to perform more diverse swimming
gaits and obtain higher maneuverability. Meanwhile, the new ﬁns adopt 3-D airfoil proﬁle instead of the
previously used ﬂat plates. The pectoral ﬁns are specially ampliﬁed to provide enough propulsive force.
Moreover, a wrinkle design is utilized to make the waterproof skin so as to reduce the hydrodynamic drag
and protect the skin.
2.3

Multilink propulsive mechanism

Most elongated ﬁshes tend to rapidly propel themselves by undulating their posterior bodies. Like real
ﬁsh, the developed robotic ﬁsh uses a multilink hinge structure as the main propulsive mechanism.
Speciﬁcally, four ﬂexible links actuated by servomotors are connected in series with aluminum skeletons.
A caudal ﬁn with 3-D airfoil proﬁle is attached to the last link via a slim peduncle made of polyvinyl
chloride. A black compliant outer skin made of emulsion is designed to protect the internal structures
from water and also to reduce ﬂuid drag. As a whole, the ﬂexible posterior body executes symmetrical
oscillations in a sinusoidal fashion to generate propulsive force. We also used more powerful servomotors
with stronger torque and higher turning in the updated version for a better swimming performance.

3

Locomotion control

In this section, we will elaborate the overall motion control scheme for achieving multimodal swimming.
The yawing head joint only works in the turning maneuvers, and maintains straight with respect to the
anterior body in other motions like forward swimming and backward swimming. So we solely give its
control rules. For rhythmic locomotion involving pectoral ﬁns, body joints, and caudal ﬁn, we build
a Hopf oscillator-based CPG network to produce multi-channel output signals [23]. Diﬀering from the
CPG model presented in [16], a new parameter that determines phase relationship between outputs is
imported to the updated model. Thus, we can investigate how the phase relationship between oscillating
body joints aﬀects the swimming performance of the robotic ﬁsh.
3.1

Head motion control

To increase turning ﬂexibility, the ﬁsh head is designed to yaw towards the expected direction in widerange turning. It is kept straight with respect to the anterior body in other cases. As for the closed-loop
turning control, the ﬁsh head will adjust its turn angle according to the feedback information from
onboard gyroscope. Speciﬁcally, a set of control rules is deﬁned as follows.
(1) At the beginning, the ﬁsh head will deﬂect to its limit angle (e.g., 50◦ ) at full speed and then stay
relatively still with respect to the anterior body. The whole ﬁsh will continue to turn under the turning
moments from caudal ﬁn or pectoral ﬁns.
(2) If the angle information from the onboard gyroscope exceeds its angle threshold, the ﬁsh head will
turn back according to the angle diﬀerence between the measured turning angle and the desired direction.
(3) Once the ﬁsh head turns back straightly with respect to the anterior body, it will stay still until
this turning motion is complete.
3.2

CPG network

Prior to constructing an artiﬁcial CPG controller, an appropriate CPG control model should be decided.
In this paper, Hopf oscillator is adopted. Hopf oscillator is commonly used as the dynamic model
of engineered CPGs. An attraction is its stable limit cycle, along with the intrinsic synchronization
property. The states of the system always asymptotically converge to its limit cycle with the intrinsic
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frequency and amplitude, regardless of the initial conditions. Because of the stable limit cycle, small
perturbations around it do not change the general behavior. Besides, there are explicit parameters related
to the oscillator’s frequency and amplitude, which is important characteristics to determine the swimming
performance of a robotic ﬁsh. So we can easily shape the output through modulating corresponding
parameters. The Hopf oscillator is thereby suitable for building a CPG network for steady swimming
control.
The dynamics of the Hopf oscillator can be described by the following diﬀerential equations:

ẋ = −ωy + x(r2 − x2 − y 2 ),
(1)
ẏ = ωx + y(r2 − x2 − y 2 ),
where x and y are the state variables of the oscillator. ω and r control the intrinsic oscillation frequency
and amplitude, respectively.
In general, the phase is crucial to understand synchronization behavior. The sensitivity of the phase
on perturbations can be analyzed by examining the form of the limit cycle. Within this framework, a
method to predict phase relationships between coupled phase oscillators is formulated by introducing a
coupling matrix (Q) and a rotation matrix (R) [24]. Following this idea, we added a perturbation term
(Pi ) to our CPG model.




xi−1
xi+1
+ h2 Q2 R2
Pi = h1 Q1 R1
yi−1
yi+1


h1 xi−1 cos ϕi + h1 yi−1 sin ϕi
,
(2)
=
h2 xi+1 sin ϕi+1 + h2 yi+1 cos ϕi+1
where h1 and h2 are coupling weights that regulate the speed of convergence; Q1 and Q2 are the coupling
matrixes; R1 and R2 are the rotation matrixes; ϕi means the phase diﬀerence between the i − 1th and
ith oscillators; and here




1 0
cos ϕi sin ϕi
,
, R1 =
Q1 =
− sin ϕi cos ϕi
0 0

Q2 =

0 0



0 1


, R2 =

cos ϕi+1 − sin ϕi+1

(3)



sin ϕi+1 cos ϕi+1

.

Furthermore, considering that rotational maneuvers of real ﬁsh result from asymmetrical kinematics,
we include a directional bias bi in the diﬀerential equations to induce asymmetrical maneuvers. Note that
bi can be treated as an on-demand feedback signal related to the ith oscillator in swimming direction
regulation. Thus we could get an improved CPG model comprising a set of hybrid Hopf oscillators, in
which the phase diﬀerence between the oscillators can be arbitrarily chosen.

ẋi = −ωi (yi − bi ) + xi (ri2 − x2i − (yi − bi )2 ) + h1 (xi−1 cos ϕi + (yi−1 − bi−1 ) sin ϕi ),
(4)
ẏi = ωi xi + (yi − bi )(ri2 − x2i − (yi − bi )2 ) + h2 (xi+1 sin ϕi+1 + (yi+1 − bi+1 ) cos ϕi+1 ),
where xi and yi denote the state variables of the ith oscillating neurons. ωi and ri stand for the
intrinsic oscillation frequency and amplitude. ϕi denates the phase diﬀerence between the (i − 1)th and
ith oscillators. bi is the directional bias for state variable yi . h1 and h2 stand for the coupling strength.
For simplicity, the same frequency parameter ωi = ω and phase lag parameter ϕi = ϕ are used for all
oscillators.
An output ampliﬁcation function, fi (yi ), is deﬁned as a mapping from the rhythmic signal of CPG to
the actuating signal fed to the servomotor.
⎧
⎪
⎪ λi yi max + mi , yi  yi max ,
⎨
zi = fi (yi ) =

λi yi min + mi ,
⎪
⎪
⎩λ y +m ,
i i

i

yi  yi min ,

else,

(5)
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The topology of the adopted CPG network.

where zi denotes the axon output potential of the ith CPG. fi (yi ) is the output ampliﬁcation function.
yi max , yi min are the membrane potential threshold. λi and mi , respectively represent the conversion
coeﬃcient and axon output potential bias, which are determined by the adopted servomotor.
Figure 4 shows the topology of the formed CPG network. There are three types of CPG units in
the CPG network: pectoral ﬁn CPG, body CPG, and caudal ﬁn CPG, which interact with each other
according to the principle of the nearest neighbour. The coupling between the pectoral ﬁns and the body
joints is optional, depending on the desired swimming mode. As for the left or right pectoral ﬁn, there
are two CPG units governing pitching and heaving motions, respectively. Owing to a mirror installation,
the right pectoral ﬁn CPG has a phase lag of π with the left one. The variable phase relationship between
the pitching CPG and the heaving CPG brings a wide variety of pectoral ﬁn-driven swimming modes. In
addition, as the most important parameters, ωi , ri , and ϕi directly model the output signals of the CPG
network and further inﬂuence the swimming performance of the robotic ﬁsh.
3.3

Multimodal swimming control

In general, ﬁsh-like swimming is categorized into BCF propulsion and MPF propulsion, on the basis of
the used propulsive parts. All of these propulsion modes make use of the thrust from water through
rhythmic undulation of control surfaces involving body, caudal ﬁn, and pectoral ﬁn. For our robotic
ﬁsh with such control surfaces, it is not diﬃcult to replicate multimodal swimming on the same robotic
platform. Figure 5 gives some simulation cases about CPG outputs for ﬁsh-like swimming. Note that the
signals only represent the real turning angles, but not the direct actuating signals for the servomotors.
Through activating or prohibiting the relevant CPG units, forward swimming can be realized in the form
of pitching, heaving, or heaving-pitching in the MPF locomotion. As shown in Figure 5(a), the outputs
from left pectoral CPGs have a phase lag with the right ones due to the mirror mechanical structure.
Figure 5(b) shows several BCF swimming modes, including forward swimming (0  t  8 s), turning
under water (8  t  12 s), and backward swimming (14  t  20 s). Meanwhile, it also illustrates
the smooth transition of control signals when some parameters are abruptly altered. For instance, ω is
increased from 3 to 4 at t = 5 s, and ϕ is changed from 75◦ to −75◦ at t = 14 s. In addition, through
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Figure 5 CPG output signals for joints performing ﬁsh-like swimming. (a) Control signals for pectoral ﬁns in MPF
locomotion; (b) Control signals for body joints in BCF locomotion.

asymmetric drive of the pectoral ﬁns in conjunction with symmetrical oscillations of body joints in a
sinusoidal fashion, the robotic ﬁsh is able to ascend, dive, and turn with ease.

4

Experiments and discussion

In this section, we present extensive aquatic experiments to evaluate the performance of the updated
robotic ﬁsh and the proposed multimodal control methods, particularly to investigate how the characteristic parameters in CPGs aﬀect the swimming performance in both BCF and MPF propulsion. According
to the feature of adopted servomotors, parameter mi is set to 1499, which stands for the middle position
of the motor output, and λi is 11.11 for pitching servomotors and 6.67 for other servomotors. Note that,
unless otherwise stated, the above parameter sets are applied. At present, as illustrated in Figure 6, the
robotic ﬁsh is able to execute multiple swimming gaits including forward swimming, backward swimming,
turning, ascending, and diving via the BCF propulsion, as well as three pectoral motions in the form of
pitching, heaving, and heaving-pitching via the MPF propulsion. We report some quantitative results on
diﬀerent swimming modes in the following sections.
4.1

Results and analysis

To verify the eﬀect of the ﬁsh head mechanism, we ﬁrst compared head-yawing and head-still turns in
which the robotic ﬁsh was required to execute wide-range turns (nearly 360◦ ). In the head-yawing test,
the ﬁsh head moved under the previously formed control rules. As demonstrated in Figure 7, at the
beginning, the robotic ﬁsh turned its body joints to their identical joint angle limits at full speeds, in
which a joint angle limit of 45◦ was set. Meanwhile, the ﬁsh head rapidly deﬂected to its angle limit (50◦ )
and then kept still. Under the resulting turning moments, a tight bend or turn occurred. If the robotic
ﬁsh turned beyond the head angle threshold (310◦ ), the ﬁsh head started to turn back and maintained
straight with respect to the anterior body. Until the desired direction was reached, the robotic ﬁsh
smoothly unbent its body joints one-by-one. Eventually, the robotic ﬁsh accomplished a 360◦ turn. By
contrast, the robotic ﬁsh could not turn beyond 300◦ and stopped at the bending state in the head-still
test during which the ﬁsh head kept straight, accompanied by a relatively lower turning speed. This
comparison revealed that the ﬁsh head has a positive impact on the reduction of hydrodynamic drag and
the increase of turning range, and that the robotic ﬁsh achieved a remarkable maneuverability in yawing
turn.
The second experiment was focused on the MPF propulsion. The pectoral ﬁn CPGs were activated to
generate the rhythmic signals, while the body CPGs were inactivated to keep the posterior body straight.
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Figure 6 Snapshot sequence of multimodal swimming involving: (a) forward swimming viaMPF (heaving); (b) forward
swimming via MPF (pitching); (c) forward swimming via BCF; (d) turning via BCF; (e) backward swimming via MPF;
(f) backward swimming via BCF; (g) ascending, and (h) diving.
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Snapshot sequence of a 360◦ turn motion with the head-yawing.

The symmetrical movements of the pectoral ﬁns in the form of heaving, pitching, or heaving-pitching
result in forward swimming. Apparently, the swimming performance is inﬂuenced by the characteristic parameters in CPGs including amplitude (ri ), frequency (ω) and phase lag (ϕi ). A comparison of
time-averaged forward speeds with diﬀerent frequencies, amplitudes, and phase lags in diﬀerent MPF
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Figure 8 Speed of three motions in the MPF propulsion. (a) Speed of separate heaving and pitching motion with varying
ri and ω; (b) speed of heaving-pitching motion with varying ϕ and ω.
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Snapshot sequence of heaving-pitching in the MPF propulsion.

propulsion is shown in Figure 8. Speciﬁcally, three groups of amplitudes (ri = 14.14, 15.81, 17.32) and
four phase-lag parameters (ϕi = 30◦ , 45◦ , 60◦ , 90◦ ) were examined, while the frequency was varied in
each case. As can be observed, the forward speeds increased directly with ωi and ri in all propulsion
cases. Owing to the performance diﬀerence between the heaving and pitching motors, the heaving motion
achieved a better performance than the pitching motion. A maximum speed of 0.30 m/s was reached in
the combined heaving and pitching motion with ω = 39 and ϕ = 90◦ . A snapshot sequence of heavingpitching is also shown in Figure 9. In addition, as shown in Figure 6(e), applying an appropriate angle
of attack or asymmetrical movements between pitching and heaving could produce backward swimming.
The backward swimming will contribute a lot in negotiation obstacles in narrow space.
The following experiment set out to explore the eﬀect of phase lag (ϕ) on the BCF propulsion, since the
eﬀect of amplitudes and frequencies on the forward swimming were examined in our previous research.
Figure 10 gives a comparison of time-averaged forward speed with changing ϕ. Speciﬁcally, three phase
lags (ϕ = 45◦ , 60◦ , 90◦ ) were examined. As can be seen from Figure 10, the forward speed directly
increases with the decrease of phase lag. A top speed of 0.46 m/s occurred at ω = 39 and ϕ = 45◦ . As
a matter of fact, the phase lag between the undulation joints determines the length of ﬁsh body wave,
which is an important parameter in ﬁsh-like swimming. It is reported that the ratio between the length
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Snapshot sequence of backward swimming in the BCF propulsion.

of the ﬁsh body wave and the length of body is 0.65 in anguilliform swimming, and 0.95 in carangiform
swimming [25]. As ϕ = 90◦ , the ratio was relatively small, so the ﬁsh gained a slow speed. On the
contrary, as ϕ became bigger, so did the ratio, accompanied by fast swimming. These results agree well
with the biological phenomenon that the anguilliform swimmers with a small ratio always have a slower
speed than the carangiform ones.
At last, we compared forward swimming and backward swimming on the same robotic platform. In
nature, lamprey can realize backward swimming through changing the direction of propulsive wave [26].
A reversed phase coupling can be generated if the caudal part of the spinal cord has higher excitability
than rostral segments [27]. Accordingly, as shown in Figure 5(b), backward swimming can be replicated
by modulating the phase relationship between body CPGs. As for the CPG network, it corresponds
to varying the phase relationship from phase lag to phase lead (e.g., ϕ was changed from 90◦ to −90◦ ).
Figure 11 shows the comparison between forward and backward swimming under the same condition (ri =
7.10, 10.70, 12.37, 15.57; ϕ = 90◦ , −90◦ ). A snapshot sequence of backward swimming is also illustrated
in Figure 12. Unfortunately, the speed in backward swimming was only up to 0.08 m/s, far slower
than the speed in forward swimming. This is because the stiﬀ anterior body in backward swimming
can not generate the same thrust as that generated by the caudal ﬁn in forward swimming. Of course,
the morphological design of the robotic ﬁsh modelled after Esox lucius has a disadvantage in backward
propulsion.
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Discussion

Studies of multimodal locomotion have gained remarkable interest in robotics, since each locomotion has
its speciﬁc characteristics and can be applied to diﬀerent situations. Considering multimodal swimming
as an example, BCF propulsion can be employed in situations requiring high speed and acceleration,
whereas MPF propulsion can be used to achieve high maneuverability. Noticeably, backward swimming
in both propulsion modes can be utilized to negotiate obstacles in unstructured and complex aquatic environments. Hence the adaptability and applicability of the robotic ﬁsh can be strengthened. Meanwhile,
CPGs, as a concept from the biology, provide an eﬀective and practical approach to managing rhythmic motion control with multiple joints or DOFs. The smooth and continuous control signals against
small disturbances contribute to a moderate and stable transition between changing locomotion modes.
Coupled with the upgraded mechatronic design, our robotic ﬁsh demonstrated a better swimming performance and realized various swimming modes across the BCF and MPF propulsion. In particular, three
types of pectoral motions including pitching, heaving, and heaving-pitching were replicated, revealing the
diversity of pectoral motions. As a combined motion of pitching and heaving, heaving-pitching may lead
to an enhanced performance under favorable conditions, e.g., an appropriate coupling phase lag between
pitching and heaving. Unfortunately, due to the limitation in the installation space, the current robotic
ﬁsh prototype lacks a paddling DOF and thus fails to reproduce more agile pectoral motions like real ﬁsh.
Another issue to note is how the phase relationship between body joints aﬀect the swimming performance in BCF locomotion. It is recognized that the length of propulsive body wave has a profound impact
on the propulsive speed. The phase relationship aﬀects the wave length and width of the undulation motion. If a large phase lag is set to the propulsive body, a short propulsive body wave length and little
undulation width will be applied, causing a slow swimming. On the contrary, a small phase lag will lead
to fast swimming. Furthermore, backward swimming is achieved by changing the direction of propulsive
wave, i.e., altering the phase relationship of body joints from phase lag to phase lead. Although the
attained speed of backward swimming is inferior to that of forward swimming, backward swimming is
still a feasible and practical propulsion mode operating in conﬁned aquatic environments.

5

Conclusion and future work

In this paper we demonstrated an updated robotic ﬁsh to further explore a mechanism of steady swimming
governed by an improved CPG network. Besides updating actuation components including higher torque
servomotors and improved electronics, several new mechanical features such as a yawing ﬁsh head, 2DOF pectoral ﬁns, and well-streamlined morphological design are considered in this robot. Based on the
CPG-based control method, the robotic ﬁsh successfully realized multimodal locomotion such as forward
swimming, backward swimming, turning, ascending, and diving in both MPF and BCF propulsion.
Moreover, the characteristic parameters in CPGs aﬀecting the swimming performance are extensively
examined. Aquatic experiments have been performed to verify the updated mechatronic design and the
proposed multimodal swimming control method. Noticeably, the yawing head joint functioning as neck
and the ﬂexible pectoral ﬁns endow the robotic ﬁsh with enhanced 3-D swimming ability. Our results
suggests that small phase lag between the oscillating joints will result in faster swimming, corresponding
to a larger ﬁsh body wave length in BCF locomotion.
The ongoing and future works will focus on the mixed use of the BCF and MPF locomotion, and
on autonomous motion in aquatic environments. These eﬀorts will strengthen the maneuverability and
stability in unsteady situations.
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