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SUMMARY
This paper proposed a novel type of bionic underwater robot (BUR). The undulation and jet propulsion
modes on the self-propelled BUR were combined, and the kinematic characteristics of the two
propulsion modes were thoroughly compared. First, the prototype and swimming strategy of the BUR
were presented, and a dynamic model of the BUR was established based on several assumptions. Then,
a central pattern generator (CPG) model allowing free adjustment of frequency and amplitude was
employed to achieve the undulation propulsion of carangiform fish and the jet propulsion of jellyfish.
Also, the kinematic characteristics of the two propulsion modes were investigated through experiments
under different caudal fin actuation parameters. The experimental results indicate that the developed
prototype can realize the undulation and jet propulsion by the means of the coordinated movement
of the multi-caudal fins. By adjusting the CPG parameters, the BUR can switch the propulsion
mode smoothly. Furthermore, the propulsion velocity of the BUR initially increased rapidly with the
frequency and then slowed down when the frequency was greater than 0.8 Hz in both propulsion modes.
The undulation propulsion velocity increased with the amplitude in the measurement ranges, however,
the jet propulsion velocity initially increased quickly with the amplitude and then kept constant and
even decreased when the amplitude was greater than 11 cm. Under the same caudal fin actuation para-
meters, the average velocity in undulation propulsion mode was higher than that in jet propulsion mode.

KEYWORDS: Bionic underwater robot (BUR), undulation propulsion mode, jet propulsion mode,
kinematics

1. Introduction
Underwater robots have recently been used in several applications.1,2 Various applications, such as
military defense and marine protection, require high-performance autonomous underwater vehicles
(AUVs), especially for propulsion efficiency and maneuverability. Due to the limitation of the structure
and propulsion mechanism, traditional rotary propeller propulsion mode has various defects, which
severely restrict the application of the conventional AUVs.3 As a type of AUV, biomimetic underwater
robots have been one of the areas of interest in recent years.4−6 By borrowing the structures and sensory
mechanisms of aquatic organisms, engineers seek to design different types of bio-inspired underwater
robots.

In nature, most of aquatic organisms employ jet or undulation propulsion mode as their swimming
mode.7 Aquatic organisms with undulation propulsion mode are featured by high swimming efficiency,
strong maneuverability and low noise.8 In comparison, the jet propulsion mode has the merits of
providing greater instantaneous thrust in a short time, good accelerating performance and strong
environment adaptability.9 Researchers have studied these two propulsion modes by the means of
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theoretical modeling,10−12 numerical simulation,13−15 morphology and kinematic study,17−19 and
various BURs are developed inspired by real aquatic organisms directly.20−23 However, all works
mentioned above are limited to mimic a single propulsion mode or body structure of the aquatic
organisms. It can only accomplish limited tasks in a specific under water environment, for instance,
AUVs with undulation propulsion mode only suitable for cruising task while jet propulsion AUVs
just showed a good ability for rapid flee dangers, which cannot meet the requirements of the complex
under water operations.

Inspired by aquatic organisms, we proposed a novel type of bionic underwater robot (BUR) which
organically combines the undulation propulsion mode and jet propulsion mode. It has the merits of
the two propulsion modes and more suitable for complex marine environment. The BUR can achieve
a serial of motions: undulating, jetting, turning, submerging, emerging and braking. In view of the
intrinsic characteristics of rhythm, coordination and variety, central pattern generators (CPGs) are
well suited to tackling multiple articulated joints or degrees of freedom (DOFs) related to locomotion
control. In practical engineering, various robots with rhythmic locomotion are controlled by CPGs.24,25

Contrary to the body wave-based approach (i.e., sine-based approach) commonly utilized in fish-like
swimming control, CPG-based control has the advantages of online gait generation and smooth
trajectory transition, and the control signals are relatively simple.26,27 This paper aims to combine the
undulation propulsion mode and jet propulsion mode through the CPG-based method and thoroughly
compare the kinematics of the two modes through the self-propelled BUR.

The rest of this paper is organized as follows. The overall physical design and swimming strategy
of the BUR are briefly overviewed in Section 2. Section 3 establishes the dynamic model of the BUR.
In Section 4, the CPG-based model and its control methods applied to undulation propulsion mode
and jet propulsion mode are elaborated in detail. Section 5 tests the linear swimming velocity and
discusses the comparative results. Finally, Section 6 concludes the work with some recommendations
made for future work.

2. Physical Design

2.1. Prototype
Jellyfish swimming is a typical jet propulsion movement, which generates thrust by rapid shrinking
the umbrella-like body. As shown in Fig. 1(a), Bajcar et al.17 pointed that the swimming process of the
jellyfish can be divided into the following stages: expanding lumen, sucking water, rapidly shrinking
lumen and spraying water.

Fish are widely distributed aquatic organism with multiple types and large quantity. According to
the propulsive structure, the swimming mode of fish can be divided into two categories: Body and/or
Caudal Fin (BCF), and Median and/or Paired Fin (MPF).28,29 The swimming mode of carangiform
fish can be classified into the BCF mode. As shown in Fig. 1(b), carangiform fish undulates the last
half or third of their bodies in transverse direction to generate thrust force.

Inspired by the morphology and kinematics of both carangiform fish and jellyfish, a novel type
of BUR was proposed. As shown in Fig. 1(c) and (d), the BUR consists of a head cabin and four
caudal fins. A missile-like streamlined contour is introduced for the design of head cabin, which is
made of acrylonitrile butadiene styrene (ABS) resin and printed by rapid prototyping according to
the 3-D model design. Various function units, such as control board, proximity sensor, tilt sensor
and large capacity lithium battery array, are encapsulated in the head cabin. The four caudal fins
are installed at equiangular intervals, around the circumference of the head cabin baseboard. This
installation method is beneficial to counteract the lateral force generated by caudal fins and avoid the
head-shaking problem. The caudal fin is composed of two joints and a flexible fin with large aspect
ratio, which imitates the last half body of the carangiform fish. The joints driven by servomotors, and
each servomotor is sealed independently. The technical parameters of the BUR prototype are listed
in Table I.

2.2. Swimming strategy
By the means of the coordinate movement of the multi-caudal fins, the BUR can accomplish a series
of maneuver motions. As shown in Fig. 2(a), when the four caudal fins undulate simultaneously and
the face-to-face installed caudal fins have the phase difference of 180◦, the BUR can achieve the
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Table I. Technical specifications of the BUR prototype.

Item Characteristics

Dimension(L × W × H) 600 × 170 × 170 (mm)
Total mass 5.5 (kg)
Numbers of the caudal fins 4
Length of the oscillation part 280 (mm)
Drive mode DC servomotors
On-board sensors 3 infrared sensors
Operation voltage DC 7.4 (V)

Fig. 1. Mechanical design of the developed BUR. (a) Jellyfish swimming process. (b) Carangiform fish swimming
process. (c) Concept design. (d) BUR prototype.

undulation propulsion mode. Jet propulsion mode (as shown in Fig. 2(b)) is that the four caudal fins
slowly open and then flap rapidly and simultaneously. A backward high-speed compressed water flow
is formed, which can provide a large forward thrust to the BUR. According to the motion features
of the jellyfish, the jet propulsion movement of the BUR can be divided into two stages: outspread
fins stage and fold fins stage. In the swimming period, the speed of fold fins movement should be
higher than that of outspread fins movement so as to form a large jet propulsion force. Figure 2(c)
shows the braking actions. When the BUR moves forward, the four caudal fins rapidly open to the
maximum angle simultaneously and then keep still. The BUR suffers a large hydraulic resistance
and stops quickly. After that the caudal fins return to straight slowly. As shown in Fig. 2(d), (e) and
(f), when a pair of face-to-face installed caudal fins deflects a large angle in a random direction (up,
down, left or right) the BUR will suffer a large torque in this direction simultaneously. Accordingly
the turning, submerging or emerging actions are accomplished, respectively.

3. Dynamic Modeling of the BUR
Based on the analysis on structure and kinematics in previous section, a simplified mechanical model of
the BUR was established. As shown in Fig. 3, the caudal fin and caudal peduncle were simplified as two
rigid bar J1 and J2. Driven by the caudal peduncle J2, the caudal fin J1 flaps in the HH

′
direction, which

is perpendicular to the movement direction of the BUR. The flapping displacement is represented as
h. va and h0 indicate the flapping speed and flapping amplitude, respectively. Meanwhile, the caudal
fin swings around the joint O to form an attack angle α, and the swing amplitude of the caudal fin is
α0. Several assumptions are proposed for modeling: First, the BUR is always fixed in the water and
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Fig. 2. Various swimming modes of BUR. (a).Undulating, (b) jetting, (c) braking, (d) turning, (e) emerging and
(f) submerging.

Fig. 3. Physical model of the BUR.

the initial velocity of the water is zero. Second, driven by the caudal fins, the water among the caudal
fins flow with a uniform velocity vw and its direction is perpendicular to the caudal fins.

The movement of the caudal fin can be expressed as

{
h = h0 cosωt

α = α0 cos(ωt − ϕ) (1)

where ω = 2π f , f is the flapping frequency and ϕ is the phase difference between the attack angle
and swing angle.

Then, the flapping speed can be calculated by

va = ḣ = 2π f h0 sin(2π f t ) (2)

The area enclosed by the ends of the four caudal fins can be described as

A = (D + 2(h0 cos(2π f t ) + l sinα))2 (3)

where D is the distance between the two face-to-face installed caudal fins.
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Fig. 4. The average thrust force as a function of flapping amplitude.

According to the momentum theorem, the dynamic function of the BUR can be rewritten as

F�t = mv j = ρAv j�tv j (4)

where �t is the time and v j = va tanα is the backward velocity component of water jet.m and ρ are
the mass and density of the water jet, respectively.

Simplify Eq. (4), and the thrust force generated by the caudal fins can be shown as

F = ρAv2
j (5)

Combining Eqs. (1), (2), (3) and (5), the thrust force can be rewritten as

F = ρ(D + 2(h0 cos(2π f t ) + l sin(α0 cos(2π f t − ϕ)))2

(2π f h0 sin(2π f t )tan(α0 cos(2π f t − ϕ)))2 (6)

Furthermore, the average thrust force is defined as

F̄ = 1

T

T∫
0

Fdt (7)

where T is the movement period of the caudal fin.
Based on the dynamic functions, simulations were conducted to investigate the effects of the caudal

fin actuation parameters on its average thrust force. Figures 4 and 5 show the average thrust force as a
function of flapping amplitude and frequency, respectively. As can be seen, the average thrust forces
generated by caudal fin increase with the caudal fin flapping amplitude and frequency.

The BUR also suffer a fluid drag when swimming in water, which can be shown as30

F̄D = 1

2
ρCDSDū2 (8)

where ρ is the fluid density, CD is the flow drag coefficient, SD is the contact area of the BUR body
with the surrounding fluid medium and ū is the average swimming speed of the BUR.

When the BUR keeps stability swimming, the thrust and drag forces are balanced

F̄ − F̄D = 0 (9)
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Fig. 5. The average thrust force as a function of flapping frequency.

According to Eq. (8), Eq. (9) can be rewritten as

ū2 = 2F̄

ρCDSD
(10)

As shown in Eq. (10), the square of the average speed is proportional to the average thrust force.
Therefore, it is possible to predict that the average speed of BUR will increase with the caudal fin
flapping amplitude and frequency.

4. CPG Control for BUR

4.1. CPG oscillatory units
Periodic rhythmic movements widely appear in organisms, such as breathing, heartbeat, swimming
and walking. Biologists generally believe that the rhythmic movement of animals is a voluntary
action in the lower nervous center, which is governed by CPG. Inspired by CPG control mode of the
organisms, various CPG models have been constructed in bionic robotics. A widespread approach to
model CPGs is to use dynamical systems, which are mathematically composed of coupled nonlinear
oscillators and specifically weakly coupled ones. In view of the periodic rhythmic movements of the
multi-caudal fins, a set of non-linear oscillators were introduced for DOFs control:31

{
ẋ = −ωy + x(m − x2 − y2)
ẏ = ωx + y(m − x2 − y2)

(11)

where x and y are two state variables of the nonlinear oscillator, ω is the frequency parameter of the
oscillator and m is the amplitude parameter of the oscillator.

4.2. Topology model of CPG network
Considering that each caudal fin of the BUR can be viewed as a two-link (Ji,,Ji+1) serial mechanism,
as shown in Fig. 6, a weak coupling chain-type CPG network was established in accordance
with the mechanical configuration. The CPG network consists of eight interconnected CPG units
(CPG1,...,CPG8), each of which controls one joint actuated by a servomotor. Accordingly, based on
the weak coupling single chain-type CPG mode introduced in ref. [30], a weak coupling double
chain-type CPG mode for multi-caudal fins control can be described as

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

ẋi = −ωiyi + xi(mi − x2
i − y2

i ) +
i−1∑
k=1

hi,k (xkcosϕi,k + yk sinϕi,k )

ẏi = ωixi + yi(mi − x2
i − y2

i ) +
n∑

l=i+1
hi,l (xl sinϕi,l + yl cosϕi,l )

zi = ciyi

(12)
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Fig. 6. Topology of the CPG network for BUR swimming control. (a) Joints configuration of the BUR. (b) CPG
network.

where i=1,2,. . . ,n, and n indicates the total number of oscillators in the CPG network. xi

is the membrane potential of the ith CPG unit. yi is the adjusting potential. ωi and mi are
the frequency and amplitude, respectively. ϕi,k and ϕi,l are the phase differences between the
CPG units. hi,k, and hi,l are the coupling weights determining the convergence rate. When∑i−1

k=1 hi,k (xk cosϕi,k + yk sinϕi,k ) > 0, other CPG units will enhance the connection signal of the ith
CPG unit. When

∑i−1
k=1 hi,k (xk cosϕi,k + yk sinϕi,k ) < 0, other CPG units will inhibit the connection

signal of the ith CPG unit. zi is the output signal of the ith CPG, and ci is the magnification coefficient
of the CPG output.

In practical engineering, the servomotor has the maximum output velocity and angle. When the
CPG unit outputs an excessive frequency or amplitude, it is necessary to adjust the output signal.
Furthermore, Fig. 6 shows that the CPG network has double chain-type structures, and the coupling
relationship between the CPG units is not a strict neighborhood coupling mode. Joint 2, 4, 6, 8 only
has a coupling relationship with one adjacent joint. Joint 5, 7 has coupling relationship with two
adjacent joints. Joint 1, 3 has coupling relationship with three adjacent joints. Therefore, in view of
computer control, the CPG model should be modified and discretized in time domain as

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎧⎨
⎩

if i = 2, 4, 6, 8
xi[ j]−xi[ j−1]

�T = −ωiyi[ j] + xi[ j](mi − xi[ j]2 − yi[ j]2) + hi,i−1(xi−1[ j]cosϕi,i−1 + yi−1[ j]sinϕi,i−1)
yi[ j]−yi[ j−1]

�T = ωixi[ j] + yi[ j](mi − xi[ j]2 − yi[ j]2)⎧⎨
⎩

if i = 5, 7
xi[ j]−xi[ j−1]

�T = −ωiyi[ j] + xi[ j](mi − xi[ j]2 − yi[ j]2) + hi,i−4(xi−4[ j]cosϕi,i−4 + yi−4[ j]sinϕi,i−4)
yi[ j]−yi[ j−1]

�T = ωixi[ j] + yi[ j](mi − xi[ j]2 − yi[ j]2) + hi,i+1(xi+1[ j]cosϕi,i+1 + yi+1[ j]sinϕi,i+1)⎧⎪⎪⎨
⎪⎪⎩

if i = 1
xi[ j]−xi[ j−1]

�T = −ωiyi[ j] + xi[ j](mi − xi[ j]2 − yi[ j]2) + hi,i+4(xi+4[ j]cosϕi,i+4 + yi+4[ j]sinϕi,i+4)
+hi,i+2(xi+2[ j]cosϕi,i+2 + yi+2[ j]sinϕi,i+2)

yi[ j]−yi[ j−1]
�T = ωixi[ j] + yi[ j](mi − xi[ j]2 − yi[ j]2) + hi,i+1(xi+1[ j]cosϕi,i+1 + yi+1[ j]sinϕi,i+1)⎧⎪⎪⎨

⎪⎪⎩

if i = 3
xi[ j]−xi[ j−1]

�T = −ωiyi[ j] + xi[ j](mi − xi[ j]2 − yi[ j]2) + hi,i+4(xi+4[ j]cosϕi,i+4 + yi+4[ j]sinϕi,i+4)
+hi,i−2(xi−2[ j]cosϕi,i−2 + yi−2[ j]sinϕi,i−2)

yi[ j]−yi[ j−1]
�T = ωixi[ j] + yi[ j](mi − xi[ j]2 − yi[ j]2) + hi,i+1(xi+1[ j]cosϕi,i+1 + yi+1[ j]sinϕi,i+1)

zi[ j] =
⎧⎨
⎩

ciy[ j], if |zi[ j] − zi[ j − 1]| ≤ ST
zi[ j − 1] + ST, if zi[ j] − zi[ j − 1] > ST

zi[ j − 1] − ST, if zi[ j] − zi[ j − 1] < −ST
, i = 1, 2, ...8

zi[ j] =
⎧⎨
⎩

ciy[ j], if |zi[ j]| ≤ A
A, if zi[ j] > A

−A, ifzi[ j] < −A
, i = 1, 2, ...8

(13)
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Fig. 7. CPG output signals for oscillating joints in undulation propulsion mode.

where xi[ j] and yi[ j] are the membrane potential and adjusting potential of the ith CPG unit at j
moment, respectively. zi[ j] is the output signal of the ith CPG unit at j moment. �T is the discrete
time step. S is the maximum angular velocity of the servomotor. T = 20 ms is the period of PWM
signal, and A is the maximum output angular displacement of the servo actuator.

4.3. CPG-based control for undulation and jet propulsion movement
In order to ensure the symmetric motions, the four caudal fins should share the same CPG control
parameters of frequency ωi and amplitude mi in the corresponding joint. In addition, the joints in the
face-to-face installed caudal fins should have a phase difference of 180◦.

As mentioned in Section 2.2, when the four caudal fins of the BUR conduct carangiform fish-
like undulation movement simultaneously, the BUR can overall achieve the undulation propulsion
movement. Observations in nature indicate that fish swimming is usually accompanied by a backward-
moving propulsive wave that travels along the caudal fin. Like a carangiform swimmer, when the
amplitude of the body wave is limited anteriorly and then increases in the posterior half of the body,
thrust is mainly generated by the caudal fin. To replicate carangiform fish-like undulate swimming,
we created a backward-moving propulsive wave featured by increasing amplitude and phase lag by
configuring and adjusting the control parameters of the CPG model. Figure 7 shows an example
of CPG-governed undulation propulsion movement, and the CPG parameter values for undulation
propulsion movement are listed in Table II. As can be seen, taking the J1 and J2 in upper caudal fin
as examples, when the output CPG oscillator signals have constant frequency and amplitude (such
as the time show in the red vertical dashed line), the CPG signal fed to J1 has smaller amplitude and
earlier phase. Furthermore, the CPG signals fed to the joints in upper caudal fin are similar to that in
left caudal fin but opposite in phase to that in lower and right caudal fin.

Jet propulsion movement is featured by a high-speed backward jet flow formed in the rear of the
body. Observations in jellyfish show that jellyfish rapidly shrinks its outer membrane to extrude the
water in the lumen, and then a backward jet flow is formed, which generates a reactive force to push
the jellyfish move forward. To imitate the jellyfish-like swimming, we created a backward jet flow by
rapidly folding four caudal fins to extrude the water among the caudal fins. Figure 8 gives an example
of CPG-governed jet propulsion movement, and the corresponding CPG parameters are as shown in
Table III, which indicates there is no CPG signal fed to J2, J4, J6 and J8. The CPG signal fed to J1 is
similar to that to J3 but opposite in phase to J5 and J7. Due to different speed configurations between
the outspread fins stage and fold fins stage, the CPG output signals are no longer sinusoidal.

Figure 9 illustrates the effects of BUR control parameters on its CPG output signals. When the
characteristic parameters are adjusted abruptly, the CPG output signals can be switched to another
stable oscillation state quickly and smoothly. Thus, the CPG-based control method can offers a
worthwhile avenue to the problem of gait transitions.
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Table II. CPG parameters for undulation propulsion mode.

m1 m2 m3 m4 m5 m6 m7 m8 ωi ci

3 6 3 6 3 6 3 6 2 1/3

h =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 1 1 0 1 0 0 0
1 0 0 0 0 0 0 0
1 0 0 1 0 0 1 0
0 0 1 0 0 0 0 0
1 0 0 0 0 1 0 0
0 0 0 0 1 0 0 0
0 0 1 0 0 0 0 1
0 0 0 0 0 0 1 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

ϕ =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

∗ π/6 0 ∗ π ∗ ∗ ∗
π/6 ∗ ∗ ∗ ∗ ∗ ∗ ∗
0 ∗ ∗ π/6 ∗ ∗ π ∗
∗ ∗ π/6 ∗ ∗ ∗ ∗ ∗
π ∗ ∗ ∗ ∗ π/6 ∗ ∗
∗ ∗ ∗ ∗ π/6 ∗ ∗ ∗
∗ ∗ π ∗ ∗ ∗ ∗ π/6∗ ∗ ∗ ∗ ∗ ∗ π/6 ∗

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

Note: “*” indicates that there is no relative motion between the joints.

Table III. CPG parameters for jet propulsion mode.

m1 m2 m3 m4 m5 m6 m7 m8 ωi1 ωi2 ci

4 40 4 40 4 40 4 40 1 3 1/3

h =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 1 1 0 1 0 0 0
1 0 0 0 0 0 0 0
1 0 0 1 0 0 1 0
0 0 1 0 0 0 0 0
1 0 0 0 0 1 0 0
0 0 0 0 1 0 0 0
0 0 1 0 0 0 0 1
0 0 0 0 0 0 1 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

ϕ =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

∗ 0 0 ∗ π ∗ ∗ ∗
0 ∗ ∗ ∗ ∗ ∗ ∗ ∗
0 ∗ ∗ 0 ∗ ∗ π ∗
∗ ∗ 0 ∗ ∗ ∗ ∗ ∗
π ∗ ∗ ∗ ∗ 0 ∗ ∗
∗ ∗ ∗ ∗ 0 ∗ ∗ ∗
∗ ∗ π ∗ ∗ ∗ ∗ 0
∗ ∗ ∗ ∗ ∗ ∗ 0 ∗

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

Note: ωi1 and ωi2 indicate the frequency parameters in outspread and fold caudal fins
stage, respectively. “*” indicates that there is no relative motion between the joints.

Fig. 8. CPG output signals for oscillating joints in jet propulsion mode.

5. Experiments and Results
In this study, a series of aquatic experiments were reported to highlight the proposed swimming control
methods for the BUR, and particularly to compare the kinematic characteristics between undulation
propulsion mode and jet propulsion mode.
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Fig. 9. CPG output signals in gait transitions.

Fig. 10. Linear velocity testing platform.

5.1. Experimental procedure
Experiments were conducted to investigate the effects of the key caudal fin actuation parameters
on its linear swimming velocity. According to the CPG-govern model, two controllable caudal fin
actuation parameters were chosen in these experiments: caudal fin actuation frequency and amplitude.
As shown in Fig. 10, a test platform was developed to measure the swimming velocity. The platform is
composed a 3 m × 2 m × 1 m (length × width × depth) transparent water tank, a high dynamic range
video camera and a computer. To measure the swimming velocity, the BUR was filmed by the high
dynamic range video camera when performing linear swimming in the water tank. The velocity of the
BUR in each test was calculated according to the measured distance traveled and the corresponding
time taken. Each test was conducted for three times and the average velocity was calculated based on
the three test results.

Figure 11 shows a snapshot sequence of undulation propulsion mode and jet propulsion mode in a
swimming period T . At the beginning, the BUR normally swam forwards in the jet propulsion mode
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Table IV. Commanded caudal fin actuation parameters for linear swimming.

Case Propulsion mode f (Hz) A (cm)

1 Jet propulsion 0.5, 0.6, 0.8, 1.3, 2.5 13
2 1.3 6, 9, 11, 13, 15
3 Undulation propulsion 0.5, 0.6, 0.8, 1.3, 2.5 13
4 1.3 6, 9, 11, 13, 15

Fig. 11. Snapshot sequence of linear swimming. (a) Jet propulsion movement (m1 = m3 = m5 = m7 = 4, m2 =
m4 = m6 = m8 = 40, ωi1 = 1, ωi2 = 3). (b) Undulation propulsion movement (m1 = m3 = m5 = m7 = 3, m2 =
m4 = m6 = m8 = 5, ωi = 3).

(as shown in Fig. 11(a)) and then smoothly switched to the undulation propulsion mode (as shown in
Fig. 11(b)) when the CPG parameters were changed abruptly.

5.2. Results and discussion
In this section, we compared the kinematic characteristics of the BUR in undulation propulsion mode
and jet propulsion mode. Four sets of experiments were performed to obtain the linear swimming
velocity. The commanded caudal fin actuation parameters are listed in Table IV. During the test, unless
otherwise specified, the data points and error bars in figures were the averages and standard deviations
of three runs, respectively.

The linear swimming velocities as a function of caudal fin actuation frequency and amplitude are
shown in Fig. 12(a) and (b) , respectively. To investigate the effects of BUR propulsion mode on
its velocity, velocities in undulation propulsion mode and jet propulsion mode were plotted on each
graph. As can be seen from Fig. 12(a), the swimming velocity initially increased rapidly with the
frequency and then slowed down when the frequency was greater than 0.8 Hz in both propulsion
modes. There are two possible reasons for this trend. One reason could be the effect of drag. The BUR
suffered a thrust force from the caudal fin and a drag force from the fluid simultaneously. The thrust
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Fig. 12. Swimming velocities as a function of (a) frequency at A = 13 cm and (b) amplitude at f = 1.3 Hz.

force increased with frequency, but the drag force increased with the swimming velocity as well.32

When the BUR reached to a certain velocity, the effects of drag were significant. Therefore, the growth
in net force decelerated and the growth speed of the swimming velocity declined. The other reason
is the speed limit of the servomotor. The desired amplitudes (A = 13, 15 cm) cannot be achieved
at high frequencies ( f = 1.3, 2.5 Hz). The actual amplitudes are labeled next to the commanded
amplitudes on the axis of the figures. Therefore, the swimming velocity of the BUR cannot meet the
desired value. In addition, the velocities in undulation propulsion mode were higher than that in jet
propulsion mode under the same caudal fin actuation parameters. The maximum velocity was up to
0.32 m·s−1 (0.53 Body length per second, BL·s−1) at a frequency of 1.3 Hz and an amplitude of 15 cm
in the undulation propulsion mode. Figure 12(b) shows the velocity as a function of the amplitude. As
can be seen, the swimming velocity in the undulation propulsion mode increased with the amplitude
in the measurement ranges. However, the swimming velocity in the jet propulsion mode initially
increased quickly with the amplitude and then kept constant and even decreased when the amplitude
was greater than 11 cm. The possible reason for this phenomenon is that the BUR suffered a backward
force in caudal fin outspread stage and a thrust force in caudal fin fold stage. Both backward force and
thrust force increased with the amplitude. When the caudal fin actuation amplitude reached a specific
value, the backward force increased faster than the thrust force. Therefore, the swimming velocity
declined as the amplitude increased.

A series of performance parameters are listed in Table V to make a compare with other notable
works. As can be seen, under the similar size and swimming parameters, the BUR can achieve a
higher speed in the same propulsion mode. Furthermore, the BUR has two propulsion modes, which
has better environmental adaptability.
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Table V. Performance parameters comparison.

Size (L × W × H) Propulsion Frequency Amplitude Speed
Prototype (mm) mode (Hz) (cm) (BL·s−1)

Biomimetic Mantle Jet Propeller33 600×170×70 Undulatory 1.4 12 0.25
Multi-Joint Robotic Fish34 250×160×70 Jetting 0.83 – 0.35
BUR 600×170×170 Undulatory 1.3 15 0.53

Jetting 0.8 13 0.37

6. Conclusion
Inspired by both carangiform fish and jellyfish, a novel type of BUR with multi-flexible caudal fins was
proposed in this paper. We endeavored to combine the undulation propulsion mode and jet propulsion
mode in the self-propelled BUR. First, the prototype design and swimming strategy of the BUR were
discussed. Based on the simplified mechanical model of the BUR, a dynamic model of the caudal
fins was established. Subsequently, a CPG model was proposed to generate the undulation propulsion
mode and jet propulsion mode. A discrete control equation including various constraint conditions was
given. Finally, a series of comparative experiments on the BUR were presented. The BUR achieved
a maximum swimming velocity of 0.32 m·s−1 at the frequency of 1.3 Hz and the amplitude of 15 cm
in undulation propulsion mode. Furthermore, the swimming stability and cruise performance of the
BUR were reviewed. The experimental results indicate that the BUR exhibits stable multi-propulsion
modes and it is suitable for complex underwater environment tasks. This paper only focus on the
undulation and jet propulsion control; the braking, turning, emerging and submerging movements
will be studied in a future work.
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