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Abstract

Small carnivorous marine animals have developed agile movement abilities through long‐term natural selection, 

resulting in excellent maneuverability and high swimming efficiency, making them ideal models for underwater 

robots. To meet the requirements for exploring narrow underwater zones, this paper designs an underwater 

robot inspired by mantis shrimp. By analyzing the body structure and swimming mode of the mantis shrimp, we 

designed a robot structure and hardware system and established a dynamic model for the cou-pled motion of 

multiple pleopods. A series of underwater experiments were conducted to verify the dynamic model and assess 

the performance of the prototype. The experimental results confirmed the accuracy of the dynamic model and 

demonstrated that the bionic mantis shrimp robot can perform multiangle turns and flexible velocity 

adjustments and exhibits good motion performance. This approach provides a novel solution for developing 

robots suitable for detecting complex underwater environments.

K E YWO  R  D S

bionic robots, dynamic modeling, mantis shrimp, multipleopod coupled motion, underwater exploration, underwater robots

1 | INTRODUCTION

The ocean is rich in natural resources, yet due to the complexity of

the underwater environment, these resources have not been fully

recognized and exploited (Chen, Zhao, et al., 2024; Pendergast &

Lundgren, 2009; Reddy et al., 2021). Detecting narrow underwater

environments poses significant challenges in ocean exploration (Cong

et al., 2021; Ni et al., 2023). These environments, including rock

crevices and underwater caves, often limit the movement and

operation of detection devices (Am Ende, 2001; Weidner et al.,

2017). The flexibility of robots is crucial for successful exploration in

complex underwater environments (Chen, Xu, Wang, et al., 2024;

Crespi et al., 2008). Inspired by natural creatures, underwater bionic

robots offer advantages in terms of motion efficiency, maneuver-

ability, and adaptability (Fu et al., 2021; Ren & Yu, 2021; Yu

et al., 2018).

The mantis shrimp is a carnivorous arthropod that inhabits

narrow underwater caves and coral reefs (Streets et al., 2022). It
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possesses a flat body that is highly flexible, allowing for rapid

swimming and agile maneuvering (Cheng et al., 2024). As shown

in Figure 1, the mantis shrimp swiftly navigated through coral,

showing its exceptional athletic prowess. In their recent study,

Tadayon et al. explored the energy storage structure of the

forelimb of mantis shrimp and elucidated its microstructure

(Tadayon et al., 2015). Cox et al., on the other hand, developed

Ninjabot, a robot that imitates the unique attack mechanism of

the forelimb of mantis shrimp (Cox et al., 2014). Furthermore,

Thoen et al. investigated the vision of the mantis shrimp and

analyzed the underlying principles of its visual system (Thoen

et al., 2014). While existing research has focused primarily on the

working principles and visual structure of the forelimb of mantis

shrimp, there is a conspicuous lack of research on overall motor

structure and control (Ito et al., 2024; Xu et al., 2022).

The bionic mantis shrimp robot imitates the mantis shrimp using

multiple pairs of pleopods and incorporates body bending to achieve

flexible swimming. The interactions among these pleopods, body move-

ments, and water are the primary factors responsible for propulsion and

resistance (Chen et al., 2023). This dynamic process directly influences the

swimming performance of the bionic mantis shrimp robot, providing a

foundation for the development of flexible motion control in robotic

systems. Consequently, it is crucial to focus on the dynamics of the

swimming process of bionic mantis shrimp robots. Numerous studies

have investigated the dynamics of various robots. For instance, Yang et al.

explored the turning mobility of a bionic dolphin robot and developed a

dynamic model that accurately predicts its turning motion (Yang et al.,

2022). Our research group has studied the hydrodynamic model of a

beaver‐like robot, specifically examining the hydrodynamic properties of

its webbed foot and stroke characteristics under different flow rates

(Chen et al., 2021). Huang et al. proposed a flipper propulsion theory

based on their analysis of the kinematics of cormorant fins during

swimming, shedding light on the mechanisms underlying efficient thrust

generation (Huang et al., 2016). Furthermore, Li et al. designed a bionic

wire‐driven manipulator capable of displacement and velocity amplifica-

tion (Li et al., 2011). Finally, Alexander et al. explored the traveling‐wave

linear gait of snake‐like robots and applied it to trajectory planning (Chang

and Vela, 2020).

Currently, there is limited research on the dynamic modeling of

webbed swimming for underwater bionic robots (Kashem & Sufyan,

2017; Wang et al., 2023, 2024). Furthermore, the motion of the bionic

mantis shrimp robot is achieved through a combination of torso bending

and pleopod movement, which sets it apart from snake‐like robots and

bionic fish robots that rely on body movement (Cao et al., 2021;

Scaradozzi et al., 2017; Zhang et al., 2011). The existing dynamic methods

are not suitable for analyzing the swimming process of the mantis shrimp

robot, which has a flexible spine and multiple pleopod couplings. There-

fore, it is crucial to thoroughly study the swimming dynamics modeling

method of mantis shrimp robots. This paper aims to investigate the

kinematics and swimming dynamics model of a bionic mantis shrimp

robot, providing theoretical support for achieving precise motion control

of the robot. The main contributions of this paper are as follows:

1 This paper analyzes the motion mechanism of the mantis shrimp and

describes the structural and control system design of a bionic mantis

shrimp robot with a flexible spine and multiple pleopods. The robot

employs a rigid‐flexible coupling design, utilizing materials such as

photosensitive resin and carbon fiber in combination with flexible

materials such as silica gel. The elastic deformation of the flexible

material when subjected to an external force effectively meets the

motion requirements of the robot in this study. Additionally, the

overall structure of the robot is slender and flexible, enabling it to

rapidly adjust its forward direction and swimming velocity in water,

thereby adapting to narrow underwater environments.

2 Building upon the structure of a bionic mantis shrimp robot, this

paper establishes a kinematic model of a rope‐driven flexible

spine and a kinematic model of a pleopod. Based on the coupled

motion of multiple pleopods and their respective forces, the

swimming dynamics model of the robot is formulated, providing a

more accurate foundation for attitude adjustment and motion

control of the robot. The kinematic and swimming dynamics

models of the mantis shrimp robot are experimentally verified.

The remaining sections of this paper are organized as follows:

Section 2 introduces the movement characteristics of the biological

mantis shrimp, as well as the structure and hardware of the bionic

mantis shrimp robot. Section 3 describes the kinematic modeling of

the bionic mantis shrimp robot, while Section 4 analyzes and models

the dynamics of the bionic mantis shrimp robot. Section 5 tests the

swimming performance of the bionic mantis shrimp robot and verifies

the dynamic model. Finally, Section 6 presents a brief discussion and

conclusion.

F IGURE 1 Movement of mantis shrimp through coral. (a) Mantis shrimp encounters an obstacle. (b) Mantis shrimp deftly turns. (c) Mantis
shrimp dives quickly. [Color figure can be viewed at wileyonlinelibrary.com]
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2 | DESIGN OF THE BIONIC MANTIS
SHRIMP ROBOT

2.1 | Movement mechanism analysis of biological
mantis shrimp

The mantis shrimp is a small predatory creature found in tropical and

subtropical oceans. It inhabits narrow underwater caves and coral

colonies, utilizing its flat and flexible body to freely maneuver (Chen,

Xu, Yang, et al., 2024). As arthropods, the mantis shrimp relies on its

pleopods to swim and is renowned for its remarkable speed in water

(Patek, 2015). Figure 2 illustrates the main components of the mantis

shrimp, including the head, abdominal segments, walking legs,

swimming pleopods, and telsons. Its flat and agile body allows rapid

swimming and agile turning through the coordinated movement of

soft swimming pleopods. Additionally, the mantis shrimp can crawl

underwater using its walking legs, further highlighting its proficiency

in aquatic locomotion.

Pleopods play a fundamental role in the swimming abilities of

mantis shrimp. Figure 3 depicts the motion states of the biological

mantis shrimp within a 1‐s interval. Notably, the swing angles of

adjacent pleopods exhibit a consistent phase difference at any

given moment. Furthermore, the pleopods function in two pri-

mary states during swimming: the propulsion state, wherein they

are fully expanded to maximize forward propulsion, and

the recovery state, wherein they are curved to minimize

resistance.

2.2 | Structure and control system design of the
bionic mantis shrimp robot

The design of the bionic mantis shrimp robot aims to replicate the

natural shape and pleopod structure of the mantis shrimp,

achieving comparable pleopod movements and exceptional

swimming performance. Figure 4 presents our bionic mantis

shrimp robot, which comprises the head, body, and telson. The

head includes a waterproof box and controller, while the body

consists of a flexible spine, rope, carbon fiber base, waterproof

servo, pleopods, and pleopod base. The telson includes a telson

base and bionic telson.

In the bionic mantis shrimp robot, the pleopods serve as the

propulsion mechanism and are equipped with five pairs sym-

metrically distributed along the spine. Each pleopod is controlled

by a waterproof servo, enabling individual adjustment of their

movement status. The turning motion of the robot is facilitated

by a wire rope driven by a servo. The dimensions of the bionic

mantis shrimp robot designed in this study are approximately

750 mm in length and 150 mm in width, based on the physical

dimensions of a reference biological mantis shrimp.

F IGURE 2 Mantis shrimp. (a) Top view. (b) Side view and enlarged view of the pleopod. [Color figure can be viewed at
wileyonlinelibrary.com]

F IGURE 3 Biological mantis shrimp locomotion. [Color figure can be viewed at wileyonlinelibrary.com]

http://wileyonlinelibrary.com
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The control system is utilized to coordinate the coupled motion

between multiple pairs of pleopods and to implement motion control of

our bionic mantis shrimp robot. It consists of five components: a con-

troller, perceptron, joint actuator, communication module, and energy

supply module. The robot can freely move using power from a battery,

eliminating the need for an external power source. Figure 5 depicts the

control system utilized for our bionic mantis shrimp robot, including a

main controller (Espressif Systems ESP32) for controlling the sensor,

actuators, and communication system; a servo driver board (Pulse‐

Width Modulation Controller 9685) for controlling the body servo

(Hitec‐5646 Waterproof Servo); 10 propulsion servos (Kingmax‐0950

Mini Servo) for enabling swimming in water; a six‐axis sensor (Inertial

Measurement Unit 6050) for recording posture data; and a voltage

management module (Xlsemi 4005). In the actuator system, the servo

F IGURE 4 Design and prototype of the bionic mantis shrimp robot. (a) 3D rendering of the robot. (b) Physical drawing of robot. [Color figure
can be viewed at wileyonlinelibrary.com]

F IGURE 5 Block diagram of the bionic mantis shrimp robot control system. [Color figure can be viewed at wileyonlinelibrary.com]
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driver board communicates with the main controller Esp32 through an

Integrated Circuit and drives the servo to the desired angle based on the

control signal sent from the main controller. The main controller, six‐axis

sensor, servo driver board, and voltage management module are inte-

grated on a printed circuit board and placed in a waterproof box. The

waterproof servos are positioned in corresponding parts of the body,

with their power and signal lines connected to the servo driver board via

a waterproof connector.

3 | KINEMATIC MODELING OF THE
BIONIC MANTIS SHRIMP ROBOT

3.1 | Kinematic modeling of the body

3.1.1 | Coordinate system definition of the body

Considering the structural design characteristics of the bionic mantis

shrimp robot, its rope‐driven flexible body is simplified into multiple vir-

tual rigid links connected successively, and the center of rotation is

located at the middle of two bionic spinal joints. The coordinate system

for the robot body is established based on the D‐H (Denavit‐Hartenberg)

method, as shown in Figure 6, where the rotation angle of the servo is

denoted as α, and the counterclockwise direction is positive.

The gap between the assembly position of the first bionic

spinal joint and the body base is small; therefore, its relative

rotation is ignored and set as the reference coordinate system

x o y0 0 0 of the body coordinate system. The coordinate system

x o y1 1 1 to x o y4 4 4 of the second to fifth joints is successively es-

tablished. At this time, all joints are on a plane, and all are rotation

joints. According to this coordinate system, the D‐H parameters

of the bionic flexible body can be obtained, as shown in Table 1,

where i is the joint number, αi‐1 is the link torsion angle, di‐1 is the

link offset, and θi‐1 is the joint angle.

InTable 1, P is the length of the virtual link. According to the results

of the structural design, the numerical size is the sum of the design width

of the bionic spinal joint base and the gap.θi represents the rotation angle

between the two biomimetic spinal joints, whose value is changed by the

length of the wire rope pulled by the servo and satis-

fies θ θ θ θ= = =1 2 3 4.

3.1.2 | Kinematic modeling of the rope‐driven
flexible body

A servo is implemented to drive the rope‐driven flexible body. This

mechanism activates the wire rope attached to the steering wheel,

resulting in a traction force at the other end of the wire rope. As shown in

Figure 7, the joint kinematics of the rope‐driven flexible torso include two

levels of mapping. The parameter of the drive space is the change in rope

length△l. Its value is determined by the rotation angle of the servo, and

its mathematical relation is expressed as follows:

△
⋅

L
α r

N
= , (1)

where r is the radius of the steering wheel and α is the rotation angle

of the servo. The number of rotation joints on the body is assumed to

be N.

The mapping between the drive space and the configuration

space constitutes the first layer. This layer represents the kinematic

mapping between the variation in rope length and the bending angle

F IGURE 6 Robot body coordinate system definition. [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 1 D‒H parameters of the robot body.

i αi−1 ai−1 di θi

1 0 P 0 0

2 0 P 0 θ1

3 0 P 0 θ2

4 0 P 0 θ3

5 0 P 0 θ4
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of the robot's flexible body. The forward and inverse kinematics of

this layer are defined as f1 and f1
−1, respectively. The mapping

between the configuration space and task space is the second layer,

which represents the kinematic relation between the bending angle

of the robot's flexible body and the end coordinates x y( , ) of the body.

The forward and inverse kinematics are defined as f2 and f2
−1,

respectively.

In terms of the second layer mapping, two connected bionic spinal

joints can be represented as shown in Figure 8. When the flexible body

remains unbent, the position relationship of the bionic spinal joint is

demonstrated in Figure 8a. In this illustration, the black solid line corre-

sponds to the wire rope, while the blue rectangle represents the bionic

spinal joint.H0 and D0 are the height and width of the joint, respectively,

and l0 is the length of the wire rope between the two joints in this state.

In this case, the lengths of the two wire ropes are equal. d0 is the distance

between the left and right sections of the wire rope when the wire rope

passes through the reserved hole of the bionic spinal joint.

The position relationship of the bionic spinal joint when the

flexible body is bent is shown in Figure 8a. The relation between the

wire rope length and bending angle can be obtained:

⋅ ⋅

⋅ ⋅







( ) ( )
( ) ( )

l l d

l l d

= cos − sin ,

= cos + sin ,

r
θ θ

l
θ θ

0 2 0 2

0 2 0 2

(2)

where ll and lr , respectively represent the lengths of the two wire

ropes between the left and right joints in the bending state, θ is the

angle between the adjacent bionic spinal joints, and the relationship

between the maximum bending angle θmax and the design parameters

of the joint is as follows:







θ

l

D
= 2arctan .max

0

0

(3)

The mantis shrimp robot is equipped with five bionic spinal joints.

The first joint, which is connected to the base of the head, has a small

gap, and its bending angle can be considered negligible. Thus, the

body has four rotatable joints.

When the relative angle of adjacent nodes is θ, the bending angle

of the body is:

⋅N θΘ = . (4)

F IGURE 7 Kinematic mapping relation. [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 8 Schematic and numerical fitting results of the biomimetic spinal motion. (a) Initial and bending states of the bionic spine joint. (b)
Numerical calculation and fitting results of bionic vertebral body rotation angle and wire rope length. [Color figure can be viewed at
wileyonlinelibrary.com]
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The length of the wire rope of the body is

⋅

⋅




L N l H

L N l H

= ( + ),

= ( + ),

r r

l l

0

0

(5)

where L0 is the wire rope length on one side of the rotation joint part

of the flexible body in the initial state. In the initial state, the fol-

lowing relation is satisfied:

⋅L N l H= ( + ).0 0 0 (6)

However, when the flexible body is driven by the wire rope, the

other side of the wire rope becomes relaxed. Therefore, for the

purpose of kinematic analysis, we consider only the tension side of

the wire rope. In this case, we focus on Figure 8b as an example,

where the variation in the wire rope length on the tension side is

given by:

△ ⋅ ⋅ ⋅


 

















L L L N l

θ
d

θ
= − = 2 sin

4
+ sin

2
.r0 0

2
0 (7)

Combining Equations (4) and (7), we obtain

△ ⋅ ⋅ ⋅


 

















L N l

N
d

N
= 2 sin

Θ

4
+ sin

Θ

2
.0

2
0 (8)

This is the inverse kinematics f1
−1 that expresses the mapping

from the drive space to the configuration space. This formula can be

used to determine the wire rope length based on the desired bending

angle of the robot body. However, finding an analytical solution using

this formula is relatively complex. We assume that the wire used by

the rope traction mechanism does not deform and that the relative

servo does not slip while maintaining tension between the joints. We

also assume that the relative rotation angle between a set of adjacent

joints is small and can be approximated as sinθ ≈ θ. Based on the

design parameters of the bionic joint, the coordinates of the key

points for two adjacent joints are defined, and the results shown in

Figure 8b can be obtained through calculations involving rotation

matrices. In the figure, the horizontal coordinate represents θ, while

the vertical coordinate is the△ll and△lr obtained by operation. The

change trend of the two values is close to that of the primary func-

tion. The proportional function is used to fit the data, and based on

the above formula, the following relationship can be obtained:

△


l kθ= ,

Θ = .
αr

k

(9)

According to the fitting results, the fitting parameter k = 0.45 in

the formula can be determined, where the unit of the body angle

is radian (rad) and the unit of the rope length variation is millimeter

(mm). The forward and inverse kinematics from the configuration

space to the task space are used to calculate the coordinates of the

body end in the robot body coordinate system and determine the

current body bending angle based on these coordinates. The forward

and inverse kinematics can be determined using the D‐H parameter

method discussed in the previous section. According to the D‐H

parameter table, when i=1, the joint homogeneous transformation

matrix T0
1 is:












T

P

=

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

.0
1 (10)

When i is greater than 1, the joint homogeneous transformation

matrix from the i − 1 to i coordinate system is:












T

cθ sθ Pcθ
sθ cθ Psθ

=

− 0
0

0 0 1 0
0 0 0 1

,i
i

−1 (11)

where cθ and sθ are short for θcos and θsin , respectively. Therefore,

the forward kinematics f2 from the configuration space to the task

space are

T T T T T T= .0
5

0
1

1
2

2
3

3
4

4
5

(12)

Based on this formula, the coordinates of the endpoints of the

bionic tail in the coordinate system of the robot joint can be calcu-

lated based on the bending angle of the body.

3.2 | Kinematic modeling of the bionic pleopod

3.2.1 | Coordinate system definition of the pleopod

The coordinate system of the pleopod joints is established based on

the D‒H method, taking into account the structural characteristics of

the bionic mantis shrimp robot pleopod. Figure 9 illustrates the

arrangement of the coordinate system. The first joint of the pleopod

is an active joint controlled by servo movement. The second and third

F I  GURE  9  Bionic pleopod coordinate system definition.



joints are passive and influenced primarily by mechanical limitations

and water flow. The servo base is set as the reference coordinate

system x z y0 0 0, and the coordinate system x o y1 1 1 to x o y3 3 3 of the

first to the third joints is established successively. Note that all joints

are rotation joints on a Plane.

The D‐H parameter table of the bionic pleopod can be estab-

lished based on the coordinate system, as shown in Table 2. In this

table, L1 and L2 represent the lengths of the joints, and θi represents

the rotation angle between two joints whose value ranges from 0°

to 90°.

3.2.2 | Kinematics of the pleopods

According to the D‐H parameter table, when i= 1, the joint homo-

geneous transformation matrix T0
1 is:












T

cθ sθ

sθ cθ
=

− 0 0

0 0

0 0 1 0
0 0 0 1

.0
1

1 1

1 1 (13)

When is greater than 1, the joint homogeneous transformation

matrix from the to coordinate system is












T

cθ sθ Li

sθ cθ
=

− 0

0 0

0 0 1 0
0 0 0 1

,i
i

i i

i i−1 (14)

where cθ and sθ are short for θcos and θsin , respectively. Therefore,

the forward kinematics of the bionic pleopod are obtained:

T T T T= .0
3

0
1

1
2

2
3

(15)

Using this formula, the coordinates of each joint in the coordi-

nate system of the pleopod can be calculated based on the motion

angle of the servo. To achieve movement control of the five pairs of

pleopods, we developed a central pattern generator controller for the

bionic mantis shrimp robot. The mathematical model is as follows:

̇ ∑θ πν r w θ θ φ= 2 + sin( − − ),i i
j

j ij j i ij1 (16)

̇


 


r α

α
R r r̈ =

4
( − ) − ,i i

i
i i i1 1 1 1 (17)

̇


 


r α

α
R r r̈ =

4
( − ) − ,i i

i
i i i2 2 2 2 (18)

̇


 


x α

α
X x ẍ =

4
( − ) − ,i i

i
i i i (19)

β x r θ r θ= + cos + sin ,i i i i1 2 (20)

where νi is the desired frequency of the oscillator. ω is the angular

frequency of the oscillator ω πν= 2 i. xi, r2i, and r1i are the amplitude

state variables of the output deviation term, sine term, and cosine

term in oscillator i, respectively. αi refers to constant positive gains.

wij and φij are the coupling weights and phase biases, respectively,

which determine how oscillator j influences oscillator i. R1i, R2i, and Xi

are the parameters of the controller representing the desired ampli-

tude of each corresponding output term of the oscillator. βi repre-

sents the final output angle of each oscillator.

4 | SWIMMING DYNAMIC MODELING OF
THE BIONIC MANTIS SHRIMP ROBOT

4.1 | Force analysis of the pleopods

The propulsion of the bionic pleopod essentially comes from the fluid

resistance generated when the pleopod moves, and its force analysis is

shown in Figure 10, where v is the motion velocity of the robot, β is the

swing angle of the bionic pleopod, and ω1 and ω2 represent the swing

angular velocities of the bionic pleopod in the propulsion and recovery

states, respectively. Figure 10b illustrates the propulsion and recovery

states of the pleopod, with each pleopod having a motion range of 90°.

When the pleopod swings to the rear of the robot, its velocity is in the

negative x‐axis direction relative to the water flow, resulting in forward

propulsion for the robot. Conversely, when the pleopod swings to the

front of the robot, resistance is generated to impede the robot's progress.

Under the assumption that the water flow remains stationary

without considering eddies and other complex conditions, the fluid

resistance can be expressed as:

f C ρv S=
1

2
,T

2 (21)

where CT is the fluid resistance coefficient, ρ is the fluid density, v is

the relative fluid flow rate, that is, the moving velocity of the robot in

standing water, and S is the frontal area.

By dividing the microelements along the y‐axis on the bionic

pleopod, the force generated by the bionic pleopod on the x‐axis can

be obtained as follows:



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
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∫

∫
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C ρ ω r v Wdy
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x

T
l β

x

T
l β

x

1

2 0

sin
1 ( )

2

1

2 0

sin
2 ( )

20
(22)

where W is the width of the bionic pleopod. l and l0 are the

maximum projection lengths of the pleopod in the propulsion and

TABLE 2 D‒H parameters of the robot pleopod.

i αi−1 ai−1 di θi

1 0 0 0 θ1

2 0 L1 0 θ2

3 0 L2 0 θ3



recovered state on the y‐axis, respectively. ω r x1 ( ) and ω r x2 ( ) are the

projections of the linear velocity of a microelement of the pleo-

pod on the x‐axis.

4.2 | Dynamic modeling of the robot

The surface shape of the bionic mantis shrimp robot is complex,

making comprehensive force analysis challenging. Consequently, a

simplified model, as depicted in Figure 11a, can be derived by ab-

stracting and simplifying its 3D model. The body coordinate system is

established with the junction between the bendable body and the

robot's head as the reference point. The positive x‐axis points toward

the robot's head. From a side view, the robot is simplified as a

rectangle with a cross‐sectional size of C ×D. In the top view, the

robot is divided into two sections. The positive part on the x‐axis

represents the fixed section of the robot's head, measuring A in length,

while the negative part on the x‐axis represents the bionic bendable

body of the robot, measuring B in length. The dotted line shows the

state of the robot without bending. When the bionic body bending

angle is Θ, the bending state of the robot is shown as a solid line.

As illustrated in Figure 11b, the kinematic model of the bionic

mantis shrimp robot was established, and the relationship between the

robot and the world coordinate system was defined. This model is based

on the following assumptions: the robot's motion does not experience

sudden changes, and posture changes are not considered. Additionally,

the robot's motion state at the next moment is solely influenced by the

current motion speed and the bending angle of the flexible body.

F IGURE 10 Force analysis diagram of bionic pleopods. (a) Bionic pleopod joints. (b) Two states of the bionic pleopod. [Color figure can be
viewed at wileyonlinelibrary.com]

F IGURE 11 Robot coordinate system and its simplified model. (a) Robot coordinate system and its simplified model definition. (b) The
definition of the body and its motion state in the world coordinate system. [Color figure can be viewed at wileyonlinelibrary.com]
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In Figure 11b, XOY is the world coordinate system, and the bionic

mantis shrimp

The robot is simplified and represented by the thick black line. The

origin of the body coordinate system xoy in the world coordinate system

coordinates is x y( , ). The angle between the coordinate systems is δ. The

rotation angular velocity and linear velocity are ω and ν , respectively, in

the body coordinate system, and the angle between the velocity direction

and the x‐axis is defined as φ.

In the bionic robot body, the bending angle of the body isΘ, and θ is

the bending angle corresponding to a point on the torso. Ti is the force

generated on the robot when the pleopod pair i swings, and its direction

is the tangent direction of the body arc where the pleopod is located.

Fwater is the fluid resistance generated when the robot moves in the water,

and Mwater is the fluid resistance moment generated when the robot

rotates in the water.

According to the geometric relationship shown in Figure 11b, the

following relations can be obtained:
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Then, the force balance equations along the x‐, y‐, and z‐axes are

established as follows:
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where Fx
water , Fy

water , Fx
foot, and Fy

foot are the components of the fluid

resistance to the robot and the propulsion generated by the bionic ple-

opod on the x and y‐axes, respectively, and m represents the mass of the

robot.Mwater andMfoot are the resistance moment generated by the fluid

on the robot and the propulsion moment generated by the bionic pleo-

pod, respectively. The calculation formula is as follows:
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Iz is the moment of inertia of the robot about the z‐axis, which

can be calculated as follows:
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Accordingly, the expressions for Mwater and Mfoot are as follows:
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5 | SWIMMING EXPERIMENTS OF THE
BIONIC MANTIS SHRIMP ROBOT

To validate the accuracy of the swimming dynamics of the bionic

mantis shrimp robot and further investigate its swimming perform-

ance, an experimental platform was constructed for robot swimming,

as depicted in Figure 12. The dimensions of the experimental tank

were 2m × 1m × 1m (length × width × height). Figure 12a shows the

robot swimming experimental platform equipped with an image

acquisition capability. A camera is installed on top of the water tank

to obtain the motion parameters of the robot by analyzing the

graphic time series during the experiment. Figure 12b illustrates the

robot swimming experimental platform equipped with a force sensing

capability, which can measure the dynamic parameters of the robot

swimming process using the ME K6 six‐axis force sensor. The sam-

pling frequency of the force sensor is 10 Hz, and the data is recorded

every 0.1 s. The maximum control frequency of the central pattern

generator controller is 1.5 Hz. The sampling frequency of 10Hz has

been able to record the movement of the pleopod, which has met our

experimental goal.

5.1 | Straight swimming experiment

5.1.1 | Straight swimming velocity

The locomotion of mantis shrimp primarily involves the continuous

swinging of their pleopods, as indicated by an analysis of their

swimming morphology. To assess the linear swimming performance

of the robot, we conducted tests to measure the average swimming

velocity of the robot under different frequencies and phases.



The angular frequency ranged between π and 2.5π (rad/s),

while the phase difference ranged from 0 to 1/5Fre, where

Fre = 3/4π. Fre is a phase value determined through multiple ex-

periments, ensuring that adjusting the phase difference does not

interfere with the movement of multiple pleopods. A total of 28

sets of experiments were completed, with each set repeated

three times to eliminate chance factors, and the average value

was recorded as the result for each set of experiments. The

motion diagram, depicted in Figure 13 with the yellow ball serving

as the motion reference, presents the annotated motion time

series map to show the average velocity results of the robot, as

illustrated in Figure 14. The swimming velocity of the bionic

mantis shrimp robot is influenced primarily by the swing angular

frequency of its pleopods. The robot achieves a maximum

average velocity of 0.112 m/s when the swing angular frequency

is 2.5π rad/s and the phase difference is 1/5Fre. Although the

phase difference among the five pairs of pleopods has a minimal

effect on the robot's velocity, the phase difference significantly

affects the stability of the robot's motion during the experiment.

5.1.2 | Straight line kinetic verification experiment

Figure 15 presents a sequence of motion images showing the

bionic mantis shrimp robot in a cycle, displaying the motion state

of the pleopod at different moments. When the pleopod swings

backward, each joint of the pleopod reaches its mechanical limit

to maximize the water contact area and provide thrust for the

F IGURE 12 Swimming experimental platform of the bionic mantis shrimp robot: (a) image acquisition function and (b) force sensing function.
[Color figure can be viewed at wileyonlinelibrary.com]

F IGURE  13  Sequence diagram of the straight motion process of the robot.

http://wileyonlinelibrary.com


robot. Conversely, when the pleopod swings forward, the first

and second joints of the pleopod bend due to water resistance.

Because the robot possesses five pairs of pleopods and the

motion state of each pair of pleopods varies at each moment, it is

crucial to analyze the thrust at each moment for subsequent

robot motion control.

In the experiment, the angular frequency of the robot's

motion was set at 2.25π rad/s, and the phase difference was 1/

5Fre. The changes in propulsion were measured using a six‐axis

force sensor installed on the upper part of the robot. Figure 16

presents a comparative analysis between the test results and the

theoretical calculations. It is evident from the figure that the

experimental and theoretical values of the propulsion force and

lift force on the robot exhibit similar trends of change, albeit with

a significant difference in amplitude. The theoretical calculations

and experimental results show that the peak forward thrusts are

approximately 0.93 and 0.92 N, respectively, which are nearly

identical. The low points of the propulsive force are approxi-

mately −0.05 and 0.12 N for the theoretical calculation and ex-

perimental results, respectively. The maximum error in the pro-

pulsive force is 0.47 N, with an average error of 0.20 N. The

maximum lift error is 0.31 N, and the average lift error is 0.12 N.

The reasons for the discrepancy in the experimental results

can be attributed to the following factors: (1) due to the small

effective area of the experimental tank, the movement of the

robot causes fluctuations in the water surface, resulting in addi-

tional shock; (2) during the experiment, the robot's pleopod is

made of resin material and a 1 mm silica gel film. The movement

of the pleopod causes elastic deformation of the silica gel film,

which may create a connection gap.

F IGURE 14 Curve showing the influence of the phase difference and angular frequency of the pleopod movement on velocity. (a) Effect of
frequency on velocity. (b) Effect of phase difference on velocity. [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE  15  Diagram of the straight motion process of the robot with a fixed head.]

http://wileyonlinelibrary.com


F IGURE  16  Dynamic results of the straight swimming motion of the robot with a fixed head. (a) Forward propulsion curve. (b) Forward 
lift curve. 

F IGURE  17  Sequence diagram of the turning motion process of the robot.]



5.2 | Turning motion experiment

5.2.1 | Robot turning motion

The turning motion of the bionic mantis shrimp robot is achieved

through the bending of the flexible spine combined with the

motion of the pleopod. The turning radius of the motion directly

correlates with the curvature of the spine. Figure 17 depicts the

turning process of the robot with a motion frequency of 3π rad/s.

The bending degree of the flexible spine was adjusted to 15°, 25°,

and 35° during the entire movement of the robot, resulting in

corresponding turning radii of 0.55, 0.45, and 0.41 m, respec-

tively. The overall motion of the robot was stable during the

turning process, indicating good motion controllability.

F IGURE  18  Turning motion under the fixed head of the robot.

F IGURE  19  Results of the turning dynamics with the fixed head of the robot: (a) propulsion curve and (b) lift curve.



5.2.2 | Turning dynamics verification experiment

Figure 18 illustrates the sequence of periodic motion images of the

robot while it is bending. The pleopod swing frequency is 3π, and the

robot's bending angle is 35°.

In Figure 19, the propulsion and radial force are displayed,

showing similar trends between the theoretical calculations and ex-

perimental data. In Figure 19a, the peak propulsion values for the

theoretical calculation and experimental results are approximately

1.22 and 1.25N, respectively. The low points of the theoretical cal-

culation and experimental results are approximately −0.06 and

−0.2 N, respectively. The maximum propulsive force error is 0.52 N,

and the average propulsive force error is 0.29 N. The fluctuation in

the propulsive force at the peak is mainly caused by water surface

fluctuations and force sensor rod jitter.

The radial force, as measured in Figure 19b, represents the turning

force of the robot. It exhibits a stable periodic change, verifying the

smoothmovement of the robot. In Figure 19b, the peak propulsion values

for the theoretical calculation and experimental results are approximately

0.73 and 1.02N, respectively. The low points of the theoretical calcula-

tion and experimental results are approximately −0.06 and −0.05N,

respectively. The maximum radial force error is 0.22N, and the average

propulsive force error is 0.16N. The unequal length and width of the pool

result in a relatively narrow water surface, which fluctuates when the

robot moves, influencing its movement to a certain extent.

5.2.3 | Force analysis of the robot under different
bending degrees

Figure 20 displays the turning force and lift force of the robot

measured by a six‐axis force sensor. The angular frequency of the

robot's motion during the experiment was 3π rad/s. In Figure 20a, the

different bending degrees of the robot (0°, 15°, 25°, and 35°) are

presented while turning left, showing the flexibility of the flexible

torso. Figure 20b depicts the measured lift force graph, indicating

that the lift of the robot remains independent of the bending degree

and is subject to fluctuations caused by disturbances in water flow.

Figure 20c presents the measured radial force diagram, illustrating

that as the bending degree of the robot's torso increases (0°, 15°,

25°, and 35°), the corresponding maximum radial forces are 0.42,

0.56, 0.71, and 0.91 N, respectively. This indicates that the robot's

turning ability improves with an increase in the degree of torso

bending.

F IGURE  20  Results of robot motion under different degrees of turning. (a) Experimental process diagram of the robot under different 
turning amplitudes. (b) Lift curves under different turning amplitudes. (c) Turning force curves under different turning amplitudes. 



6 | CONCLUSION

This paper describes the design of a bionic mantis shrimp robot 
system based on the physiological structure and motion character-
istics of biological mantis shrimp. The force and motion laws of the 
robot in the world coordinate system are studied, and the torso 
kinematics model and swimming dynamics model of the bionic mantis 
shrimp robot are established and verified through experiments. In the 
straight swimming experiment, the robot's motion velocity is influ-
enced mainly by the frequency of pleopod movement, and the 
maximum swimming velocity of the robot can reach 0.112 m/s. In the 
turning experiment, the robot demonstrated good motion stability 
and was able to complete turning motions of different radii. The 
experiment also revealed that the phase difference between the five 
pairs of pleopods greatly affects the robot's stability. Therefore, 
finding an efficient working interval with optimal robot velocity and 
stability is crucial for future research.

In future work, Fluent fluid dynamics simulations will be com-

bined with force analysis of the bionic mantis shrimp robot in water 
(Adkins & Yan, 2006). The mechanism design and motion control 
algorithms will be optimized to improve the swimming efficiency and 
flexibility of the robot. Additionally, vision sensors will be incorpo-
rated to enhance the robot's ability to perceive the underwater en-
vironment and expand its potential applications in marine recon-
naissance, seabed exploration, and rescue (Gašparović et al., 2023; 
Yan et al., 2023).
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