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Abstract

The development of robots equipped with grasping capabilities for ocean exploration and shallow water
collection is a crucial research area, where amphibious robots stand out as an ideal platform due to their
ability to switch between aquatic and terrestrial locomotion. In this study, we introduce a novel multi-
functional mechanical leg, integrated with a mechanical claw device, designed specifically for bionic
amphibious robots. The leg features a parallelogram-deformation-contraction structure (PDCS), and its
design was followed by a rigorous validation of the selected material’s structural strength through static
stress analysis. A comprehensive kinematic analysis was also conducted to assess the effective workspace.
Experimental results, obtained using the 3D-printed PDCS-equipped mechanical leg, revealed a
maximum grasping force of 22.5 N and efficient underwater mobility with a 6 N load. The grasping
success rate, aided by manual positioning, consistently surpassed 90%, indicating impressive grasping
adaptability. Furthermore, the robot’s ability to crawl on land was also confirmed.

Keywords: Amphibious spherical robot, multi-functional robot, integration, mechanical leg, underwater grasping structure.

1. Introduction

In shallow-water operations and marine exploration, the prolonged physiological burden on divers has
made robotic replacement technologies a prominent research focus [1]-[2]. A plethora of Underwater
Vehicle-Manipulator Systems (UVMS) have been studied and developed [3]-[5], encompassing robots

integrating rigid manipulators [6], flexible manipulators with mobile units [7]-[8], and humanoid robots
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[9]. Nevertheless, these systems typically depend on ships or other vehicles for transportation and
underwater deployment, and lack the ability to transition from land to water autonomously while
executing grasping tasks. Therefore, the development of robotic systems that can autonomously traverse
the land-water interface and execute underwater grasping tasks holds substantial breakthrough
significance. Amphibious spherical robots, leveraging their inherent capability for dual-environment
locomotion, offer an ideal platform for this objective.

Consequently, amphibious robotic platforms have been increasingly embraced in recent years for their
high adaptability to amphibious environments and operational autonomy, with bio-inspired amphibious
robots being of particular interest. Researchers have drawn inspiration from an extensive range of natural
creatures [10]-[11], including crabs, cockroaches, snakes, turtles, shrimp, lizards, frogs, and crocodiles.
Notably, Baines et al. developed an amphibious robot with adaptive limb morphing to enhance
locomotion efficiency across land-water boundaries [12]. Liu et al. proposed a bionic turtle robot with
visual-tactile sensing for terrain-aware gait switching [13]. Gu et al. established an acoustic
communication-based framework for multi-robot cooperation and instruction transmission [14]. Li et al.
introduced an improved motion control strategy with thrust allocation to strengthen stability under
environmental disturbances [11]. An et al. developed an underwater obstacle avoidance strategy for
spherical robots using an improved velocity obstacle method and ant colony-based 3D path planning [15].
However, research on amphibious robots has primarily focused on single-robot motion mode transition
in terrestrial and aquatic environments [12]-[13], underwater motion decision-making and control [4, 5,
11, 16], multi-robot collaboration [2, 17, 18], local communication among multi-robot swarms [19], and
the use of various materials for fabricating robots or their components [20]. Despite these advances,
integrating grasping capabilities into amphibious robotic platforms remains a significant challenge. Most

critically, the integration of grasping functionality directly dictates the extent to which such robots can
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genuinely substitute for human divers in collection and manipulation operations, and thus constitutes the

essential transition of amphibious robots from “mobile platforms” toward “operational platforms”.
The underwater environment constitutes one of the primary operational domains for amphibious
robots. These robots can achieve grasping functionality through the integration of robotic arms within
an UVMS. Previous research on robotic arms has encompassed typical rigid manipulators designed
for mechanical or heavy-load tasks, soft elephant-trunk manipulators [21], rigid adjustable soft
grippers [22], and soft grippers featuring a light-emitting octopus sucker-type tentacle structure [23],
etc. For example, Liu et al. developed a soft continuum manipulator with a reinforcement learning-
based controller for autonomous underwater grasping of seafood animals [24]. Nishi et al. proposed
an MR-based teleoperation system with a reaction torque indicator to improve grasping torque
regulation and usability for underwater robot arms [25]. Wan et al. fabricated three types of soft
pneumatic actuators via DLP 3D printing and demonstrated a soft robotic arm capable of underwater
grasping and sorting [21]. Liu et al. combined a benthic legged robot with a soft manipulator to extend
workspace and enable mobile underwater grasping in real-world environments [26]. Summarizing the
methodologies for attaining grasping functionality across various manipulator types and enhancing
structural integration during the amalgamation of amphibious robots with manipulators represents an
effective strategy for realizing integrated grasping capabilities. While some existing UVMSs exhibit
commendable grasping characteristics, the integration of the grasping and mobility units remains
relatively generic. This issue results in a considerable overall volume and insufficient flexibility and

concealment of the robotic system.

In this paper, a novel mechanical leg structure that integrates a grasping mechanism is introduced,
thereby proposing the concept of a unified multi-functional mechanical leg. This mechanical leg can
be attached to a bionic amphibious spherical robot, equipping it with grasping capabilities while
leveraging the robot’s versatile abilities to crawl on land and swim in water [27]-[28]. The primary
emphasis of this study is on exploring amphibious robotics, with the current limitation being the lack

of terrestrial grasping capabilities. Our proposed multi-functional approach within a single structure
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effectively enhances the flexibility and deals with the concealment deficiencies observed in
conventional UVMSs. This constitutes the primary and most significant contribution of this paper.
Additionally, a Parallelogram-Deformation-Contraction Structure (PDCS) for the composite design
is proposed. By employing this structure, the mechanical leg can efficiently incorporate the grasping
mechanism. The terminal end of this structure is designed with a sharp angle, facilitating the scooping
of target objects. Moreover, silicone shells have been integrated into the main contact areas of the

structure to enhance friction and improve grip during grasping operations.

The rest of this paper is organized as follows: Section Il elaborates on the principles underlying the
contraction, grasping, and movement of the innovative mechanical leg. Section 111 presents an analysis
of static stress and kinematics pertinent to the newly designed mechanical leg. Section IV details the
relevant experimental procedures. Section V comprises the discussion section. Finally, Section VI

concludes this paper.

2. Methods

2.1. Grasping Structure Design

Utilizing the mechanical leg as the carrier for the integrated grasping structure, one can readily draw
an analogy between the mechanical leg and a finger, where grasping is achieved through the mutual
contact of each finger’s tips. A method is required that is tailored for scenarios where the grasping
structure remains compact when not in use but can extend when needed. In this paper, we introduce the
PDCS. The principle of its contraction is illustrated in Fig. 1, which a’b’c’d’ is inspired by the PDCS
of a folding umbrella. Lines a’'f’ and c’e’ intersect at a fixed point d’. When the structure (indicated
by the red dashed box) is pulled to move, the M structure drives c'e' to rotate counterclockwise about d',
while a'f' rotates clockwise. Upon pulling the structure enclosed by the red dashed box, c’e’ is driven to

rotate counterclockwise about d’, whereas a'f’ rotates clockwise.
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(a) (b)
L5
L5 -
Fixed €¢— Fixed €¢—
e Folding Umbrella
l N {4 PDCS

Fixed Fixed
Fig. 1. The simplified structure of mechanical claw: (a) Contraction state; (b) Open state.

Among them, L4, L,, L3, L, represent the four connecting rod structures within the PDCS structure.
Ls denotes the sliding rod structure. e serves not only as the endpoint of L, but also as a slider
component that can move along Lg, thereby restricting and controlling the deformation direction of the
contracted structure. Point f represents the schematic location of the servo. a,b,c,d are the
connection points for the four links. The positions of Ls and f remain fixed. When the servo drives the
structure to open the grasping mechanism, the L, link rotates clockwise around point f. As a result, the
entire structure is opened up [29].

In this study, the grasping task was accomplished by driving a pair of opposing mechanical legs within
the grasping structure. A detailed introduction of the grasp space formed at the end of the grasping
structure is provided below.

The grasping structure terminates in a “three-finger” configuration. The central “finger” features a
plate structure with a specific width, while the two lateral “fingers” incorporate a sharp-angled end design
instead of a square structure, facilitating effective scooping of the object during grasping. For enhanced
functionality, the middle “finger” is strategically positioned either to the left or right of the center,
facilitating the interleaving of fingers from a pair of opposing grasping ends during the process of

grasping the target object. Additionally, in the inthe L, rod position, a removable baffle is incorporated
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to clamp both sides of the target. An upper baffle with a defined width is also added to prevent the object
from escaping from the top. Collectively, these elements form a grasping space that envelops the target

object in a “box”-like structure.

Furthermore, to address the challenge of grasping a smooth target, this design has undergone a
thorough analysis of the primary contact points between the grasping device and the target object, as
elaborated in Section Ill. To enhance grip and prevent slippage, silicone rubber casings have been
incorporated onto the corresponding parts, as illustrated in Fig. 2. It is noteworthy that the “two-finger”
located on the outer sides of the “three-finger” structure remain free of silicone sleeves, ensuring a
seamless and unobstructed lifting of the object.

Silicone rubber case

Sharp corner
The two outer fingers

Fig. 2. The details of the clamping structure.

2.2. The Novel Mechanical Leg Design

Regarding the overall structural design of the mechanical leg, we have adopted a three-joint and three-
link configuration. The three joints are designated as the “hip,” “femur,” and “tibia,” respectively, with
corresponding links named accordingly. The 3D design of the mechanical leg is depicted in Fig. 3. It is
important to note that the “hip joint” facilitates the leg’s horizontal plane swing motion, while the “femur”
and “tibia” joints enable vertical plane movement. The mechanical leg is equipped with a thruster,
allowing it to perform both land crawling and underwater swimming [30].

The grasping structure is fixed on the “tibia” link with three degrees of freedom and three active joints.

The contraction and opening of this structure are directly driven by the “tibia joint”. Fig. 3 (a) illustrates
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the grasping structure in its contracted state, while Fig. 3 (b) shows it in its open state. The range of
motion for the HC-joint is -45° to 45°, and for the HF-joint, it is -30° to 120°. The grasping structure has
a maximum opening angle of 120°. Despite the “finger” structure measuring only 10 cm in length, it is

capable of extending up to 17 cm.

(a) HC-joint
¥
Hip ‘
HF-joint
Grasping

Fti-joint

Fig. 3. The details of the mechanical leg: (a) Contraction state; (b) Open state.

The assembly of the mechanical leg structure on the robot is shown in Fig. 4. It should be noted that
prior to grasping an object, the robot adopts the configuration shown in Fig. 4 (a), which exemplifies a
typical locomotion mode in which four water-jet thrusters generate a resultant force in the desired
direction. Once the object is grasped, the robot transitions to the state illustrated in Fig. 4 (b). In this state,
two thrusters supply the primary vertical force, while the other two regulate horizontal movement via

swinging and water spraying.

,/f‘: Direction of swing /ﬁﬂ Direction of swing

,u}f\‘ Water-jet thruster:

v. Control movement
ﬂ

Servo: Control
the grasping
device to swing

Servo: Control t)
the opening of the
grasping device

Water-jet thruster: Control suspension

a b
Fig. 4. Schematic depiction of underwater motion states: (a) object in an ungrasped state; (b) object in a grasped state.

2.3. The Locomotive Functions Design

The gait design is inspired by turtle crawling and is illustrated in Fig. 5. The motion of the robot

primarily depends on the thrusters integrated into its mechanical legs to perform various tasks. Both
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swimming in water and crawling on roads have been extensively analyzed through theoretical studies in
previous robot iterations that lacked the novel structure [29]. During crawling, the entire cycle can be
divided into six distinct stages. The dashed section in Fig. 5 (a) represents the initial leg position. By
following the six phases of motion depicted in the image, the robot will advance in the northern direction
as indicated.

The improved mechanical leg structure incorporates an active joint to control the retraction of the
grasping mechanism. Each mechanical leg can move unidirectionally within a 45° range, see Fig. 3.
However, because the integration of the grasping mechanism increases the width of the distal end of the
mechanical leg to a certain extent, the swing amplitude of the leg must be constrained. In this study, the

sum of the angles between adjacent mechanical legs during motion is limited to no more than 40°, which
is related to gait of the robot. Namely ajeg; + aeg2 < 40°, the rotation direction of leg 1 and leg 2 is
shown in Fig. 5 (a). If the sum of ajeg; and ey, exceeds40°, collision between the two adjacent legs
will occur.

During the swing phase of each leg, the motion of the mechanical leg can be decomposed as illustrated

in Fig. 5 (b). In this figure, the transparent leg joints indicate the positions that the mechanical leg is

intended to reach during this phase.

T

Direction of crawling

‘ Lifting

Stage: 2

Stage: 4 Stage: 5

(a) the entire cycle (b) single-leg decomposition
Fig. 5. The schematic diagram illustrating the design of gait.

3. Simulation Analysis

In this section, we have conducted software simulation analyses as outlined in references [25,26].
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Initially, we modeled the workspace of the grasping structure, followed by a comprehensive kinematic
analysis. Subsequently, the grasping structure underwent a rigorous static stress analysis. Previous
research [24] employed metal materials for simulated static stress analysis. However, to precisely
replicate the production and application scenarios of the robotic leg, we conducted a reanalysis using
ABS material and supplemented it with an additional simulation scenario.

Regarding the software utilized, the structure was designed using SOLIDWORKS 2022. Subsequently,
a simplified model file was exported from SOLIDWORKS 2022 and imported into ANSYS software for
the completion of the static stress analysis. Additionally, the kinematics analysis of the grasping structure

was conducted using Matlab R2016b.

3.1. Kinematic Analysis

Taking into account the three joints of the grasping structure and its three-dimensional workspace, the
grasping structure model was simplified for kinematic analysis to assess the workspace for grasping, as
depicted in Fig. 6 (a). The spatial coordinate system for the workspace was established as shown in Fig.

6 (b). For the theoretical kinematic analysis, the D-H joint parameter method was employed.

1 7) B Bg—l'A
@ = <
4’:?\ - I
SN 3
NS
a b

Fig. 6. The figures of workspace: (a) Simplified drawing of the structure; (b)Space coordinate system.

Firstly, we focused on the “tibia” joint. In practical grasping scenarios, the optimal grasping effect was
observed when the opening degree was maximized. Therefore, the adjustment angle of the “tibia” joint
was set to its maximum opening degree, allowing us to further investigate the effective workspace range

of both the “femur” joint and the “hip” joint. The geometric analysis of the “tibia” joint Space activity is
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shown in Fig. 7 (a). Due to the parallel structure, the spatial relationship between the plane containing gh
and the plane containing ci is influenced solely by the opening angle of the PDCS. When the plane
containing gh is parallel to the plane containing ci, ~gbc = 100°, ~gba = 30", the angle y is 73°,
which can be obtained using Eq. 1:

y =360° —180° — Ledf — £fej — £fed = 110" — ~£fej — ~fed (1)
where sedf = Zadc = Zabc =70°, ef? = ed? + df? — 2ed - df - cos ZLedf.

In the fabricated 3D-printed structure, the links ab and cd are designed with a finite width. When
the PDCS moves to the position where the two links ab and cd come into contact, that is, when the
height aa’ of parallelogram abcd with respect to base cd reaches 13mm, the PDCS attains its
maximum opening angle. Substituting this value into Eq. 1 yields Zedf = 18’and y = 129°. Hence,

the effective working angular range of the PDCS is determined to be from 73° to 129°.

V/

B 4 o
- - L
B Ly 5¢ I L

o Y

(a) Geometric analysis of the tibial joint; (b) Planar analysis of the grasping structure

Fig. 7. “Tibial joint” and grasping structure analysis diagrams.

Next, the activity angle of the “femur joint” during the formation of the grasping workspace is analyzed.
As shown in Fig. 7 (b), with the “hip joint” fixed at its initial position, the planar analysis diagram
illustrates the projection of the grasping structure onto the YOZ plane. The arrow near point A and ¢
represent the counterclockwise rotation angle of the mechanical leg structure at point A. The projection

function equation of the grasping structure on the YOZ plane is given as follows:
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(lng: 21 = —tan (9 + E) 1 —y) + 2 (9 + g)

1=y (0+3)
\ lpiizy = tan(a) - (v, — ¥p) + 2p (2)
lnn:z3 = tan(a) ) (Y3 - :Vm) + Zy
7
L lgnizg =tan (ﬁ—@)-(y4—yg)+zg

The relevant angle and coordinate expressions satisfy the following relationships:

21 b4 (1+14-cosa)
( Yy=—,a==-—y,cos0 = ——
3 2 Ly

Yp = lz-cosa + 1, - cos0,z, = I3 - sina + 1, - sinf
Vg =yb—l5-cos(9+g),zg =Zb+l5-sin(9+%)

U’m=yb—bm-cos(9+g),zm=zb+bm-sin(9+g)

3)

Table I lists the constant segment lengths involved in the simulation. it is worth noting that when the
angle of the “tibia joint” is determined, the transformation relationship between the 0’ —xyz and O —

XYZ coordinate systems can be obtained using the following transformation matrix:

( 1 0 0

0 cos (,B - g) —sin (,[)’ — g)

0 sin (/3 - g) cos (,B - g)

1Tor_p =10 —lg-cosB+1-sinf —lg-sinf —1-cosB]” (4)

Ryrip =

cosé -—sind 0
Rg_o = |sind cosd 0]
0 0 1
\ Tg_o =10 —lio—1l1x O]T

TABLE | SIMULATION OF LINE SEGMENT CONSTANTS

Segment  Value/mm  Segment Value/mm Segment Value/mm

I 20.3 la 53.6 Is 1215
I 20.0 Is 72.3 lg 52.0
I2 65.8 ls 11.4 l1o 98.1
I3 53.7 I7 25.0 I 39.0

In this paper, Fig. 8 (a) illustrates the software simulation diagram, which depicts solely the effective
portion of the grasping structure. The software simulation analysis revealed that the “three-finger”
structure of the grasping mechanism started to intersect when the “femur” joint rotated, causing the
“femur” link to swing from the horizontal position to approximately 86°. As the “three-finger” structure

continued to rotate to about 95°, the degree of intersection reached its maximum, preventing further
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rotation. At this point, the dimensions of the effective grasping target were 74 mm*48 mm*21 mm.

In addition to the “femur” joint, the “hip” joint also contributes to the spatial flexibility of the grasping
structure. When the “three-finger” structure intersects, the range of motion of the “hip” joint becomes
constrained by this intersection. The simulation results revealed that the effective range of motion for the
“hip” joint was -3° to 7°. Fig. 8 (b)-(d) illustrate the left limit, right limit, and initial state of the workspace

scope, respectively.

Diagram of the workspace extent of the "femur bone" Diagram of the workspace extent of the "hip bone"
Rotation Angle: -3°
50
40t
30
g 20
_E_ 101
£ of
T .10
> 20t
-30
40
Y-axis/mm 35 < 540 -50 L - . .
300 458 -80 60 -40 -20 O 20 40 60 80
X-axis/mm X-axis/mm
a b
Diagram of the workspace extent of the "hip bone" Diagram of the works!nace exlent:)f the "hip bone"
Rotation Angle: 0° Rotation Angle: 7
50 ¢ 50
40 - 40
30 - 30
20 - £ 20
£
g 10 % 10
2 o] £ 0
© .10 ;E -10
b -20
-20 30
-30 40
407 -50
50" : ‘ ‘ : : : : : : :
80 60 -40-20 -0 20 40 60 80 100 -80 60 -40 -20 O 20 40 60 80 100
X-axis/mm X-axis/mm
c d

Fig. 8. The schematic diagram of the kinematic analysis: (a) The workspace simulation of the “femur joint”; (b) The workspace simulation
of the “hip joint” (the left limit); (c) The workspace simulation of the “hip joint” (the right limit); (d) The workspace simulation of the “hip
joint” (the initial state).
3.2. Static Stress Analysis

First and foremost, static stress analysis should focus on examining the primary contact surfaces and
the key force-bearing components of the grasping structure during the grasping process. For the grasping

structure, there are three distinct cases to consider. The schematic diagram of these three cases is

presented in Fig. 9, where the lake blue object represents the object being grasped, and the red part
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highlights the primary contact area when grasping an object of that particular size. Figs. 9 (a)-(c)
correspond to the three cases of small, medium, and large object sizes, respectively. It is important to
note that the blue cylinder depicted in the figure serves merely as an illustrative example of objects of
varying volumes, used to determine the main force distribution areas within the grasping mechanism

when handling objects of different sizes, rather than being limited to cylindrical objects alone.

Fig. 9. The schematic of the grasping for the three cases: (a) Small size; (b)Middle size; (c) Large size.

In addition, when the grasping structure grasps the object, the slider will cause pressure on the rod.
Therefore, it is also necessary to analyze the force of the rod. The following is the simulation analysis
results of the two parts. Regarding the choice of material, the grasping structure, the slider accessories
and rod connectors are made of ABS with a yield strength of 45 MPa. The slider rod is made of stainless
steel with a yield strength of 137 MPa.

3.2.1. The static stress analysis of grasping structure

This simulation experiment mainly tested the load-bearing ability of a single grasping structure. A

vertical force was applied to the middle “finger” region. The limiting case of applying force here could

be obtained after several tests as shown in Fig. 10.
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I: middle-14N
Type: Equivalent (von-Mises) Stress
Unit: MPa
Time:1s
2024/8/2 13:20

44.603 Max
39.647
34.691
29.735
24.779
19.823

14.868
99117
4.9559
0.00 50.00 100.00 (mm)
[ — m—]

25.00 75.00
(a) Stress diagram

5.2585e-8 Min

I: middle-14N

Type: Total Deformation
Unit: mm

Time:1s

2024/8/2 13:24

19.671 Max
17.486
153
13.114
10.928

87428

6.5571 Z
43714 ,;
21857

0 Min 0.00 50.00 100.00 (mm)

25.00 75.00

(b) Displacement diagram

Fig. 10.The simulation result diagram of static stress analysis 1.

In this case, the magnitude of the applied force was 14 N, which was the maximum value. In Fig. 10
(@), the place where the maximum stress was indicated was the junction of the middle “finger” and
“palm”. The maximum stress was 44.6 MPa. In Fig. 10 (b), the maximum deformation was 19.7 mm at
the fingertip of the middle “finger”. However, there were no nonzero values in the equivalent plastic
strain map.

Then, considering the grasping situation of an object of medium size, forces in the vertical direction
of the two contact surfaces were given to the middle areas of the outer “two-finger”. The limiting case of

applying force here could be obtained after several tests as shown in Fig. 11.
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G: outer side-30N
Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 1s
2024/8/2 13:27

44,842 Max
39.86

:>
L. 2 1858e-6 Min 0.00 50.00 100.00 (mm)
]

25.00 75.00

(a) Stress diagram

G: outer side-30N
Type: Total Deformation
Unit: mm

Time:1s

2024/8/2 13:27

7.6383 Max
6.7896

1.6974
0.8487 [
0Min 0.00 50.00 100.00 (mm)

]

25.00 75.00

(b) Displacement diagram

Fig. 11.The simulation result diagram of static stress analysis II.

In this case, a total of 30N forces were applied. The place with the maximum stress in Fig. 11 (a) was
the place where L, and L, were connected. The maximum stress value of the stress diagram was 44.8
MPa. In Fig. 11 (b), the maximum deformation was 7.6 mm at the end of the grasp. There were no
nonzero values in the equivalent plastic strain map.

Finally, considering the case of grasping a large size object, a force in the vertical direction was applied
to the two terminal contact surfaces of the “two fingers” on the outer side of the “three-finger” structure.
The limiting case of applying force here could be obtained after several tests as shown in Fig. 12.

In this case, the total force applied was 25 N. The place with the maximum stress in Fig. 12 (a) was
the place where L, and L, were connected as well. The maximum stress value of the stress diagram
was 44.1 MPa. In Fig. 12 (b), the maximum deformation was 7.5 mm at the end of the grasp. There were

no nonzero values in the equivalent plastic strain map.
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H: end-25N
Type: Equivalent (von-Mises) Stress
Unit: MPa
Time:1s
2024/8/2 13:25

44,056 Max
39.161
34.266
29.371
24476
19.58

= 14.685
9.7902 pe
48351 . 50.00 100.00 (mm)
| EEaa—— ES—

3.0283e-5 Min

L]
]

25.00 75.00
(a) Stress diagram
H: end-25N
Type: Total Deformation
Unit: mm
Time:1s
2024/8/2 13:26
7.5387 Max
6.7011
5.8634
5.0258
4.1882
3.3505
25129
1.6753
0.83764 0.00 50.00 100.00 (mm)
0 Min —2500:—7500:1

(b) Displacement diagram

Fig. 12.The simulation result diagram of static stress analysis III.

3.2.2. The static stress analysis of slider

After giving a vertical sliding rod direction force at the connection between the slider and the
connecting rod, the limiting case of applying force here could be obtained after several tests as shown in
Fig. 13.

In this case, the total force applied was 16 N. The Fig. 13 (a) indicated that the maximum stress was
at the chute where the slider contacted the slider rod. The maximum value was 69.8 MPa. There was also
no red area (greater than 45 MPa) in the ABS material section. In Fig. 13 (b), the maximum displacement
was 2.9 mm. Although the load-bearing limit of the slider part is not high, the driving servo provides the
main force and torque to offset the impact of the target object during grasping. Therefore, the pressure

on the slider part is not significant, and the load-bearing does not affect the actual grasping.
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Fig. 13.The simulation result diagram of static stress analysis IV.

4. Experimental Results

Our team used 3D printing technology to complete the manufacturing of mechanical legs. Below is a

detailed overview of the specific experimental procedure.

4.1. Experiments on Grasping Ability and Load Capacity

After installing the mechanical leg onto the robot, a small metal box was used in this study to evaluate
the maximum capacity of the grasping structure, fabricated using 3D materials, for objects of specific
weights. The upper limit of the grasping structure’s ability to hold the target was determined by
continuously adding counterweight iron pieces, each weighing 50 g. Fig. 14 illustrates the diagram
depicting the iron sheet reaching the maximum counterweight and the schematic representation of the
robot’s grasping situation during the experiment. The experimental results indicate that the grasping

structure exhibited a maximum grasp capacity of approximately 22.5 N when using 3D printing materials.
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During actual robot movement, the acceleration exerts a greater force on the paw than the weight of
the object to be grasped. Consequently, the upper limit of the grasping structure’s ability to hold the target
object will be less than 22.5 N in such cases. However, due to constraints related to the experimental site
and available laboratory equipment, we only tested the maximum grasping capacity of the structure in
the robot’s static state. Additionally, considering the robot’s weight of 9.5 kg, the acceleration provided

by the thrusters for continuous upward movement over a period of time will not exceed 1 m/s2. Even in

the extreme case of 1 m/s?, the influence of motion on the grasping capacity is minimal.

;

Fig. 14.The experimental graph of the upper limit of grasping ability.

The following is an assessment of the robot’s loading capacity in water. Considering the movement
task after grasping, two of the robot’s mechanical legs are required to control its motion, while the other
two mechanical legs are responsible for the grasping task. For efficient and convenient testing, the robot’s
grasping structure was rotated to 90°. The thruster speed was adjusted to a high value capable of
sustaining the robot’s operation for a specific duration. In this experiment, underwater movement is
achieved by changing the thrust of the water-jet thrusters. The load was incrementally increased by
continuously adding counterweight iron pieces above the robot, each weighing 50 g. The maximum load
capacity of the robot was determined based on its ability to remain suspended after the addition of the

iron pieces. Fig. 15 illustrates the diagram of the robot’s load reaching the upper limit of the
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counterweight. According to the experimental results, the robot’s upper load limit in water is 6 N, at

which point the robot was in a state of equilibrium, neither sinking nor rising.

Fig. 15.The experimental diagram of the upper limit of load capacity.
4.2. Grasping Adaptability Experiments

The next step involves testing the grasping adaptability of the grasp structure to various types of target
objects. Our team selected a diverse range of objects for underwater grasping experiments. The schematic

diagram illustrating the various types of objects is presented in Fig. 16.

d e f

Fig. 16.The diagram of grabbing the object: (a) A small smooth acrylic ball; (b) A conch; (c) A large smooth acrylic ball; (d) A vertical
cylinder; (e) A rectangular box; (f) A plastic bag.

Among these, object a represents a small-sized and smoothly regular object, while object b represents

a medium-sized and roughly irregular object. Objects c, d, and e represent large-sized and smoothly
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regular objects, whereas object f represents a flexible and deformable irregular item. Given the scenario
where the robot system replaces divers for collecting marine creatures and cleaning up marine debris, we
have chosen a conch as item b and a plastic bag as item f. To assess the grasping effect of friction when
handling large-volume items, we selected a vertical cylinder as item d and a rectangular box as item e.
Since the primary objective of this underwater grasping experiment was to validate the grasping
characteristics of the newly designed mechanical leg, its performance was evaluated based on its ability
to successfully grasp various types of objects. Consequently, manual intervention was employed for
motion control during the grasping process, rather than automatic control. Fig. 17 provides a top view of
the grasping experiment area, clearly marking the placement of the underwater camera, the position of
the objects to be grasped, and the target area where the robot intends to move after grasping the object.
Besides, Figure 16 also presents a schematic diagram iliustrating the dimensions of the target area, which

measures approximately 500.0 mm by 500.0 mm.

The target area for the
robot to move

underwater camera

|

Fig. 17.The top view of the grasping experiment area.

In the grasping experiments, a total of seven sets of 20 trials each were conducted on six different types
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of objects. During these experiments, the target objects were submerged to the bottom and maintained in
a stationary position. A grasp was considered successful if the robot was able to pick up the object and
move it to the target area. Conversely, if the robot failed to grasp the target object or if the object dislodged
from the mechanical claw during transport, the grasping action was deemed unsuccessful. The statistical
plot depicting the number of successful grasps in the experiment is shown in Fig. 18. According to the

statistical graph, the overall success rate of the grasping experiments was high.

Statistical plot of the success rate of the grasping experiment

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

a small size a conch @ large size  a black plastic A vertical A rectangular A rectangular
acrylic ball acrylic ball bag cylinder box(wide box(narrow
bottom) bottom)

Fig. 18.Statistical plot of the grasping experiment.

The mechanical claw easily grasped the center of gravity of the target due to the regular shape of the
acrylic ball, the ease of deformation, and the large surface area of the plastic bag, making a 100% success
rate credible. However, the irregular shape of the conch made it difficult to locate the center of gravity
during manual positioning, leading to grasping failures, and thus, an 85% success rate is also considered
credible. Although the vertical cylindrical water bottle primarily relies on a minimal contact surface for
friction, the grasping structure provided a superior clamping effect, resulting in a trustworthy 95%
success rate for lightweight water bottles.

The experiment involved gripping a rectangular box in two different orientations: one with the narrow
face submerged in water as the bottom, and the other with the wide face submerged. In the first scenario,

the grasping end had a larger contact area to generate friction, resulting in an effective double-clamping
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effect and supporting a 95% success rate. However, in the second scenario, the grasping end faced
challenges in lifting or gripping the box due to the limited contact area providing friction, leading to a
success rate of less than 60%. It is also worth noting that the influence of object weight on the mechanical
leg was mainly reflected in the uniformity of weight distribution. When the weight was unevenly
distributed, the grasping success rate fell below 75%. In contrast, for objects with a regular shape and a
weight within the load-bearing capacity of the mechanical leg, the success rate exceeded 90%.

During the process of grasping the target object, we identified five factors that may contribute to
unsuccessful grasping. Firstly, the position of the object can be altered by changes in water flow around
it when the mechanical leg opens to grasp. Secondly, the water jet from the thruster can also induce
changes in water flow, subsequently affecting the object’s position. Thirdly, manual errors may arise
when aligning the robot with the target object, leading to misalignment. Fourthly, significant weight
distribution imbalances in the grasped object can impede the mechanical leg’s ability to accurately grasp
key areas. Lastly, relying solely on friction from a single end may be inadequate for gripping large
objects.

The first factor has minimal impact due to the slow opening of the mechanical leg. Similarly, the
second factor has negligibie influence as the water jet direction of the thruster does not align with the
direction of the grasped object. Both the third and fourth factors are primarily attributed to misalignment
between the mechanical leg and the center of gravity of the target object, serving as the main causes of
failure. The fifth factor primarily applies to bulky and heavy objects.

The detailed experimental procedure can be found in the supplementary materials. In the underwater
experiment, the robot initially grasps the target object and then navigates to the designated area while
maintaining its grip. To illustrate each stage of the grasping experiment, we take the example of grasping

a small red ball.
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In Fig. 19, Group A graphs depict the grasping process of each object as recorded by the underwater
camera during the experiment. Group B graphs, on the other hand, illustrate the robot’s process of
transporting the grasped objects to the target area behind it and subsequently releasing them. The five
images in Group A represent the five stages of preparation, opening of the grasping structure,
approaching the target, initial grasping of the target, and complete grasping of the target. Similarly, the
five images in Group B represent the five stages of the initial state, continuous approach to the target
area, arrival above the target area, release of the target object, and completion of the grasping structure’s

contraction.

~ PN . % ~ e
A The robot The robot The robot The robot The robot

The object ~

The object ~ The object ~ The object ~ The object ~

N
The robot ™ The robot

N N N
The robot The robot The robot

— The object

N N N Y N
The target area The target area The target area The target area The target area

Fig. 19.The diagrams of grasping experiment (the smooth red small size acrylic ball)

The experimental results of the grasping tasks demonstrate that the grasping structure has successfully
completed the task for each target object in the experimental scheme. These results indicate that the new

mechanical leg proposed in this paper has successfully integrated the grasping function to a certain extent.

4.3. Land Crawling Experiments

After the installation of the new mechanical leg, the robot’s swimming experiment in water exhibited
a similar movement pattern to its predecessor, as evidenced by the aforementioned grasping experiment.
Achieving precise control over the robot’s motion solely requires refining the control algorithm, which
is beyond the scope of this paper. However, on land, the crawling experiment was influenced by both a
reduction in movable joints and an increase in single leg volume due to the mechanical leg modifications.

This subsection empirically evaluates the robot’s crawling function using three different gait cycles. The
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experimental setup is illustrated in Fig. 20 (a), while Fig. 20 (b) presents the velocity statistics for the

different gait cycles. These results indicate that the robot still possesses some crawling ability.

Statistical plot of crawling speed
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Fig. 20.The diagrams of clamping experiment: (a) The experimental scene; (b) The statistical plot of crawling speed.

The crawling experiment of the robot can be seen in the supplementary video. Based on the outcomes
of the crawling experiment, it is evident that the robot’s crawling speed has decreased. This reduction
can be primarily attributed to the modifications in the leg structure, which have affected the step length
settings during the robot’s gait design. Specifically, within the same gait cycle, a decrease in step length
has resulted in a corresponding decrease in speed. Notwithstanding, as observed in the experimental
video, the robot retains- its crawling capability, thereby adequately demonstrating its crawling

proficiency.

5. Discussion

Based on the analysis of the simulation and grasping experiments conducted on the new mechanical
leg mentioned above, the following points merit attention and discussion:
(1)Material selection for the new mechanical leg. In consideration of production convenience and cost-
effectiveness, our team temporarily selected a type of resin (ABS-like material) for the
manufacturing of the grasping structure. This material allows a single grasping structure to

withstand a vertical downward force of up to 30 N. However, the actual load-bearing capacity is
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influenced by the specifications of the servo and power consumption. Meanwhile, some high-
strength, lightweight aluminum alloys could potentially yield better experimental performance.

(2)Load capacity of the robot. The robot’s load capacity is primarily supported by the thruster. In this
study, the maximum load capacity of the robot in water is 6 N. In the future, the load capacity can
be increased by adjusting the thrust of the water-jet thruster according to actual operational
requirements.

(3)Robot grasping experiment design. The experiment primarily focused on evaluating the structure’s
grasping capability across various types of objects. The experimental process of the robot grasping
the target object is shown in Fig. 21. Therefore, the high experimental success rate observed in this
context is both credible and effective. However, the impiementation of the robot’s grasping function
still necessitates autonomous target localization, which will be addressed in our subsequent
experimental research. The achievement of a high grasping success rate in this context will be a
crucial indicator. The grasping adaptability of the robot is analyzed in Fig. 22, and the volume
constraints for objects of varying shapes is discussed. Based on the grasping characteristics of the
structure, the primary consideration was to derive cube models that are tangent to the main section
of the target object from different shapes. Subsequently, different volume limits were determined
based on the varying contact surfaces between the cube and the grasping structure. In conjunction
with the analysis of the three contact conditions presented in Section 111, the upper limit for the first
case is 85 mm*85 mm*85 mm. When any dimension along the XY Z axis exceeds 85 mm, the second
case must be considered for application. In the second case, we set the upper bound of the X-axis to
be no larger than the robot’s size. When the XYZ dimensions of the target object surpass the
corresponding upper bound size of the second case, the third case is considered. In the third case,

due to the minimal contact area between the grasping structure and the target, the focus is primarily
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on targets with large volumes but relatively light weights. For such objects, weight becomes the key

consideration. Therefore, the target volume limit in this case is not discussed. The discussion

regarding the upper limit of the target grasping weight is elaborated upon in the static stress analysis

in Section 111 and the experiments in Section IV.
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Fig. 21. The experimental process of the robot grasping the target object.
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Fig. 22. The grasping adaptability of the robot.
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(4)The movement mode of the robot. This study represents a comprehensive exploration centered

around the amphibious robot platform. Building upon the previous generation of robots, which

successfully demonstrated underwater parading and land crawling capabilities, this paper introduces

the grasping function of the newly designed mechanical leg. The structural modifications of this

new mechanical leg are primarily discussed in the context of underwater swimming and land

crawling, without delving into intricate theoretical analyses or control methodologies. The new legs

are designed to preserve as much as possible the water swimming and land crawling capabilities of

their predecessors, thereby showcasing the effective integration of three key functions: underwater

grasping, underwater swimming, and land crawling.

(5)The versatility of robots. In contrast to other robotic platforms that often incorporate separate robotic

arms for grasping, leading to increased overall volume. To address this limitation and enhance
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versatility, we have focused on developing a unified structural unit that integrates grasping
functionality directly into the robot’s motion module. By leveraging the existing structure of the
motion module and extending it to incorporate a contraction mechanism that also serves as a
grasping device, we have successfully multi-functionalized a single component. Our experimental
results demonstrate the robot’s ability to perform a range of tasks, including crawling on the ground,
swimming in water, and grasping objects within aquatic environments, all while maintaining a
compact design. This integrated approach represents a significant advancement in robotic versatility

and functionality.

6. Conclusions and Future Work

Based on a bionic amphibious robot platform, this paper presents an innovative modification of the leg
mechanism that integrates a grasping function while preserving the robot’s original capabilities for
terrestrial crawling and underwater locomotion. This design achieves multifunctional reuse of a single
mechanical structure, significantly ¢nhancing the robot’s operational flexibility and concealment. By
exploiting the deformation characteristics of a PDCS and incorporating a sliding pair structure, the
grasping mechanism is effectively combined with the joint of the mechanical leg. A series of simulations
and grasping experiments demonstrate that the proposed structure successfully integrates the grasping
function and exhibits good adaptive grasping performance underwater. Future work will further optimize
the sensing capabilities and grasping control of this structure to achieve autonomous and precise

underwater grasping.
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