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Design of a search and rescue robot with crab-inspired rigid-flexible
coupling mechanisms

Zhou Jingsong,Zhang Jun, Xiao Yi,Song Aiguo

(School of Instrument Science and Engineering , Southeast University, Nanjing 210096, China)

Abstract: Search and rescue robots are important detection instrument platforms. To address the poor environmental adaptability of
existing rigid-structured search and rescue robots, a design method for the search and rescue robot with crab-inspired rigid-flexible
coupling mechanisms is proposed in this article. Firstly, the robot mechanisms are designed. Secondly, the lateral motion gaits of the
robot are designed based on crab motion experiments, and the feasibility of the gait design is verified through simulations. Thirdly, the
software and hardware systems of the robot are designed. Finally, experiments are implemented on the robot’s walking ability on multiple
terrains. Moreover, tests of functions, including dark light environment adaptability, human detection, and obstacle avoidance
capabilities, are carried out. The results show that this small-sized robot with simple control can realize basic motion functions, the
maximum velocity and the minimum power consumption of the robot during the lateral motion is about 3.4 c¢cm/s and 8.6 W, and the
angle range of the turning motion is +90°. Furthermore, the robot adapts well to different terrains and environments and can complete
search and rescue functions like environment perception and human detection.
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Fig. 1 Robot leg design
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Fig. 3  Motion sequences of the Chinese mitten crab
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Fig.4 Phase diagrams of typical gaits
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Fig. 6 Simulation parameters of joint angles for robot legs
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Fig. 7 Robot foot-end trajectories
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(a) Three-axis displacements of the robot
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Fig. 8 Simulation results of the robot’s lateral motion
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% 6 1

JEIARS 45 T 05 BE M SRR & DL A SRR L2 A L3 15

Jis SRR AEIR B | ) 4k Fi o s o E B E T, AR AL
TR A A B A | o G AR ek ] ACST712 55 AR
SRR B , AR IR e F TY901 £ JRRS R AR =4l
A N EE KSR R R 7RI B AR BB e
TR R ] VLS3LO SO BEAZ Je i | A A B ny A ke
HEF LD2410B 2 KU 7R ik, esm kit H BH1750 Ot
SRAGEAS . &ALk A ESP32-WROOM-32 it i 5
PC Sy, WiFi AN A SR LR A5, 52 B A& s A A
FEHIHE S MG, A RE R 2 i 9 (b) s ML
B R NI AT ORI B B | R Ak
A LED ST 2236 T 2 Bt R AR AN L i sk
M TCRAII G LR T T,
4.2 EHIFFEIT

HLES A B A R B LR RS A 9K 30 1 SR 1 K%
FREHLIR S RIPE T 7= I HLES A iz s il 1) #%
DFET HLRIR S 28 M FREML A, ZE MCU Hh 776k
HERKBIERNEER, R E Y LA LTS 4 i
AL SR RS e, 3l ok MCU 95 1 17 28 9K 20 5 4 1o 4
R RENLRIER; , S LS N 4540 L i3 Bl , AT 5230
PLas Nz s 281k

R T HEIMAILER NGB gl A e A it 4 ke 1 1 o
PR U R s Re M fF A IR Sh 3 4 ad F rp ok
FHAY % RV R SRS iR 4, Q& 10 7R

v~

0] : : : : ZOO:mS : : 400:ms
10 BEZIRahas R Sl b Bk sl ek 4L

Fig. 10  Drive functions of linear actuator during extension

and contraction phases

SREAT i R B B B W 4 B BE AR BN 4% 200 ms,
BB 0 5 NB, BUHERFRIIR (LB D, , 45 A
B D, WHEFTAE R N AR AR d,

DI _Do i .
d, =D, - 2 cos? +1), i=1,2,3,4,5

(2)

4.3 HB/AZEERSIEIT
Mlas Niz st f2 b 7 BT 2 Fpaz stk 19 Ul 434
SRR BT i R FAC LS ASEH 245 PC

S 4 _EAZAURIALAS A ) R ALALIE R L, BLA A i )
BT A LA A 18 BIPIRAS B 2D A X i 4 il 7
J  ZENCE] PC s b A AL a6 A AR A T8 A0 2L A )
HAG N5, TAHLTE RO B IR S g FAEHL A4 ], oE i
SCB Pl AR RIS sl (Rl TR AL SR £ JR
R AR AIBLAS JOIRZSAR B AL Jil ol PR A5 15 L 55 8l 5
Ak 2 B, AR PC S 58 OB 1 3 25 s Ui A7
filf S AR BE

W 11 s Hlgs A B ALELSE § DR AL AL
FERLIA AR 32 Bl A DR IR B PR AR
A RIS KA 5 S AR, o IR ] T4 il L
PEHLE T LA BRSO R ALRIAELIE T B T
ELE KB AR AT R FIAEHILIE R #1375 BR 7 Y 1Rl A 4 38
T, s SR SR Nz SR b S U)
He o ARSI T WA AN 1] 5L 1 32 Bhiod 7 v i)
A, HLE AR AR T s s O = b
A I JBE B Aty T BE A R G S A A B R e 2
PRI AR BRI 58 iR 5 15 B, LA B3 A% BADE SR 15
SRS E B ER R

BI1L BT B S e
Fig. 11 PC control software interface

=

5 SCIOFFER

5.1 t&EIEZHLE

FELas AR )3z 3 9 3 R 30 0o 8 AR B, i
Hl APl AL BB TEIAEE 12 (a) PR RAEDABIT
PFE RS L& F T 208 15 25 IR rp A R LT JEE R
BUBERE B8 M ALAS A0 R 1 I B Bl iR U f . 2
TEH ML T 2 i B SC 5, XL A 9 17 42 2 g
JIHEATINR Ve TGS AT S 56 3 1, 1l s A Ze
FAT DN A5 1) 2% HEAT 10 YR )12 B 52 4, B IR S0 14
4 ALUESERAE S, Wl 12(b) B bl
N I A7 HEA TR 1) sy R A s sh A 7 47
J N BRSBTS BT S LB S PR AR B0 LE 4G
R, HLAS N R 12 B8 A B0 BIAR, S Bras sl il
BT 0K,



16 %A R ¥ R Fa4%
Iy .2 R — S 3 o 7 8, \
1 .t 'R L W P J € L A

() BEBIHE
(a) Gait design diagram

PN PN S Y

(b) Experimental video sequences

K12 BLEs AR iz 320 25 R S g i 7 4]

Fig. 12 Gait design diagram and experimental video sequences of the robot’s lateral motion
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Fig. 13 Experimental results of the robot’s lateral motion
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(a) Sequences of the robot lowering phase
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Fig. 14 Video sequences of the robot’s turning motion experiment
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Fig. 15 Displacement of the robot on various terrains
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Fig. 16  Video sequences of the robot motion on rough terrains
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Fig. 17 Experiment of dark light environment adaptability
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obstacle avoidance

ARG H — b T B W SR A I LA O 1 R L 2 A

BTk Bt AL g B RIS S LA 00y 12 8l
A JVRE THLE Az 3 i B BEHL R SR A SE s 0
SET RecurDyn BAF(; EALAL THLAR A B9 LSS 8, Bk
TR B S RRRE P . XTSI R RL AR AR
HLEERT 1 R A S 96 I3, 20 475 - S i 102 1 A 1) A1 e 1)
12 Bl LA T REI 1, U7 UK M TF Fr) 3 S o7 P I, DA K%
M EER RIS I N BRI BE ) e R RE ) I, S
LRI ML AR ] M A PR 5 AT B i 5 0, e
SR SR BRI AE T RE . AR ST i A48 4
BLAS N EAT BN 25 BE e AR ] B2 I A
LT R AR K e R 5

5% 3k

(1]

[2]

PHUENGSUK R, SUTHAKORN J. A study on risk
assessment for improving reliability of rescue robots[ C].
2016 IEEE International Conference on Robotics and
Biomimetics (ROBIO) , IEEE, 2016: 667-672.

LI F, HOU S, BU C, et al. Rescue robots for the urban

earthquake environment [ J ]. Disaster Medicine and

[3]

[4]

[5]

[6]

[7]

[8]

(9]

[10]

(11]

[12]

(13]

[14]

Public Health Preparedness, 2023, 17. el81.
PETINAUX B, MACINTYRE A G, BARBERA ] A.
Confined space medicine and the medical management of
complex rescues: A case series[ J]. Disaster Medicine
and Public Health Preparedness, 2014, 8(1): 20-29.
HE J, GAO F. Mechanism, actuation, perception, and
control of highly dynamic multilegged robots: A
review[ J|. Chinese Journal of Mechanical Engineering,
2020, 33(1): 1-30.

CHEN Y, CLIFTON G, GRAF N M, et al. Optimal
planar leg geometry in robots and crabs for idealized rocky
terrain [ J |]. Bioinspiration & Biomimetics, 2022,
17(6) ; 066009.

ZARAR BN AR, 0, A T AT S Y Y
AN S E R ()] AR AR AR I, 2023,
44(1) :253-264.

LI J Y, HUANG Q L, YOU B, et al

teleoperation of hexapod robot based on force estimation

Trilateral

and switching control [ J]. Chinese Journal of Scientific
Instrument, 2023, 44(1) . 253-264.

ZHAI S, JIN B, CHENG Y. Mechanical design and gait
optimization of hydraulic hexapod robot based on energy
conservation [ J |. Applied Sciences, 2020, 10 (11):
3884.

AHMED F, WAQAS M, JAWED B, et al. Decade of
bio-inspired soft robots: A review[ J]. Smart Materials
and Structures, 2022, 31(7) . 073002.
KAJITA S, ESPIAU B. Legged robot [ M ].
Springer Handbook of Robotics, 2008 361-389.
BISWAL P, MOHANTY P K. Development of quadruped
walking robots: A review [ ] ].
Journal, 2021, 12(2) . 2017-2031.

SCARFOGLIERO U, STEFANINI C, DARIO P. The use

of compliant joints and elastic energy storage in bio-

Springer

Ain Shams Engineering

inspired legged robots [ J]. Mechanism and Machine
Theory, 2009, 44(3) . 580-590.

WATSON-ZINK V M. Making the grade: Physiological
adaptations  to
crabs[ J]. Arthropod Structure & Development, 2021,
64 101089.

CHEN X, WANG L, YE X, et al

development and gait planning of biologically inspired

Mechatronics, 2013,

terrestrial  environments in  decapod

Prototype

multi-legged crablike robot [ J].
23(4) . 429-444.

GRAF N M, GREZMAK J E, DALTORIO K A. Get a
grip; efficiency of
sideways-walking gait for an crab-like
robot[ J]. Bioinspiration & Biomimetics, 2022, 17(6) .
066008.

Inward dactyl motions improve

amphibious



20

O % 2 i

a4t

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

(24]

[25]

ZHANG J, LIU Q, ZHOU J, et al

compliant leg design method for adaptive locomotion of a

Crab-inspired

multi-legged robot [ J ]. Bioinspiration & Biomimetics,
2022, 17(2) : 025001.

LIU Q, ZHANG J, LI X, et al. A rigid and flexible
structures coupled underactuated hand[ C]. 2022 IEEE/
ASME International Conference on Advanced Intelligent
Mechatronics (AIM). IEEE, 2022, 1587-1592.

X SC, 1A, RecurDyn 24Kl Jp 24 ELAE Al N 5 2
M. dest: BT kR, 2013

LIU Y, XU K. Basic application and improvement of
recurdyn multi-body dynamics simulation[ M ]. Beijing:
Publishing House of Electronics Industry, 2013.

HONG Z, LI B, ZHANG H, et al.
generation approach for quadruped robot based on trotting
gait[ C]. 2016 35th Chinese Control Conference ( CCC).
IEEE, 2016 6068-6073.

WEI Z, SONG G, SUN H, et al. Turning strategies for
the bounding quadruped robot with an active spine[ J].
Industrial Robot: An International Journal, 2018, DOI .
10. 1108/1ir-06-2018-0119.

RIS A LT A
IEUIR CYN ED R L W e AR i N
2#4%,2016,30(5) :64-70.

HONG ZH, LI B, XIN Y X, et al. Comparison of three

kinds of turning generation methods based on diagonal

A turning gait

trotting gait of quadruped robot [ J]. Journal of Qilu
University of Technology, 2016, 30(5) ; 64-70.

AN R, SEROLAS Az S AL BT 5 47 ELF
FELI]. WS E,2015,32(2) :359-363.

HU SH H, ZHAO X L. Movement mechanism and
simulation analysis of searching and rescuing robot for
earthquake[ J]. Computer Simulation, 2015, 32(2):
359-363.

COLLINS S, RUINA A, TEDRAKE R, et al. Efficient
bipedal robots based on passive-dynamic walkers [ J].
Science, 2005, 307(5712) . 1082-1085.

CHEN W H, LIN H S, LIN Y M, et al. TurboQuad: A
novel leg-wheel transformable robot with smooth and fast
transitions [ J |]. IEEE Transactions on
Robotics, 2017, 33(5) : 1025-1040.

YANG W S, LU W C, LIN P C. Legged robot running
using a physics-data hybrid motion template[ J]. TEEE
Transactions on Robotics, 2021, 37(5) : 1680-1695.
PR XUARBH BRI, 45, BE TRUSE Y A FHL &% AR
U S AR L) ], I 5 AR 2 4, 2022,
36(12) :185-192.

XIE S B, LIU CH Y, CHEN F, Obstacle

recognition and path planning method based on mobile

behavioral

et al.

robot [ J].
Instrumentation, 2022, 36(12) : 185-192.

EEE N

Journal of Electronic Measurement and

BB, 2020 4 TR KA AR AT
(OIS E N2 N 2 e B ) e B 3 1 1
i A AR
E-mail ; javinzhou@ seu. edu. cn

Zhou Jingsong received his B. Sc. degree
from Southeast University in 2020. He is
currently a master student at Southeast University. His main
research interest is bio-inspired robotics.

S GEAFIE#) , 2008 4F T 508 T
REFFRAG 2247, 2013 4E T AR R AF 3015
TE2A 0, B K R KA RIS B, 22 F
FEIT I AT LR A R LA R R
AL A FIEES LS A 5E
E-mail ; j. zhang@ seu. edu. cn

Zhang Jun ( Corresponding author) received his B. Sc. degree
from Nanjing University of Science and Technology in 2008, and
received his Ph. D. degree from Southeast University in 2013. He
is currently an associate professor at Southeast University. His
main research interests include bio-inspired robotics, rehabilitation
robotics, space robotics and medical robotics.

H 37,2018 4F T8 M 122 Be 05 %+
A, 2021 AF T il 45 TR R 2 AR AT A 2
(AP N P NE L R R ] e s 3 1 i)

% 6] 5 HE LA A 2 BRI PIL A A AL A%
i -
E-mail ; xiaoyi_lgd@ 163. com

Xiao Yi received his B. Sc. degree from Changzhou Institute of
Technology in 2018, and received his M. Sc. degree from Army
Engineering University of PLA in 2021. He is currently pursuing
his Ph. D. degree at Southeast University. His main research
robotics  and

interests include bio-inspired robotics, space

machine learning.
REE, 55118 1990 4-F1 1993 4 T 1
m SR A 2 BTG
SN 1006 TR AR U M 2, BN R
P RF AR A I, R TS 1
PLES NAL S P BOR 55 A0 3] 3 #R A
RS,
E-mail ; a. g. song@ seu. edu. cn
Song Aiguo received his B. Sc. degree and M. Sc. degree both
from Nanjing University of Aeronautics and Astronautics in 1990

and 1993, Ph. D.
University in 1996. He is currently a professor and a Ph. D.

and received his degree from Southeast

advisor at Southeast University. His main research interests

include robotic sensor and control, signal processing,

teleoperation, etc.



