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Design and Experiment of Biomimetic Drag-reducing Excavating Shovel
for Stone-picking Machine Based on Foretoe Structure of Badger

Wang Tao' Ding Shengrong' Yang Ranbing'® Liang Qimin' Wu Minsheng' Zhang Tao' Zhang Jian'
(1. School of Mechanical and Electrical Engineering, Hainan University, Haikou 570208, China
2. Key Laboratory of Tropical High-efficiency Agricultural Intelligent Equipment,
Ministry of Agriculture and Rural Affairs, Danzhou 571700, China)

Abstract; Aiming to address the issues of high excavation resistance and excessive energy consumption
encountered by traditional stone-picking excavator shovels during field operations in Hainan red soil, two
biomimetic excavation shovels with enhanced resistance-reduction efficiency were designed based on the
forepaw toe structure of the hog badger (Arctonyx collaris). The resistance-reduction performance of these
shovels was analyzed by using the discrete element method ( DEM ). Typical red soil and stones from
Hainan were selected as research materials, with the stones modeled as rigid bodies, and soil-particle
interactions described by using the Hertz — Mindlin with JKR contact model to establish a composite
stone — soil discrete element model. The external morphological and dimensional data of the third forepaw
toe of the hog badger and the representative stones were obtained via three-dimensional scanning
technology. Key geometric features were extracted, and three-dimensional models of the biomimetic
excavation shovels and stones were constructed by using Solidworks software. Based on the digital model
of the paw, two biomimetic excavation shovels, designated Type 1 and Type 2, were designed.
Excavation resistance was chosen as the primary evaluation index, and a soil — stone — shovel interaction

model was established by using EDEM software to analyze the resistance-reduction mechanism of the
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biomimetic shovels. The simulation results revealed that the resistance-reduction rates for Type 1 and

Type 2 biomimetic excavation shovels were 8.37% and 15.43% , respectively. Field experiments were

conducted to compare excavation resistance and soil-breaking performance. The average excavation

resistances of Type 1 and Type 2 biomimetic excavation shovels and the conventional flat shovel were 1
384.9 N, 1296.4 N and 1497.7 N, respectively, corresponding to resistance-reduction rates of 7. 52%

and 13.42% ,

which closely aligned with the simulation results. Moreover, soil particles produced after

operation with Type 2 biomimetic excavation shovels exhibited a smaller particle size distribution,

indicating that the hog badger-inspired Type 2 shovel demonstrated superior resistance-reduction and soil-

breaking performance, making it well-suited for stone excavation operations in red soil conditions.

Key words: biomimetic; stone-picking machine; digging shovel; drag reduction; discrete element
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in red soil farmlands
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Fig.4 Determination of soil moisture content

FEA R3Sk R A
m, —m,
w,=——— x 100% (1)

Arp w,——LEKE, %
m,—— LRI IR A
m,—— R AR BT LR g
S ZHELKE, HTHBKEN 0 ~100 mm
T T E KN 9. 18% , TRIE 5 100 ~200 mm -
B2 5 KRR 22.27%

2 AN BEEZEETRT

3 3k 6T A6 4 T JTCIE 45 4 1) A9F 5, A B HG i TC Bk
Rim LW RHIE , A& R L BrEaE. R



182 g ok ML B ¥

2026 4

IR SZHRAT Sy v, 2 T DAL 00 5 4 fih - S R 7 Bl T 22
DifpSe Bt ik — i A A2 6 45 M 1 A AR AL h P
BT R R B o A R A IR T R R O
PRI AR R B9 TC 5, 325 B R 3t T AR AT A
20 m® , AR 5% B M T ATk 10 m T g e A
ATBEREAT AR5, K BRI IEA 5 Bk, W S frow, o
155 3 ik f <, i mE R T 52 26 = A IR B0 IR, 4
oy B2 g, B 0 RO BUIE AR RE T 55 B A RE L 2 A
MEAEHE o 72 vp R P 32 2l AT 55 0 OGS S5 A B
Jho PG, BECHT USRS 3 Bk, BF 58 HARR AR 45 44 5 il ThT
FEE. WA 6 Fros iz bk S Sy - 9 i 9 5 IR
JE S SRS B TRk BT A , DA 000 U A I AR A
(U ol TR 4540, 300 % B R . 32 B T e S S S O
R, BA RAFAYA L5 ) VERE , n] 7E 90 4R i 1 By
B 8003 Ot i MR S T A4 B TR T, 98/ fik
[I0Fi208

K5 AgEwT TR
Fig.5 Forepaw toes of badger
L1 2.2 3.3 4.5540 5. 550

6 REYE 3 BLAFAESE Y
Fig. 6  Characteristic structure of the third toe of badger

WAL S 6 FT 7R, ) RERTINES 3 ik i) AR 48 46 5 e
LGS T Gh L L R AL, OB IRE S 24K
HURESIVEAE (A k- 3 V53 S ERu 1 A E AN B A
SR 28 U R T 5 T Gk ek 1) DA WA, T R BRIV I Ao A
A 1o JRE R Y R T 1) R S Ak . LA RRAE
ol TCRE £ Al o 7 P B R AP A i v
Wsh R . A B4 &5 T S &pdl
B HA R 2 A Bl B BLIE B B RE TR A 400 1)
A B N4 S TR AR B AT I N 2 3 B ), S RESE i
I f ity 4 A 5| A A T 7 00 3 % 43 3L, DA 9/
b AORY B 5 B, B i A A R S A T
2.1 YRR =HEE

SR FH R B2 e = ZE 1 1 A (BT Sl K =
4e/v 7], 0KIO —5 M &) R G M BERT AR 3 Bkl =
Bl A TR S = A ROR R A S PR 2

A R 390 i) AR B b B g TS AT
GRS, A Ta Jos, 1580 5 Ak 310 2547 BR
W s B BRI W A AL BE, WA Th iR, 7 5 % B i
AR 3 Bk = ERERLINIE] Te foR o

.

o= avgana

(a) BRI (b) Hrfpab s

() Tl IRES 3k =4
BT TCRE A il A 1 A

Fig.7 Scanning and modeling process of toe
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Fig. 8 Inner and outer contours of the third toe in side

and top views
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Fig. 10 3D model of three types of single digging shovels
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Mechanical analysis of excavator shovel forces

Fig. 11
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Fig. 12 Analysis of excavator shovel movement process
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Fig. 14 Discrete element models of soil particles
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Fig. 15 Results of angle of repose obtained from
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Fig. 16  Soil — rock composite discrete element model
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Fig. 17 Velocity distribution field of soil particles
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Fig. 19  Simulated curves of rock displacement
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Fig.20 Simulated excavation resistance curves

for different shovel types
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Tab.3 Comparison of field resistance test results
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Tab.4 Soil particle size distribution results

following excavation and shoveling operations
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